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1. Abstract 

To study how membrane proteins perform their functions at a molecular level, and how this is 

modulated by interactions with lipids and the environment, I selected two protein families for 

simulation to provide new understanding and ideas.  

Membrane-integral pyrophosphatases (mPPases) couple pyrophosphate hydrolysis to cation 

translocation. Multi-scale simulations demonstrated anionic lipids binding at the mPPase 

interface and the distal ends of the protein. These sites were composed of positive residues 

on helices that are implicated in function and stability, suggesting that lipids are important for 

mPPase activity. The change in dynamics between catalytic states was investigated and, 

despite no evidence of asymmetry, several mechanistic insights were gained. Such as the 

mode of sodium ion binding through coordination by the D6.50/D16.46 pair to pass R5.50, and the 

mechanism of 5-6 loop closure by forming a hydrophobic interface with the 13-14 loop. Post-

simulation structures were used for in silico chemical screening and the identification of 

compounds with improved performance.  

Sequential removal of the helical bundle units (HBUs) from mechanosensitive ion channel 

PIEZO1 uncovered the interplay between blade structure and the membrane. This revealed 

that the distal HBUs point downwards, in contrast to previous structural predictions, and 

maintain dome depth at ~5.4 nm. Several points of flexibility along the blade length, modulated 

by membrane parallel helices (MPH), allowed the formation of three different blade 

conformations. These data suggested the importance of the MPH and blade structure in 

controlling dome depth, dynamics and specific interactions with lipids.  

By investigating similar findings, such as specific protein-lipid interactions and protein 

dynamics, in dissimilar proteins, I have generated understanding of their structure, function 

and their modulation by the membrane, beyond what has been gained through other 

techniques.  This may provide insights into comparable features in other proteins, which could 

be exploited for stability, functional and structural studies.  
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2. Introduction  

This chapter is partially based on the following publication cited in this thesis as (Holmes et 

al., 2019) Holmes et al., The Function of Membrane Integral Pyrophosphatases From Whole 

Organism to Single Molecule. Front Mol Bio. 2019. doi: 10.3389/fmolb.2019.00132. 

2.1 General Introduction to Membrane Proteins 

For cells to carry out their varied and various functions they require tools, some of which come 

in the form of proteins, with which to sense, influence and generally interact with the world 

around them. The major membrane protein functions, are to sense and report signals from 

one side of the membrane to the other, facilitate the passage of molecules and ions across 

the semipermeable barrier, or perform enzymatic tasks at the membrane. Around 30% of the 

human proteome represents membrane proteins (Almén et al., 2009; Bill et al., 2011), and 

they are some of the most physiologically relevant molecules for the function of all organisms, 

as they typically straddle the barrier between cellular compartments and the cell with its 

surroundings (Lee et al., 2016a). Due to their importance, dysregulation of their production, 

trafficking, folding, which typically occurs at the membrane (Skach, 2009), or activity can be 

disastrous for normal cellular physiology. As such, they represent a large proportion of drug 

targets, in 2006 this figure was estimated at 60% (Overington et al., 2006), but likely in the last 

16 years this number has increased as more membrane proteins become characterised and 

amenable to study.  

Despite their clinical and functional importance, membrane proteins have been historically 

neglected in the scientific literature and structure determination, as in 2016 only ~2% of the 

high-resolution structures in the Protein DataBank are membrane proteins (Lee et al., 2016a), 

and in the subsequent 4 years this number has only increased to ~3% (Kwan et al., 2020). As 

of 2023, this figure now stands at ~3.4% (https://blanco.biomol.uci.edu/mpstruc/), 

demonstrating the difficulties in gaining membrane protein structures. This is due to a number 

of barriers to their study that make them difficult to work with in laboratory-settings (Bill et al., 

2011). They are typically expressed at low endogenous levels, which explains the need for 

recombinant protein production for structural studies that require several hundreds of 

milligrams of purified protein (Andréll and Tate, 2013), and are intrinsically flexible due to the 

need to undergo conformational changes (Bill et al., 2011). Their hydrophobic nature reduces 

the compatibility of membrane proteins with aqueous buffers, and so solubilisation procedures 

that involve delipidation and replacement of the bilayer with detergent micelles have become 

a mainstay of membrane protein study (Bill et al., 2011). However, these are poor substitutes 

for membranes, as they lack lateral pressure which can be essential for maintaining the protein 

https://blanco.biomol.uci.edu/mpstruc/
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fold and strip lipids from the structure that can be integral to the function and stability of the 

protein in question (Broecker et al., 2017).  

However, in more recent years, a lot of work has been done to overcome these barriers and 

allow more comprehensive study of membrane proteins (Hardy et al., 2016), from improved 

overexpression systems and strategies (Andréll and Tate, 2013; Galluccio et al., 2022), to 

improving their stability and rigidity through mutagenesis (Harborne et al., 2020) and the 

advent of detergent-free alternatives for solubilisation (Guo, 2021), some of which allow 

retention of bound native lipids (Yeagle, 2014; Lee et al., 2016a) or relipidation (Cecchetti et 

al., 2021) and lipid-compatible techniques, such as native mass spectrometry (Corradi et al., 

2019). Despite this, their innate and intimate association with the bilayer is challenging to 

conserve and the recent increase in understanding of the importance and role of lipids in 

protein study suggests the need for further work in this area (Laganowsky et al., 2014).  

2.1.1 Lipid Interactions with Membrane Proteins 

The lipid membrane, as well as providing the basis for compartmentalisation of cells and 

organelles, also acts as the site in which membrane-integral proteins are embedded, 

contributing to ~30% of the membrane surface area (Marrink et al., 2019). They are formed 

by two distinct leaflets of lipids, with their hydrophilic headgroups facing the solvent, and the 

hydrophobic tails between the two. Typically, the lipids are distributed asymmetrically between 

the leaflets, but this is not the only mechanism for non-uniform distribution of the bilayer 

contents, as they are known to disperse into nano-domains of lipids and membrane proteins 

(Marrink et al., 2019). The composition of the membrane is different across cell types and 

intracellular compartments, hinting at their importance in cellular physiology. Additionally, the 

lipid species and structures are different across kingdoms of life, contributing to over ~1000 

lipid species (Corradi et al., 2019). This diversity leads to each membrane being able to have 

unique properties such as curvature (Huang et al., 2019), lateral pressure (Marsh, 2007), 

stiffness (Qi et al., 2015) and rate of lateral diffusion (Ridone et al., 2020) all of which impact 

the structure and function of the proteins inserted in the bilayer. The interplay between these 

properties and the associated proteins are termed general protein-lipid interactions, as they 

are dependent on the general physicochemical properties and composition of the bilayer, 

rather than distinct interactions with the protein itself.  

In contrast, some of the effects of the bilayer on membrane proteins can be attributed to 

binding of specific lipid species to specific binding sites or through the protein modulating the 

bilayer surrounding it and forming a lipid ñfingerprintò or ñfootprintò in the membrane. For 

example, the Na,K-ATPase structure is stabilised through interactions with POPS (Habeck et 

al., 2015), stimulated by neutral lipids, such as POPE, and are inhibited by POPC and 
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sphingomyelin (Haviv et al., 2013), through interactions at specific interactions sites. The 

bilayer is also able to facilitate conformational changes, as the tilting of the Ca2+-ATPase 

throughout its catalytic cycle is governed by movement of phospholipids and anchoring of the 

protein in the bilayer (Norimatsu et al., 2017; Sweadner, 2017). Lipids have also been found 

to assist subunit oligomerisation of transporters, such as UapA (Pyle et al., 2018), LeuT, 

SemiSWEET and NhaA (Gupta et al., 2017). In addition to interactions between subunits to 

form a single functional unit, lipids have also been seen to control larger-scale organisation 

and clustering, such as of Band 3 anion exchanger 1 (Kalli and Reithmeier, 2018). However, 

there are only a limited number of techniques that can be used to study these interactions, 

including native mass-spectrometry (Gupta et al., 2017; Landreh et al., 2017; Pyle et al., 2018; 

Corradi et al., 2018), FRET (Loura et al., 2010; Dutta et al., 2014; Corey et al., 2018), click-

chemistry (Gubbens and de Kroon, 2010; Peng et al., 2014; Corradi et al., 2019) and rarely 

through x-ray crystallography and cryo-EM (Yeagle, 2014).  

This array of techniques is often supplemented by molecular dynamics (MD) simulations, 

which allow study of membrane proteins in native lipids. The simulation bilayer can more easily 

mimic the physicochemical membrane due to its continuous reach thanks to periodic boundary 

conditions and the presence of multiple atomistic representation of lipids available for 

modelling (Marrink et al., 2019; Corradi et al., 2019). Simulations have been used to study 

membrane proteins in lipid environments since 1994 (Woolf and Roux, 1994; Marrink et al., 

2019), although this study of gramicidin A contained only 4390 atoms from the dimeric 

channel, 16 lipids and 649 water molecules and was simulated for 500 ps. For comparisons 

sake, current computational power has allowed entire viral envelopes to be simulated, with 

systems containing several millions of atoms (Huber et al., 2017).  

As simulations are often able to link experimental outcomes to molecular detail and propose 

mechanisms for protein-lipid interactions that can be exploited in laboratory-based work, in 

this work I selected two clinically relevant membrane-integral proteins to better understand 

their function and structure in model bilayers. For diversity in lipid interactions and application 

of the findings of this work, one protein is found in all kingdoms of life excluding multicellular 

animals, while the other is found in almost all multicellular organisms. There is evidence that 

both of these proteins are regulated by lipids, and so through MD simulation I provided more 

clarity to these observations and hypotheses for further study.  

2.2 Membrane-Integral Pyrophosphatases 

Pyrophosphatases (PPases) are enzymes responsible for the reversible hydrolysis of the 

phosphoanhydride bond in pyrophosphate (PPi) to two inorganic phosphate molecules 

(Kajander et al., 2013). PPases are subcategorised into three separate protein families: Family 
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I, Family II and membrane-integral pyrophosphatases (mPPases). Families I and II are 

evolutionarily unrelated soluble proteins. Despite their common enzymatic activity, mPPases 

are vastly different to the other PPase families. Firstly, the architecture and sequence of these 

protein families are unrelated. Ignoring the oligomeric structure, a single subunit of both Family 

I and mPPases consists of a single domain, while Family II PPases have two domains per 

subunit. mPPases are the only family that is embedded in the membrane: they have 15-17 

transmembrane helices (TMH) per 70-81 kDa subunit (Lin et al., 2012; Kellosalo et al., 2012). 

Secondly, mPPases have only been reported as homodimers, whereas Family I PPases can 

form other oligomeric arrangements (Kankare et al., 1996; Lin et al., 2012; Kellosalo et al., 

2012; Li et al., 2016; Tsai et al., 2019; Vidilaseris et al., 2019). Family I and II PPases are only 

responsible for removing excess waste PPi from the cytoplasm, while mPPases are primary 

ion pumps: they couple hydrolysis to movement of H+ and/or Na+ across a membrane 

(Kajander et al., 2013) and thus generate a membrane potential, which contributes to a 

number of cellular functions, such as acidocalcisome and vacuole regulation and energisation 

(Shah et al., 2016). The catalytic activities of these protein families differ by orders of 

magnitude. The mPPases are the slowest as they can only hydrolyse å 10 PPi molecules per 

second, followed by Family I, which can hydrolyse å 200 molecules per second, and Family II 

which can hydrolyse å 2000 per second (Kajander et al., 2013). 

mPPases are less abundant than soluble PPases but still occur in all kingdoms of life except 

fungi and multicellular animals (Kajander et al., 2013). In eukaryotes, they are localised in the 

membranes of organelles, such as the Golgi apparatus (Mitsuda et al., 2001), plant vacuoles 

(Gaxiola et al., 2007) or the acidocalcisomes of protists (Moreno and Docampo, 2009). They 

are also present in the inner cellular membrane of bacteria such as Bacteroides vulgatus 

(Luoto et al., 2013a). mPPases have been found to play a role in stress tolerance and plant 

maturation. Finally, mPPases promote energy efficiency and survival in numerous human 

pathogens, making them clinically relevant as potential drug targets (Luoto et al., 2011; Shah 

et al., 2016). 

This evolutionarily ancient family evolved through a gene triplication; they thus consist of three 

structurally-conserved splayed 4-helix bundles made up of TMH 3-6, 9-12 and 13-16 (Au et 

al., 2006; Kajander et al., 2013) arranged with approximate three-fold symmetry perpendicular 

to the membrane plane. The bundles are structurally highly similar with RMSD/CŬ values of 

2.1-2.9 Å between them (Kellosalo et al., 2012) and also have 23.6-26.1% sequence identity 

(Kellosalo et al., 2012). Phylogenic analysis suggests that hydrolysis of PPi to provide energy 

may have occurred prior to the adoption of ATP as the universal energy currency 

(Baltscheffsky et al., 1999). Therefore, mPPases may have been the first enzymes to couple 

phosphoanhydride bond formation/hydrolysis to chemiosmotic potential. Since the initial 
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discovery of mPPase in Rhodospirillum rubrum, seven different mPPase subfamilies have 

been discovered (Table 2.1) (Luoto et al., 2011; Tsai et al., 2014; Luoto et al., 2015). In brief, 

the different mPPases are subdivided into two main groups: (i) K+ independent, which pump 

protons (H+-PPases) and can be regulated by Na+, and (ii) K+ dependent, which can function 

in the absence of K+, but require K+ for maximal activity. Of these, there are H+-PPases, Na+ 

pumping (Na+-PPase), and dual Na+/H+ pumping (Na+/H+-PPase) PPases (Kajander et al., 

2013). Sequence analysis suggests that the first mPPases were Na+-PPases, and that H+-

PPases evolved from these four independent times (Baykov et al., 2013). Additionally, it is 

likely that the evolution of Na+/H+-PPases occurred separately to the H+-PPases (Luoto et al., 

2013b).  

Cation 

pumping 

specificity 

Monovalent 

cation 

dependence 

Semi-

conserved 

glutamate 

location 

Regulation 

Hypothesised 

sodium binding 

site 

Ref 

H+ 

K+ 

6.57 - - 

(Tsai et 

al., 

2014) 

6.53 - - 

(Tsai et 

al., 

2014) 

5.43 - - 

(Tsai et 

al., 

2014) 

- 6.53 

Na+ and K+ Inhibitory 

(Luoto 

et al., 

2015) 

- - 

Luoto 

et al., 

2011) 

Na+ K+ and Na+ 6.53 - 
Activating and 

Inhibitory 

(Tsai et 

al., 

2014) 

Na+ and H+ K+ and Na+ 6.53 - Activating 

(Tsai et 

al., 

2014) 

Table 2.1 The mPPase Subfamilies  
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2.2.1 Function and Relevance  

2.2.1.1 Plants 

Under physiological conditions in plants, H+-PPases are predominantly localised to the 

tonoplast membrane surrounding the vacuole (Segami et al., 2014) and make up 10% of its 

protein components (Asaoka et al., 2016). The vacuole possesses multiple functions that 

require the large-scale movement of molecules across its membrane. The required membrane 

potential is generated by the vacuolar ATPase complex (V-ATPase) in combination with H+-

PPases (Kriegel et al., 2015). There is some controversy over the delineation of the roles of 

these proton pumps, as a V-ATPase knock-out strain was able to properly maintain 

acidification of the vacuole and normal function (Krebs et al., 2010). However, a more recent 

study suggested that lack of V-ATPase could not be compensated for by increased mPPase 

activity (Kriegel et al., 2015). The general consensus is that the role of H+-PPase in stress 

tolerance is to replace V-ATPase activity when ATP levels are low (Maeshima, 2000), but this 

does not fully address the roles of the proton pumps under normal conditions. 

H+-PPases are important in plant maturation (Li et al., 2005) because they remove PPi from 

the cytoplasm (Ferjani et al., 2011; Asaoka et al., 2016). PPi is the by-product of many different 

cellular processes, including the biosynthesis of protein, RNA and, importantly for plants, 

cellulose (Maeshima, 2000). Removing the excess PPi following these reactions is critical for 

driving these processes. Additionally, PPi has a modulatory role as a biochemical intermediate 

of a number of enzymes (Heinonen, 2001), so tight control of its cytoplasmic availability is 

essential for normal cellular function. mPPase over-expression in Arabidopsis thaliana 

resulted in increased cell division and hyperplasia of different organs, in particular the leaves. 

In contrast, knock-out mutants and RNA interference studies showed severely disrupted root 

and shoot development. Each of these were linked to increased or decreased trafficking of the 

phytohormone auxin, which is known to mediate organogenesis (Li et al., 2005), suggesting a 

role for H+-PPases in auxin regulation. 

This role in auxin regulation was further highlighted in studies of transgenic plants over-

expressing H+-PPase genes. Multiple studies have shown that increased polar auxin transport 

upon mPPase over-expression is closely related to improved root development under stress 

conditions (Li et al., 2005; Park et al., 2005; Zhang et al., 2011; Pasapula et al., 2011). This 

plays a role in drought resistance, as the larger root system provides enhanced water 

absorption (Zhang et al., 2011). In addition to the increased root biomass mechanism, the 

effect of H+-PPase over-expression on vacuolar function improved tolerance of drought and 

salinity. The increased electrochemical gradient may drive uptake of ions into the vacuole, 

producing an increase in osmotic potential and stimulating water uptake (Park et al., 2005; 
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Zhao et al., 2006; Brini et al., 2006; Zhang et al., 2011; Pasapula et al., 2011). Further 

evidence of the potential of mPPases to improve crop tolerance to suboptimal conditions were 

the reports of increased chlorophyll content, photosynthesis, leaf water content and fibre yield, 

with decreased cell membrane damage in transgenic cotton plants, as compared to wild-type 

under low water and high salt conditions (Lv et al., 2009; Pasapula et al., 2011). Interestingly, 

these effects may not be predominantly due to the proton pumping activity of the vacuolar 

mPPases. One study saw a Vr-PPase mutant lacking proton pumping activity, but retaining 

hydrolysis, was sufficient to rescue the stunted knock-out phenotypes (Asaoka et al., 2016). 

In addition to this, an A. thaliana plant H+-PPase knockout saw no heterotrophic growth 

following germination, but this phenotype was rescued by soluble PPase expression, 

suggesting that effective PPi clearance is the primary function of H+-PPases during post 

germinative growth in Planta (Ferjani et al., 2011). It is not clear why this is the case, as all 

plant cells express soluble Family I PPases at concentrations that should be sufficient to clear 

the pyrophosphate generated. An explanation could be that the soluble and mPPases function 

cooperatively (Segami et al., 2018). In this model, the H+-PPase functions as the major 

cytosolic PPi-hydrolysis enzyme and the soluble PPases contribute to preventing 

accumulation to toxic levels, which would explain how soluble PPase expression was able to 

somewhat compensate for mPPase loss in the aforementioned study (Ferjani et al., 2011). 

2.2.1.2 Protozoan Pathogens 

A number of major human diseases are caused by protozoan parasites, for example, malaria 

(Plasmodium ssp.), toxoplasmosis (Toxoplasma gondii), trypanosomiasis (Trypanosome 

spp.) and leishmaniasis (Leishmania spp.) (Shah et al., 2016). These diseases each have a 

high prevalence and risk of fatality (Büscher et al., 2017; World Health Organization. Global 

Malaria Programme., 2018) or association with other diseases. For example, toxoplasmosis 

has been suggested to be associated with a number of conditions, such as psychiatric, 

neurological and neoplastic disorders (Torgerson and Mastroiacovo, 2013; Flegr et al., 2014). 

In addition to this, several protozoan strains responsible for malaria and trypanosomiasis have 

emerged that are resistant to most of the current treatment regimes (Büscher et al., 2017; 

World Health Organization. Global Malaria Programme., 2018). Therefore, there is a demand 

for novel therapeutics for these tropical diseases. 

The protozoan parasite life cycle typically involves transitions between vectors and hosts and 

intracellular to extracellular environments, which means the protozoan cell must survive and 

adapt to several different conditions (Crompton et al., 2014). In terms of mPPase function, the 

most relevant change to overcome is the difference in osmotic pressure the cells experience 

in these different environments. The main protozoan mechanism for adjusting internal osmotic 

pressure involves the acidocalcisome (Docampo et al., 2013), where mPPases are localised 
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in protozoa (Scott et al., 1998; Marchesini et al., 2000). This is a small acidic compartment 

where numerous ions are stored, including polyphosphate, which the parasite hydrolyses or 

synthesises in response to osmotic stress and to release energy (Ruiz et al., 2001). The low 

pH of the acidocalcisome is crucial for its function, as loss of acidity can lead to a 10-fold 

decrease in stored polyphosphate levels (Lemercier et al., 2002), resulting in reduced 

capability to respond to osmotic changes. In addition to the effects on polyphosphate storage, 

there are detrimental effects on intracellular pH regulation, growth rate and final cell density 

(Lemercier et al., 2002), suggesting that the loss of mPPases has more widespread effects 

than just reduced osmotic regulation. 

As mPPase function in protozoa is highly important, mPPases are a validated target for 

pharmacological intervention. Knock-down and knock-out studies in Trypanosoma brucei 

(Lemercier et al., 2002) T. gondii (Liu et al., 2014) and P. falciparum (Zhang et al., 2018) have 

demonstrated that mPPases are required for maintaining acidocalcisome acidification, 

parasitic virulence and in vitro asexual blood stage growth. Additionally, mPPase-inhibiting 

bisphosphonate derivatives retarded intracellular proliferation of T. gondii with no effect on 

host cells (Rodrigues et al., 2000). 

2.2.1.3 Bacterial Pathogens 

The most relevant mPPase-expressing bacterial genus to human health are Bacteroides spp., 

especially B. vulgatus and Bacteroides fragilis (Luoto et al., 2013a), which form a mutualistic 

relationship with healthy individuals as part of the gastrointestinal microflora (Wexler, 2007). 

However, outside this environment, they can cause bacteraemia (presence of bacteria in the 

blood), intra-abdominal sepsis, appendicitis, gynaecological and skin infections, endocarditis, 

septic arthritis, and abscesses in tissues including the brain and female urogenital tract 

(Wexler, 2007). This is a major threat to human health, as Bacteroides reportedly have the 

highest resistance rates of all anaerobic pathogens (Wexler, 2007), and an associated 

mortality rate of over 19%, rising to 60% in untreated cases (Goldstein, 1996).  

Bacterial mPPases are primarily found in species that exist under conditions of low-energy 

stress, such as the obligate anaerobes Bacteroides and deep-sea organisms (Thermotoga 

maritima and Pyrobaculum aerophilum) (Luoto et al., 2011). In these situations, mPPases may 

be essential to increasing energy efficiency and promoting survival. mPPases have also been 

shown to confer greater resistance to other stress conditions. One study revealed that 

expression of transgenic plant mPPases in Escherichia coli and Saccharomyces cerevisiae 
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Species Ligand Ions Conformation Mutation PDB 
Resolution 

(Å) 
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IDP 5 Mg2+ K+ Substrate-bound - 4A01 2.35 
First mPPase 

structure 

(Lin et al., 

2012) 

PO4 2 Mg2+ 
Relaxed product-

bound 
- 5GPJ 3.5  

(Li et al., 

2016) 

2 PO4 5 Mg2+ K+ Product-bound 

- 6AFS 2.3 

Demonstrated exit 

channel width 

affects function 

(Tsai et al., 

2019) 

E6.57Q 6AFT 2.5 

L12.64M 6AFU 2.8 

L12.64K 6AFV 2.7 

T5.36D 6AFW 2.2 

E5.33A 6AFX 2.3 

E5.33S 6AFY 2.4 

E5.33H 6AFZ 2.5 

T
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ritim

a
 

- Mg2+ Ca2+ Resting - 4AV3 2.6  (Kellosalo et 

al., 2012) 2 PO4 4 Mg2+ K+ Product-bound - 4AV6 4.0  

IDP 5 Mg2+ Na+ IDP-bound - 5LZQ 3.5  
(Li et al., 

2016) WO4 2 Mg2+ 
Relaxed product-

bound 
- 5LZR 4.0  

2 ATC 

IDP 
5 Mg2+ Na+ Locked - 6QXA 3.7 

Asymmetric 

structure with 

allosteric inhibitor 

(Vidilaseris 

et al., 2019) 

Table 2.2 The Experimentally Determined mPPase Structures 
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resulted in improved tolerance to heat, hydrogen peroxide and high salinity (Yoon et al., 2013). 

Therefore, I speculate that inhibiting mPPase activity could have effects on bacterial viability 

in response to stressors, similar to the effects seen in protozoan parasites and plants. 

2.2.2 Structure and Mechanism 

2.2.2.1 Structural Overview 

In the current structures (Table 2.2), each subunit of the homodimeric mPPase is formed by 

16 TMH, which form two concentric rings surrounding the four catalytic regions: the hydrolytic 

centre, the coupling funnel, the ion gate and the exit channel (Lin et al., 2012; Kellosalo et al., 

2012; Li et al., 2016) (Fig. 2.1). The protein subunit-subunit interface is maintained by 

hydrophobic interactions and hydrogen bonds between residues on TMH 10 (I/R10.33, N10.42, 

S10.45, K10.49), 13 (L13.19, L/V13.21, N13.22, M/V13.23, I13.33, Y13.40, S13.48, G13.54, E13.59,  

TMH Signifier 

% 

Sequence 

identity 

Residue in 

Tm-PPase 

Residue in 

Vr-PPase 

Residue in 

Pa-PPase 

Residue in 

Cp-PPase 

1 1.50 38.1 F17 F25 Y20 F17 

2 2.50 27.6 K55 K94 R58 T55 

3 3.50 99.5 S87 S153 S96 S92 

4 4.50 92.9 G130 G194 G138 G133 

5 5.50 86.4 R191 R242 R182 R190 

5-6 

Border 
5.77 99.9 D218 D269 D210 D217 

5-6 

Border 
6.26 96.2 D219 D270 D211 D218 

6 6.50 99.7 D243 D294 D235 D242 

7 7.50 46.3 G297 G334 A271 G278 

8 8.50 75.8 L321 L361 L296 L304 

9 9.50 91.1 G369 G411 G333 G341 

10 10.50 84.3 S416 S458 S380 S388 

11 11.50 98.1 D458 D500 D439 D438 

12 12.50 99.7 K499 K541 K480 K479 

13 13.50 99.4 V566 V597 V554 V541 

14 14.50 79 M611 M642 F599 M586 

15 15.50 94 A649 A680 S637 A624 

16 16.50 94.5 K707 K742 K691 K680 

Table 2.3 The Ballesteros and Weinstein Numbering System for mPPases  
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R13.62) and 15 (S15.45, Q15.48) (Shah et al., 2016). Here, I use the Ballesteros and Weinstein 

numbering system, first introduced for GPCRs, so that all functional residues have the same 

index (Residuehelixnumber.offset) (Ballesteros and Weinstein, 1995), and which was adopted 

for mPPases (Tsai et al., 2014). In this system, each residue is assigned two numbers, one 

indicating the TMH and the other to describe its offset from a well-conserved residue close to 

the middle of the TMH (assigned position 50), as shown in Table 2.3. For example, K415 from 

Tm-PPase, is on TMH10 and is one before the conserved S416 and is thus designated K10.49. 

The inner ring is composed of six TMH (5, 6, 11, 12, 15, 16) and the outer ring is composed 

of the remaining 10 (Lin et al., 2012; Kellosalo et al., 2012; Li et al., 2016). A large hydrophilic 

region extends about 20 Å into the cytoplasm. This region has a hydrolytic centre, which is 

lined with highly conserved negative (D5.61, D5.65, E5.76, D5.77, D6.35, D6.39, D6.43, D11.57, D15.61, 

D16.31, D16.35, D16.39), positive (K5.58, K15.64, K16.38) and polar (N12.53) residues that are involved in 

substrate binding through both direct interactions and via coordination of Mg2+ and water. The 

hydrolytic centre is followed by the coupling funnel, which is comprised of an ionic network 

between TMH 5-6 (R5.50, K5.58, D6.39, D6.50), 11-12 (D11.50, K12.50) and 16 (K16.38, D16.39). Below 

this is the ionic gate, which is situated in the centre of the membrane and where the cation is 

bound prior to pumping. This region is made up of charged and hydrophilic residues (S5.43, 

D6.50, E/S6.53, S6.54, E6.57, D16.46, K16.50). The hydrophobic gate located near the ionic gate and 

is formed by semi-conserved non-polar residues on TMH 5, 6, 12 and 16. Mutations of 

residues near the ionic and hydrophobic gates (I12.54, L12.64, D16.46, V16.54, L16.57) to alanine 

decouple the enzyme so that mPPase can hydrolyse PPi but does not pump, suggesting these 

regions are also essential for the coupling of hydrolysis to pumping (Asaoka et al., 2014). 

Finally, the residues of the exit channel are not highly conserved between mPPases. However, 

allosteric inhibitor binding to this region in one Tm-PPase subunit is nonetheless associated 

with a ñlockedò conformation (Vidilaseris et al., 2019) and exit channel width has been 

implicated in coupling hydrolysis and pumping (Tsai et al., 2019), thereby illustrating the 

importance of conformational changes in this region during the catalytic cycle.  

2.2.2.2 Cation Specificity 

Mutagenesis and structural studies showed that the residues E6.53/6.57, S6.54 and D/N16.46 are 

involved in cation binding and pumping specificity (Asaoka et al., 2014; Li et al., 2016). The 

main residue regulating cation specificity is the semi-conserved glutamate on TMH6. 

Movement of this glutamate down one helical turn from E6.53 to E6.57 converts a Na+-PPase to 

a H+-PPase by destroying the Na+ binding site in the substrate bound state (Li et al., 2016). 
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However, the reverse mutation does not yield a Na+-PPase, indicating that the factors dictating 

cation specificity are more complex than solely the location of a single residue.  

Figure 2.1 The Structural Arrangement and Catalytic Cycle of mPPases  
A) the Tm-PPase resting state crystal structure (PDB: 4AV3) viewed from above to demonstrate the concentric 
circles of TMH of each subunit (outer ring in cyan and inner in pink) and the TMH contributing to the interface with 
the adjoining subunit (grey surface representation). B) A surface view of one mPPase subunit with each of the 
catalytic regions coloured (red, hydrolytic centre; yellow, coupling funnel; green, ionic gate; dark blue, hydrophobic 
gate; light blue, exit channel). The coordination of C) IDP and Mg2+ (green spheres) in the hydrolytic centre and D) 
of Na+ (purple sphere) at the ionic gate in the IDP-bound Tm-PPase structure (PBD: 5LZQ). E) The binding of the 
two ATC molecules (orange sticks) to the ɓ1-2 loop, loop 8-9, and loop 12-13, with the interacting residues shown 
at sticks (Tm-PPase numbering) (PDB: 6QXA). F) The ñbinding changeò mechanism. In the resting state (a), a 
cation may be present, but its position has not been revealed structurally. When substrate binds, the hydrolytic 
centre is occluded by movement of the 5-6 loop and of TMH 11-12 and 15-16, and a cation localizes to the ionic 
gate (b). The cation is then pumped (c) and TMH 12 resumes its original position (d). Hydrolysis then occurs (e). 
Prior to the sequential release of the product Pi, the 5-6 loop, TMH 11-12 and 15-16 relax to their resting positions 
(f). 
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2.2.2.3 K+ Dependence and Independence 

Mutation of A12.46 to lysine in the active site converts a K+-dependent enzyme to an 

independent enzyme (Belogurov and Lahti, 2002). Modelling this mutation suggested that the 

NH3
+ group of the lysine sidechain functionally replaces the K+ ion at physiological PPi 

concentrations (Lin et al., 2012; Kellosalo et al., 2012). A systematic analysis of the potassium 

ion binding site or active site lysine (K+/K12.46 catalytic centre) across all mPPase subfamilies 

revealed that the lysine contributed to, but was not essential, for the activity of K+ independent 

mPPases, as the activity was restored at high K+ concentrations when mutated (Artukka et al., 

2018). This suggests that K12.46 masks a K+ binding site, but there appear to be larger-scale 

differences between the two classes than just the identity of A/K12.46 in the active site (See 

Inter-Subunit Communication). 

2.2.2.4 Na+ Regulatory Sites 

The difference between Na+- or H+-PPases and Na+/H+-PPases was unclear prior to the 

discovery of Na+ and K+ regulated H+-PPases (Luoto et al., 2015). These are a subfamily of 

K+ independent H+-PPases, in which low K+ concentrations enhance H+ transport but higher 

Na+ and K+ concentrations inhibit ion pumping and hydrolysis. This led to the hypothesis that 

there are two possible Na+ binding sites; one in the ion conductance channel associated with 

activation of the mPPase, and the other located away from the conductance channel 

conferring inhibition of H+ conductance, to which K+ can bind with low affinity. This fits with the 

reports of H+ translocation by Na+-PPases in sub-physiological sodium concentrations 

(Nordbo et al., 2016), suggesting that loss of the second inhibitory site led to the evolution of 

the Na+/H+-PPases. 

2.2.2.5 Mechanism of Pumping and Hydrolysis 

Three mechanisms have been proposed for mPPase pumping and hydrolysis: (i) pumping 

occurs upon binding of substrate and prior to hydrolysis in a ñbinding changeò type mechanism 

(Kellosalo et al., 2012) (Fig. 2.1F), (ii) the proton released upon hydrolysis triggers release of 

the ions at the ion gate via a Grotthus type mechanism (Lin et al., 2012), and (iii) the hydrolysis-

generated proton is directly transported in a ñdirect-couplingò mechanism (Baykov et al., 2013). 

This first mechanism assumes that the nucleophilic proton may not be involved in pumping, 

whereas the second and third propose that the hydrolysis-generated proton is the one 

pumped, thereby assuming hydrolysis precedes cation-pumping. However, neither the second 

nor the third mechanisms account for Na+ transport (Kajander et al., 2013), except for 

potentially via a ñbilliard-typeò model in the third, where the Na+ is pushed into the exit channel 

by the nucleophilic water proton (Baykov et al., 2013). In my opinion, models in which 

hydrolysis precedes cation pumping do not conform with the studies of non-hydrolysable 
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substrate analogues (IDP and methylene diphosphonate (MEDP)) binding to Vr-PPase (Li et 

al., 2016; Shah et al., 2017) resulting in a single ion turnover event.  

The ñbinding changeò mechanism unifies both sodium and proton pumping, and is supported 

by studies indicating that charge transfer ï and so presumably ion pumping ï does not require 

hydrolysis (Li et al., 2016; Shah et al., 2017) and so presumably precedes it in the full catalytic 

cycle. In this model, the substrate binds to the hydrolytic centre, which is then closed to the 

cytoplasm by ordering of the 5-6 loop and movement of TMHs 11-12 and 15-16 towards the 

centre of the coupling funnel. During these conformational changes, a cation is pumped out 

from the ionic gate. The increase in overall negative charge in this region leads to downwards 

movement of TMH 12 by 2 Å and an associated bend of TMH11, as observed structurally (Lin 

et al., 2012; Kellosalo et al., 2012; Li et al., 2016). This causes deprotonation of the aspartate 

pair D6.43 and D16.39, which activates the water nucleophile leading to hydrolysis (Kajander et 

al., 2013). This process has been demonstrated to be independent of cation pumping in exit 

channel mutants (Asaoka et al., 2014). These mutations were initially proposed to alter the 

position and angle of their helices and thereby uncouple the reactions (Asaoka et al., 2014). 

However, more recent structural characterisation of exit channel and hydrophobic gate 

mutants indicate that this uncoupling appear to be due to widening of the exit channel (Tsai et 

al., 2019), potentially allowing ion back-flow. 

2.2.3 Asymmetry and Inter-Subunit Communication 

The events occurring in each mPPase subunit during pumping and hydrolysis are relatively 

well understood (see above), but recent studies have provided evidence of asymmetry and 

subunit interdependence. Firstly, the role of the K+/K12.46 catalytic centre in inter-subunit 

communication, as inferred from the effects of excess substrate was published (Artukka et al., 

2018) (See Inter-Subunit Communication). Shortly after this, the first structural evidence of 

asymmetry, further functional evidence and a putative mechanism involving both subunits 

were reported (Vidilaseris et al., 2019). The earliest reports of subunit interdependence were 

in the 1990s in a series of studies utilising radiation-induced damage to identify the functional 

unit size of mPPases (Wu et al., 1991; Sarafian et al., 1992; Tzeng et al., 1996). Several of 

these showed that one impaired subunit conferred compromised function to the unaffected 

subunit (See Inter-Subunit Communication). 

2.2.3.1 Functional Asymmetry 

Vidilaseris and colleagues (2019) reported that binding of the first substrate increased the 

affinity of the second subunit to PPi. They also observed that the binding of first substrate 

molecule potentiated binding of the second. This suggests positive co-operativity for substrate 

binding, and thus they proposed the following mechanism: the first substrate binds to the first 
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subunit leading to cation translocation in this subunit, this causes conformational changes in 

the second subunit to optimize PPi binding. Following the binding of the second substrate 

molecule, hydrolysis occurs in the first subunit and ion pumping in the second. This then allows 

hydrolysis in the second subunit and product release. However, the same study (Vidilaseris et 

al., 2019) also reported a 20-fold decrease in the maximal rate of hydrolysis when both 

subunits bind substrate, which does not appear to fit with their proposed asymmetric 

mechanism.  

In contrast, Artukka and colleagues (2018) reported a decrease in affinity for PPi at the second 

subunit following substrate binding to the first. The binding of fluorescein 5ô-isothiocyanate 

(FITC) to a lysine believed to be in the catalytic centre (K12.50) also decreases the affinity for 

FITC in the second subunit (Yang et al., 2000), providing further support for an allosteric 

mechanism. Binding at the first site thus presumably distorts the active site in the second 

subunit, reducing its affinity for PPi/FITC. Negative co-operativity for substrate binding is highly 

relevant, because excess substrate inhibits hydrolysis in all wild-type mesophilic mPPases 

studied so far (Artukka et al., 2018), so excess substrate may play a role in proton pumping 

inhibition (Luoto et al., 2015). As there is no evidence of an alternative PPi binding site, and 

the hydrolytic centre and coupling funnel could not accommodate further PPi molecules, the 

inhibition must be a result of substrate binding to the second subunit. This would only be 

possible in excess substrate concentrations, due to the decreased affinity at the second site. 

Similar to Vidilaseris and colleagues (2019), this study also saw a 3 to 16-fold decrease in 

maximal velocity of hydrolysis in both subunits upon binding of the second substrate. This 

again supports the model in which excess substrate inhibits hydrolysis through binding at this 

second site, thus suggesting that at moderate PPi concentrations only one subunit operates 

at any given time. The direct implication of this is that the symmetrical IDP bound structures 

are potentially not mechanistically relevant at typical PPi concentrations, but a possible 

artefact of the 4 mM minimum IDP concentration during crystallization (Lin et al., 2012; Li et 

al., 2016). These papers by Artukka and colleagues (2018) and Vidilaseris and colleagues 

(2019) are the first two definitive studies of possible asymmetry: further data are needed to 

understand fully the mechanism involving both subunits. 

What could explain the inconsistencies between these two studies? Firstly, one study 

investigated thermophilic protein in an assay at 71 °C (Vidilaseris et al., 2019), whereas, the 

other used mesophilic protein at 30 °C (Artukka et al., 2018). The behaviour could indicate 

different properties between thermo- and mesophilic proteins, or different activities at different 

temperatures. Secondly, one study was performed with purified protein in detergent micelles 

(Vidilaseris et al., 2019) and the other used unpurified protein in inner membrane vesicles 

(Artukka et al., 2018). This could suggest that the lipid environment of the enzyme could be 
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involved in regulating the dimeric interface, a concept for which there is increasing evidence 

(Gupta et al., 2017; Pyle et al., 2018).  

2.2.3.2 Structural Asymmetry 

Kinetic and structural studies showed that the non-phosphorous allosteric inhibitor N-[(2-

amino-6-benzothiazolyl)methyl]-1H-indole-2-carboxamide (ATC) binds as a dimer to one of 

the subunits in Tm-PPase (Vidilaseris et al., 2019) thereby trapping an asymmetric structure, 

with RMSD/CŬ values reaching 1.6 Å for some of the loops versus a highest RMSD/CŬ of 0.5 

Å for the equivalent loops in the symmetrical IDP-bound structure (PDB: 5LZQ). The ATC 

dimer bound via the ɓ1-2 loop (Q268, K269, Q277), loop 8-9 (Q348, D351, V352) and loop 

12-13 (G528, P530, P531) (Tm-PPase numbering). The chief difference between the 5LZQ 

and 6QXA structures is the presence of ATC in the crystals. Due to the ATC, the ɓ1-2 loop 

moves closer to loop 12-13 and away from the dimer interface to an angle similar to that seen 

in the resting and product bound structures, indicating closure of the exit channel. Loop 12-13 

also experienced some slight movements, but TMH12 still moves downwards by about 2 Å 

compared to the resting state. In addition, the coordination of Na+ at the ionic gate changes 

from pentacoordination to tetracoordination and the ion is displaced by about 1.2 Å from the 

IDP-only structure. Thus, the ATC-bound subunit appears to be trapped in a closed exit 

channel state and cannot perform hydrolysis, and the unbound subunit cannot undergo its 

catalytic cycle, due to the ATC-bound subunit restricting its motions.  

2.2.3.3 Inter-Subunit Communication 

Artukka and colleagues (2018) demonstrated that the wild-type K+/K12.46 centre was important 

for inter-subunit communication. Substrate inhibition only occurred in K+ independent 

mPPases when the native K12.46 residue was present. In the K12.46A substituted enzymes there 

was no inhibition. Similarly, K+ dependent mPPases were not inhibited by excess PPi unless 

K+ was present, even in A12.46K substituted enzymes. Consequently, this suggests the lysine 

and potassium ion are unable to perfectly replace each other, despite the findings of previous 

modelling studies (Kellosalo et al., 2012). This is further evidence that inter-subunit 

communication in response to excess PPi is modulated by the native K+/K12.46 centre, as its 

presence is required for excess substrate inhibition.  

The recent asymmetrical ATC structure (see above) demonstrated direct linkage of TMH 12 

to the dimer interface (Vidilaseris et al., 2019). Vidilaseris and colleagues suggest that, in the 

presence of K+, the movement of TMH 12 upon substrate binding to one subunit induces 

conformational changes in the dimer interface, which are then propagated to the other subunit. 

Moreover, when residues close to A12.46 were mutated to alanine, proton pumping and 

hydrolysis were uncoupled (Asaoka et al., 2014). This may be because this region is 
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implicated in inter-subunit communication for cation translocation at normal PPi levels, and 

thus when it is mutated, cation pumping ceased. This is further supported by the fact that 

mPPases are dimers, even though all the required catalytic domains are contained within a 

single monomer. 

Early studies of the functional unit size of mPPases demonstrated that mPPases had to be 

functional dimers for cation pumping (Sarafian et al., 1992) but a single catalytic subunit was 

sufficient for hydrolysis (Sarafian et al., 1992; Tzeng et al., 1996). Although these studies were 

limited by the utilization of radiation-induced destruction, a technique which damages the 

entire molecule, not just specific sites (Kempner, 1993), they are still relevant when 

interpreting more recent evidence of subunit interdependence. 

2.3 The Mechanosensitive Ion Channel PIEZO1 

The PIEZO protein family consists of two members: PIEZO1 and PIEZO2. These represent a 

distinct class of mammalian ion channel as they work to convert mechanical stimuli to ion 

transduction and subsequent downstream processes. The evidence that these channels 

existed was first published by Corey and Hudspeth (1979), but the specific channels were not 

identified until 2010 (Coste et al., 2010). These channels possess a unique protein fold that 

causes perturbation of the surrounding membrane, which may explain their mechanosensing 

properties (Guo and MacKinnon, 2017). Mechanically activated ion channels are an important 

component of the function and survival of organisms, and the most well studied of these is the 

large-conductance mechanosensitive channel (MscL) family in bacteria, which protect the cell 

from osmotic shock (Martinac et al., 1987). However, MscL and PIEZO channels differ in a 

number of important ways. MscL opening is characterised by a large pore area which does 

not allow ion selectivity but encourages large conductance of 3 nS (Sukharev et al., 1993), 

whereas PIEZO channels are cation selective, which requires a narrow pore, and have lower 

conductance values of 30 pS (Coste et al., 2010). Therefore, the distinct properties, sequence 

and domains of the PIEZO channels cells could not be based on insights from the MscL 

proteins or even other mammalian ion channels that have been implicated in 

mechanosensation (Delmas et al., 2022). 

These proteins responsible for mechanosensation were identified by Coste and colleagues 

(2010), leading to the 2021 Nobel Prize, through a knockdown screen that demonstrated loss 

of mechanically activated currents, but prior to their discovery many processes were attributed 

to them. Following their discovery, a vast amount of work has been performed to understand 

their structure, function and modulation. Much of this work has focused on the PIEZO channels 

found in Mus musculus, but the channel is found in almost all multicellular and unicellular 

eukaryotic organisms, with the exception of yeasts (Coste et al., 2010). This work has led to 
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the identification of PIEZO channels as potential targets for pharmacological intervention 

(Xiao, 2020; Tang et al., 2022), as they are involved in processes from the senses to 

embryogenesis (Delmas et al., 2022), and point mutations in the channel can lead to disease 

(Song et al., 2022a).  

The two members of the PIEZO channel family, are delineated in their expression profiles and 

roles, as PIEZO2 is implicated in mechanical stimuli that take a tactile or auditory form (Wang 

et al., 2019), whereas PIEZO1 is strongly linked to systems that experience mechanical stimuli 

in the form of flow, shear stress, membrane tension and cell swelling (Delmas et al., 2022). 

There are differences between the functional properties of the two channels beyond 

expression (Lewis and Grandl, 2020), but this work focuses on the PIEZO1 channel due to its 

more extensive structural and simulation based characterisation. 

2.3.1 Function and relevance 

2.3.1.1 Physiological PIEZO1 

Due to the expression of PIEZO1 throughout the body (Coste et al., 2010; Volkers et al., 2015; 

Delmas et al., 2022), it has been linked to several physiological processes, including 

somatosensation (Hill et al., 2022), urinary control (Dalghi et al., 2021), cardiovascular 

regulation (Li et al., 2014; Cahalan et al., 2015) with impacts on physical activity (Bartoli et al., 

2022), lymphatic maintenance (Nonomura et al., 2018), wound healing (Holt et al., 2021) and 

immune system processes (Solis et al., 2019). The apparent near ubiquitous nature of 

PIEZO1ôs activity and its global knockout being incompatible with life in mice, demonstrates 

its ability to be activated by a range of mechanical stimuli and importance as a mechanosensor 

on many different cell types (Delmas et al., 2022).  

Alongside forming trimeric oligomers with other PIEZO channel subunits (Guo and 

MacKinnon, 2017), these proteins have been found to work cooperatively in large scale 

clusters of PIEZO1 channels (Ridone et al., 2020) and interact with other membrane proteins 

(Volkers et al., 2015). The interaction with these membrane proteins has the ability to modulate 

function, for example polycystin 2 is able to inhibit PIEZO1 function (Peyronnet et al., 2013), 

whereas stomatin-like protein 3 is required for PIEZO channel function in touch neurons 

(Volkers et al., 2015). The inter-play between PIEZO1 and other proteins indicates that it has 

great tunability, and so is able to take on multiple different roles in different cell types as 

needed.  

2.3.1.2 Pathophysiological PIEZO1 

As PIEZO1 appears to be so widely expressed and essential for many physiological 

processes, where PIEZO2 or other mechanosensitive mechanisms are unable to compensate 

for its loss (Delmas et al., 2022), it is easy to imagine how mutation to this channel can impact 
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its function and lead to disease (Song et al., 2022a). Currently, over 25 mutations in PIEZO1 

have been linked to diseases, but due to global knockout being lethal in mice, it is likely that 

even more mutations exist but are incompatible with life. The primary disorders linked to 

PIEZO1 mutation are dehydrated hereditary stomatocytosis and congenital lymphatic 

dysplasia.  

Dehydrated hereditary stomatocytosis linked to PIEZO1 mutation is characterised by 

dehydration of red blood cells and subsequent changes to their osmotic fragility (Song et al., 

2022a). Therefore, haemolytic anaemia is induced in the patient, in which red blood cells are 

damaged due to their inability to regulate their volume (Jankovsky et al., 2021), whereas knock 

out study of PIEZO1 in red blood cells causes the inverse effect (Cahalan et al., 2015). This 

disease is caused by gain of function mutations to PIEZO1, including R2456H, R2488Q and 

E2496ELE (note that human numbering is used), which prolongs and increases the cation 

influx by slowing inactivation (Bae et al., 2013a; Evans et al., 2020). In contrast, congenital 

lymphatic dysplasia is linked to loss of function mutations in PIEZO1 (Lukacs et al., 2015), in 

which truncated or missense mutation attenuates channel function. It is thought that the 

mutated channel is unable to be effectively expressed at the cell surface, and is therefore 

unable to contribute to lymphatic development (Lukacs et al., 2015), rather than direct 

alteration of the channel function and properties of ion conductance. From the properties of 

the substituted amino acids themselves, some hypotheses for how mutation alters PIEZO1 

activity can be formed, but structural information has been key in determining the role of 

different regions and characteristics of the protein in disease (Guo and MacKinnon, 2017). 

2.3.2 Structure and Mechanism 

2.3.2.1 Structural Overview 

The structures of PIEZO channels have remained somewhat elusive. Until 2015, only the 

structure of the extracellular cap domain had been resolved (Kamajaya et al., 2014), but in the 

8 subsequent years, 8 cryo-EM structures of PIEZO channels have been determined (Table 

2.4) (Ge et al., 2015; Guo and MacKinnon, 2017; Saotome et al., 2018; Zhao et al., 2018; 

Wang et al., 2019; Geng et al., 2020; Yang et al., 2022). The majority of these structures have 

been of the PIEZO1 channel from Mus musculus (mPIEZO1), which have provided the insight 

that mPIEZO1 is a large, curved, trimeric membrane protein composed of a central pore, 

above which sits the extracellular cap domain, and from which triskelion blades project. The 

pore and extracellular cap domain are each made up of elements of three subunits, whereas 

the blades do not appear to directly interact with each other in the structures (Fig 2.2). The 

blade structure is made up of nine 4-helix helical bundle units (HBUs), that end with a final two 

TMH that line the pore (37 and 38).  
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Species Conformation PDB 
Resolution 

(Å) 
Noteworthy Ref 

Caenorhabditis 

elegans 

 

- 4PKE 2.5 

Structure of the 

extracellular cap 

domain only (Kamajaya 

et al., 2014) 

- 4PKX 2.54 

Structure with a 

disease-causing 

mutation 

Mus musculus 

Curved 3JAC 4.8 

First structure of 

the membrane 

soluble section of a 

PIEZO channel 

(Ge et al., 

2015) 

Curved 6B3R 3.7 
Used for structural 

modelling 

(Guo and 

MacKinnon, 

2017) 

Curved 6BPZ 3.8 - 
(Saotome 

et al., 2018) 

Curved 5Z10 3.97 - 
(Zhao et 

al., 2018) 

Curved 6KG7 3.8 

First structure of 

PIEZO2 

First full-length 

blade structure 

(Wang et 

al., 2019) 

Curved 6LQI 4.5 - 
(Geng et 

al., 2020) 

Curved 7WLT 3.46 

First structure of a 

PIEZO channel in 

a lipid bilayer (Yang et 

al., 2022) 

Flattened 7WLU 6.81 

First flattened 

structure of a 

PIEZO channel 

Table 2.4 The Experimentally Determined PIEZO Structures  
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A lot of this information was gained from the initial structure by Ge and colleagues (2015), but 

due to a number of errors in the structure, such as modelling two helices in the place of one 

and planar arrangement of the blades, much of the insight into the structural architecture and 

their biological meaning has been gained from the structure resolved by Guo and MacKinnon 

(2017). Despite the structural understanding gained from these mPIEZO1 structures, all of the 

available data are missing significant portions of the protein. In the case of the Guo and 

MacKinnon (2017) structure, only 1518 of 2547 residues are modelled, with the missing 

residues making up the first 576 residues of the blade, and several intracellular loops. 

Additionally, the resolution of a number of these structures are only verging on the level of 

data where backbone tracing and side chain allocation are possible (Arkhipova et al., 2017). 

Despite this, the structural insights into the resolved blade structure and pore have allowed 

comparison to other mechanosensing ion channels and a mechanism of stimuli propagation 

to the pore to be proposed. Additionally, the extracellular cap domain and intracellular loops 

have provided more ideas for the mechanism of sensing different mechanical stimuli.  

Figure 2.2 The Structural Arrangement of mPIEZO1 
A) The structure of mPIEZO1 as determined by high-resolution cryo-EM studies superimposed on a full-length 
model of the protein (transparent helices), where each subunit is coloured in black, dark grey and dark blue, viewed 
from both the extracellular side and the membrane plane. B) The detail of each blade, which is composed of 38 
transmembrane helices with adjoining membrane parallel amphipathic helices, an extracellular cap, where again 
the full-length model is shown in transparent to demonstrate missing regions. C) The pore of mPIEZO1 
demonstrating the hydrophobic gate and pore lining helices. (PDB: 6B3R) and full-length model reported by (Chong 
et al., 2021). 
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2.3.2.2 Pore 

The pore is one of the major sites at which the three protein subunits come together, as each 

of the final two helices of the blade, TMH37 and TMH38 domain swap between the subunits 

and form a central pore lined by the E2487, H2490, M2493, P2536 and E2537 residues (note 

that mPEIZO1 numbering is used) (Guo and MacKinnon, 2017). Structural studies suggest 

that the glutamate residues at either end of the ion permeation pathway contribute to the cation 

selectivity of the protein, and their mutation abolishes the cation selectivity of the channel 

(Zhao et al., 2016). As far as structural methods allow, the pore is undeniably closed in almost 

all of the mPIEZO1 structures available, only reaching a maximum diameter of 0.4 Å at the 

level of P2536 (Guo and MacKinnon, 2017), as experiments on the human PIEZO1 indicate 

that the pore should open to at least 4 Å diameter (Gnanasambandam et al., 2015).  

The similarity in pore architecture between mPIEZO1 and other ion channels, especially P2X 

(Kawate et al., 2009), gave rise to the hypothesis that the ions enter the pore via lateral 

fenestrations beneath the extracellular cap domain and then traverse the ion conduction 

pathway (Kellenberger and Grutter, 2015; Guo and MacKinnon, 2017), mutagenesis of these 

fenestrations has added evidence to this hypothesis (Geng et al., 2020), but other 

mechanisms such as translocation through the extracellular cap domain have not been entirely 

excluded (Wang et al., 2019; Lewis and Grandl, 2020). Entrance through the lateral 

fenestrations would implicate the regions surrounding the pore in transduction of the 

mechanical stimuli to the pore, as these are not present in other structurally similar cation 

channels that are unable to sense force. These regions are the elbow and base, which directly 

connect the blade to TMH37, and the hairpin and pore extension C-terminal helix, which sit 

beneath the pore. Additionally, there has been interest in a plug-and-latch mechanism, but 

these have not been demonstrated structurally (Geng et al., 2020). 

Despite the other structures appearing to be unequivocally closed, the flattened structure of 

mPIEZO1 does not provide a definitive pore state, as the resolution and electron density does 

not provide accurate side chain density (Yang et al., 2022), and so the measurements that 

may provide clarity as to its state are unreliable. Despite this, the authors report no major 

changes to M2493, P2536 or E2537, which might suggest that this state is inactive, implying 

more than membrane flattening is required for the pore to open. There are a number of 

suggested gating mechanisms which might explain this. For example, the structure of 

mPIEZO2 suggests the presence of a hydrophobic gate at residues L2469, V2476 and F2480 

(Wang et al., 2019), MD and structural studies suggest the movement of a bound lipid at the 

protein pore (De Vecchis et al., 2021; Yang et al., 2022), the motion of a plug and latch domain 

(Geng et al., 2020), and the decoupling of the cap domain from the protein (Lewis and Grandl, 

2020; Yang et al., 2022). 
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2.3.2.3 Extracellular Cap Domain 

The extracellular cap domain sits above the channel pore and is formed by a novel ɓ-sandwich 

fold from each of the protein subunits (Kamajaya et al., 2014; Ge et al., 2015), where three ɓ-

pleated sheets come together while being flanked by two Ŭ-helices. Despite focussing on a 

single soluble domain of PIEZO1 rather than the entire structure, which is likely inaccessible 

through x-ray crystallography, the insights into the arrangements of the extracellular cap 

domain and the impact of a disease-causing mutation on its structure have helped inform 

understanding of how this domain contributes to protein function.  

Kamajaya and colleagues (2014) concluded that this domain was unlikely to participate in 

oligomerisation of the PIEZO1 channel, which has since been disproven by other structural  

studies demonstrating that the cap is made up of the three subunits and an extensive interface 

exists between the three (Ge et al., 2015; Guo and MacKinnon, 2017; Saotome et al., 2018; 

Zhao et al., 2018; Wang et al., 2019; Geng et al., 2020; Yang et al., 2022), but the overall 

structure of each monomeric extracellular cap has not been disputed. In addition to revealing 

a novel fold, this structural study examined the effect of the disease-causing mutation M2225R 

(human PIEZO1 numbering) linked to dehydrated hereditary stomatocytosis which is mapped 

to this region of the protein and results in delayed activation and slow inactivation (Bae et al., 

2013a). Although this is a significant change in size and charge, it did not result in changes to 

the structure of this domain, although it was suggested that this change could have impacts 

on the interactions between the cap and other regions of the protein (Kamajaya et al., 2014). 

This is of particular interest, as just two point mutations, including M2225R, to this domain can 

abolish channel inactivation (Bae et al., 2013b). Therefore, it is clear that the extracellular cap 

domain is involved in protein function.  

This led to the investigation of this domain to better understand its role in PIEZO1 activity. 

Mutation of the domain led to insensitivity to the role of pH on inactivation following mutation 

to the extracellular cap domain (Bae et al., 2015), further confirming its role. To understand 

this on a more granular level, chimerical substitution of regions of the mPIEZO1 cap with 

regions of the mPIEZO2 cap allowed the inactivation kinetics of mPIEZO2 to be transferred to 

mPIEZO1 (Lewis and Grandl, 2020), demonstrating that specific sequence and structural 

motifs are required for different channel kinetics. These functional data are supported by the 

rotation of the cap domain in the flattened mPIEZO1 structure, indicating that it may be 

essential for activation of the channel (Yang et al., 2022). However, structural studies of the 

curved protein have also demonstrated several classes of extracellular cap domain 

conformation, with typically a 15° lateral rotation of the cap defining each of these (Ge et al., 

2015; Saotome et al., 2018; Zhao et al., 2019). Lewis and Grandl (2020) demonstrated the 

importance of motion of this cap by crosslinking it to the blade of mPIEZO1 and thereby 
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abolishing mechanical activation, with the suggestion that that ion translocation occurs 

through the extracellular cap, and so alteration of the arrangement of the cap domain may act 

as an inactivation gate composed of K2479, L2475 and V2476. However, this is not a fully 

accepted translocation pathway (Guo and MacKinnon, 2017), and so it remains unclear how 

the structure and motion of the cap domain is implicated in the mechanism of PIEZO activation 

and inactivation.  

2.3.2.4 Blade Structure 

The blade comprises the majority of the PIEZO protein, being composed of 36 helices 

arranged into discrete HBUs each made up of 4 TMH and a membrane parallel helix (MPH) 

that projects from the sequentially first TMH of the four (Ge et al., 2015; Guo and MacKinnon, 

2017; Saotome et al., 2018; Zhao et al., 2018; Wang et al., 2019; Geng et al., 2020; Yang et 

al., 2022). Mutation of the extracellular loops of the blade HBUs results in poor expression and 

targeting to the membrane (Zhao et al., 2018), indicating their importance for protein 

production and trafficking. In addition to these HBUs and MPHs, the proximal three HBUs sit 

above a long helical beam, which has been linked to the force-sensing capabilities of PIEZO 

channels (Saotome et al., 2018; Zhao et al., 2018; Wang et al., 2019). Connecting the blade 

to the pore is a region composed of three helices, two of which form an elbow and the third a 

base that sits parallel to the membrane (Guo and MacKinnon, 2017). The lack of structurally 

resolved details of the full PIEZO1 blade structure has led to this domain being overlooked, 

but its structural details and dynamics are key to PIEZO1 function. The structure of the blades 

causes the HBUs to spiral outwards from the pore in the XY plane, but also in the Z direction, 

which indicates that they are able to form a membrane dome that projects into the cytoplasm, 

which has been verified through cryo-EM studies (Guo and MacKinnon, 2017; Yang et al., 

2022) and MD simulations which emphasise the length of the blade in dome depth (Chong et 

al., 2021). The formation of this dome is assumed to be needed to allow the blades of PIEZO 

channels to sense mechanical stimuli and the pathway of stimuli propagation to the pore, and 

so understanding the blade structure is essential to forming and testing hypotheses involving 

mechanical stimuli.  

The structure of the full-length blade of mPIEZO1 has not been structurally resolved, likely 

due to its high level of flexibility in both detergent micelles and liposomes (Ge et al., 2015; Guo 

and MacKinnon, 2017; Saotome et al., 2018; Zhao et al., 2018; Geng et al., 2020; Yang et al., 

2022). This flexibility can be captured structurally, resulting in the identification of distinct blade 

conformations in the XY plane owing to lateral motion of the distal HBUs (Saotome et al., 

2018), which has been suggested to be integral to mechanosensing (Saotome et al., 2018; 

De Vecchis et al., 2021). Despite the lack of structural information on the mPIEZO1, the 

structure of the blade from mPIEZO2 allows some insights into the distal section of this domain 
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(Wang et al., 2019), and models of the full-length channel have also been reported by Chong 

and colleagues (2021) and by AlphaFold2 (Jumper et al., 2021; Varadi et al., 2022).   

The structure of the N-terminal end of the blade may appear to be trivial to model, as there is 

high sequence identity between the resolved bundles and the ones to be predicted, which 

should correspond to a high level of structural predictability (Lushington, 2014). However, it is 

not only 12 TMH missing from a planar structure that need to be modelled, but their spatial 

arrangement compared to the rest of the protein needs to be determined, as this will impact 

understanding of the formation and depth of the membrane dome and the impact of flattening 

on the structure. The modelled structures of the blade, both by Chong and colleagues (2021) 

and AlphaFold2 (Varadi et al., 2022) suggest that the blade continues to curve upwards in the 

Z direction, as well as in the XY plane. This is consistent with the structure of mPIEZO2 where 

the blade continues its trajectory (Wang et al., 2019). However, study of the mPIEZO1 

structure in liposomes suggests that the distal region of the blade may actually adopt a planar 

structure, as this region is where the dome flattens in liposomes (Guo and MacKinnon, 2017; 

Yang et al., 2022). This may be explained by a difference in the structure, and therefore 

functional properties, of mPIEZO2 compared to mPIEZO1, or the result of studying the 

structure in detergent micelles rather than the native bilayer.  

The flattening of the blade upon membrane tension and pressure was predicted prior to the 

structural study of flattened mPIEZO1, as it is a common mechanism of mechanosensitive 

channel activation (Ursell et al., 2008; Phillips et al., 2009; Pliotas et al., 2015). Expansion of 

the membrane area by flattening reduces the potential energy of the protein system, which 

can then be converted into activation and opening of the channel (Guo and MacKinnon, 2017). 

Experimental studies have also demonstrated flattening of the protein following the application 

of force, such as in HS-AFM by Lin and colleagues (2019), confirming that the blade appears 

to be the main site of mechanical sensation and conformational change upon application of 

pressure.  

By exploiting the ability to mPIEZO1 in an outside-out configuration in small (10 nm radius) 

liposomes, as opposed to the more favourable outside-in arrangement (Guo and MacKinnon, 

2017), Yang and colleagues (2022) were able to determine the structure of the flattened 

mPIEZO1 to understand the structural changes that occur in the presence of membrane 

tension. Interestingly, in the flattened structure the distal HBUs continued to be unresolved, 

indicating that even upon change in conformation these areas remain flexible. The blades 

were flat in Z but continued to curve in their propeller like shape away from the pore in the now 

planar membrane. This is somewhat corroborated by an MD study of lateral membrane 
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tension on mPIEZO1 opening (De Vecchis et al., 2021), in which the blade also appeared to 

straighten upon membrane tension and pore opening.  

2.3.2.5 Mechanism of Force Sensing 

The exact mechanism of force sensing by PIEZO1 is unclear, as two hypotheses exist: force 

from filaments (i.e., where tethers to extra- or intracellular components exert force on the 

protein and trigger its opening) and force from lipids (i.e., where lateral membrane tension and 

subsequent increase in area per lipid triggers channel opening). There is evidence for both of 

these mechanisms (Delmas et al., 2022), and as with most biological processes, the truth is 

likely an amalgamation of both mechanisms depending on the circumstance. For the purposes 

of this work, the force from lipids is the more relevant mechanism, as it can be mimicked by 

lateral membrane tension in MD simulations (De Vecchis et al., 2021) and the structural effects 

of this tension have been characterised experimentally (Yang et al., 2022).  

The putative mechanism of force sensing is that mechanical stimuli to the membrane results 

in local deformation and flattening of the membrane dome around PIEZO1 (Guo and 

MacKinnon, 2017; Lin et al., 2019; De Vecchis et al., 2021). This membrane flattening releases 

the potential energy held in the membrane dome, which is propagated to the central region of 

Figure 2.35The Mechanism of Force Sensing and Activation of mPIEZO1  
The curved blades of the protein form a dome in the membrane that projects into the cytosol (a) and upon 
membrane tension, either through interactions with extra- or intracellular tethers (i.e. force from filaments) (b) or 
deformation of the membrane and lateral tension (i.e. force from lipids) (bô) the protein blades and dome flatten in 
the Z plane (c) and ion permeation through lateral fenestrations (d) or via the extracellular cap (dô) takes place. 
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PIEZO1 to allow opening and ion conductance. It is likely that this force is transduced to the 

pore via the elbow region and rearrangement of the extracellular cap domain (Ge et al., 2015; 

Saotome et al., 2018; Zhao et al., 2019; Lewis and Grandl, 2020), both of which are linked to 

conformational change of the blades. Ions are then able to enter the pore through either the 

extracellular cap domain (Wang et al., 2019; Lewis and Grandl, 2020) or lateral fenestrations 

beneath it (Geng et al., 2020), which may occur in tandem or following the opening of 

hydrophobic gates in the pore  and perhaps the rearrangement of a plug-and-latch domain 

below the pore to allow ion conductance (Geng et al., 2020). Following ion permeation, the 

channel undergoes inactivation, which appears to be controlled by subdomains in the 

extracellular cap (Lewis and Grandl, 2020) and residues within the pore (Bae et al., 2013b). 

Disruption of these leads to slow inactivation and thus prolonged cation influx to the cell, which 

causes dehydrated hereditary stomatocytosis (Bae et al., 2013a).  

2.3.3 Lipid Interactions 

Interaction with lipids is a key aspect of the physiological function of PIEZO1, as formation and 

deformation of the membrane dome is essential to mechanosensation, but recent 

experimental and structural evidence implicates specific interactions with lipids in the function 

and modulation of the ion channel.  

2.3.3.1 Formation of a Membrane Dome 

The membrane dome formed by PIEZO1 that protrudes into the cytoplasm of the cell has 

already been discussed here in terms of its importance for function, but the PIEZO-specific 

architecture and regulation of the dome are of specific interest. The first structural studies of 

PIEZO1 identified and modelled the membrane dome as a ~6 nm deep bowl-like structure 

(Guo and MacKinnon, 2017), but subsequent simulations have identified that the dome has a 

trilobed topology with areas of high and low curvature (Chong et al., 2021). Within the 

compartment formed by the curved blade and the back of the next the dome is the deepest, 

but the back of the distal HBUs produce levels of reduced curvature. Alongside this complex 

topology, the dome does not end at the distal region of the protein, as seen in liposome studies 

(Guo and MacKinnon, 2017; Yang et al., 2022), but extends beyond the tips of the blade and 

into the surrounding membrane (Chong et al., 2021). The differences between the structural 

and simulation studies are likely due to the size of the liposomes (~10 nm radius) not providing 

enough surface area for complex dome architecture, and potentially deforming the flexible N-

terminal of the blade which likely contributes to the extension of the dome.  

The formation of the dome around PIEZO in simulation allows unique linking of experimental 

outcomes to structural mechanisms. For instance, Ridone and colleagues (2020) 

demonstrated that addition of the cholesterol-removing agent methyl-ɓ-cyclodextrin slowed 
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activation and inactivation of the PIEZO1 channel through its direct action on the membrane 

properties, rather than through protein mediated effects on cholesterol and membrane 

stiffness (Qi et al., 2015). A year later, Chong and colleagues (2021) computationally linked 

membrane cholesterol concentration to dome depth, which is thought to impact PIEZO1 

mechanosensitivity (Haselwandter and Mackinnon, 2018). However, addition of exogenous 

cholesterol to HEK293 cells expressing human PIEZO1 were inhibited by addition of the lipid 

(Chong et al., 2021), which somewhat contradicts the findings with  methyl-ɓ-cyclodextrin in 

both studies (Ridone et al., 2020; Chong et al., 2021). The inability to unify the effect of 

reduced or increased cholesterol concentration could be explained by external addition 

compared to removal, the need for an optimal cholesterol concentration for function, or effects 

on PIEZO1 clustering. 

The clustering of PIEZO1 was confirmed experimentally with super-resolution microscopy 

(Ridone et al., 2020) following indications of the clustering in previous studies (Cox et al., 

2016; Maneshi et al., 2018), and may be a mechanism for synchronised gating and 

accelerated propagation of mechanical stimuli between channels (Ridone et al., 2020). This 

has been somewhat studied in simulation (Jiang et al., 2021a), but the simulation protocols in 

which the periodic boundary conditions are exploited to allow interaction of the dome with its 

mirror image render this work difficult to reconcile with real-world dome dynamics. However, 

this clustering and far reaching perturbation of the dome affect PIEZO1 function in other ways, 

it might impede access to highly curved regions of bilayer, such as the filopodia (Efremov et 

al., 2022).  

2.3.3.2 Specific Lipid Interactions 

It is difficult to delineate the role of general lipid and bilayer properties, such as stiffness, speed 

of diffusion, curvature and charge, and the role of specific lipid interactions with sites on the 

protein, as its likely that each influences the other. However, structural studies in liposomes 

have confirmed that lipids to bind to specific sites on the PIEZO1 channel at both the pore 

(Saotome et al., 2018; Yang et al., 2022) and along the blade (Yang et al., 2022), both in 

bilayers and following delipidation. The presence of lipid binding at the pore has previously 

been a point of dispute in the literature, as its presence in both CG and atomistic simulations 

(Chong et al., 2021; De Vecchis et al., 2021; Jiang et al., 2021a) was attributed to a simulation 

artefact (Jiang et al,. 2021b; Jiang et al., 2022), but the recent lipidated pore in curved and 

flattened structures provided further evidence for the presence of these lipids (Yang et al., 

2022). The pore lipid may represent another gating mechanism for PIEZO1 channels, as the 

insertion and removal of lipid tails from hydrophobic pockets to allow ion transduction has 

been seen for other mechanosensing proteins (Pliotas et al., 2015; Kapsalis et al., 2020), and 
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they appear to move upon flattening of PIEZO1 under lateral membrane tension in simulation 

(De Vecchis et al., 2021).  

Simulations have allowed identification of the potential identity of these pore lipids, likely they 

are POPC, POPE or another neutrally charged component of the membrane (Chong et al., 

2021; De Vecchis et al., 2021). However, simulations have also identified extensive selective 

interactions with cholesterol at CRAC and CARC sites (Fantini and Barrantes, 2013; Chong 

et al., 2021) and PIP2, which might be linked to the positive inside rule for membrane proteins 

(von Heijne, 1992; Elazar et al., 2016). The specific interactions with cholesterol may play a 

role in the modulation of functional properties of PIEZO1, as described above, and the PIP2 

interaction has been linked to the finding that depletion of PIP2 by TRPV1 activation reduces 

PIEZO1 activity (Borbiro et al., 2015). Additionally, although they have not been included in 

simulation, the role of fatty acids in modulating PIEZO1 function (Romero et al., 2019; Ridone 

et al., 2020), may be uncovered through studying specific protein-lipid interactions. However, 

due to the inability to directly link the specific interactions witnessed in simulation and 

structures to functional and mechanistic outcomes, the study of these interactions is impeded.  
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3. Aims and Objectives 

3.1 General Aim 

My aim was to examine the structure and function of disparate membrane proteins using 

computational techniques with a particular focus on understanding how general and specific 

protein-lipid interactions affect and in turn are affected by these characteristics. To achieve 

this, members of the membrane-integral pyrophosphatase family and mPIEZO1 were 

subjected to multi-scale molecular dynamics simulation protocols to investigate key aspects 

of their structure, dynamics and activity.  

By studying unrelated but functionally linked proteins, I can investigate a broader range of 

mechanistic and structural features while streamlining the computational techniques needed 

to do so, as I am studying the membrane interactions and dynamics of both. The selection of 

these proteins may allow insight into membrane protein function on a general level.  

3.2 Membrane Integral Pyrophosphatases 

mPPases represent clinically relevant membrane proteins, study of which could result in novel 

therapeutics against malaria and other neglected tropical diseases. Several areas of the 

mPPase mechanism remain unclear, such as the coupling of ion pumping to pyrophosphate 

hydrolysis, the role of intersubunit communication, and whether this is modulated by the lipid 

or detergent environment, and how the activity of mPPases can be targeted by inhibitors. 

Therefore, the following specific objectives were chosen: 

(a) Identify and characterise protein-lipid interactions. 

(b) Examine the dynamics of the different stages of the catalytic cycle. 

(c) Use in silico chemistry techniques to identify new inhibitors. 

3.3 Mechanosensitive Ion Channel mPIEZO1 

The PIEZO1 ion channel has been implicated in a number of human cardiovascular diseases, 

but due to its relatively recent discovery there are several underexplored areas of its activity. 

The understanding of mPIEZO1 has been improved in recent years through the determination 

of a series of cryo-EM structures of the channel, but the large missing portions of the channel 

from these structures and lack of atomic resolution has confounded the understanding of the 

mechanism of force sensing and propagation of this stimulus to the pore at a molecular level. 

Therefore, the following specific objectives were investigated: 

(a) Determine the effect of blade length on mPIEZO1-membrane interactions. 

(b) Determine the effect of blade length on mPIEZO1 activation through membrane 

tension in atomistic molecular dynamics simulations. 
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4. Methods and Theory 

4.1 Molecular Dynamics Simulations 

4.1.1 Background 

Molecular Dynamics (MD) simulations are a computational technique where atoms in a 

defined starting configuration are each allocated a randomised velocity and, using integrated 

classical Newtonian mechanics, successive configurations of the system are calculated 

(Marrink et al., 2019). MD simulations are able to explore a large range of resolutions, from a 

quantum level description of biomolecules, to ultra coarse-grained (one bead per molecule) 

models, where detail is lost but the accessible time-scale and size of the system can be 

increased (Lindahl, 2008). For the purposes of this work, I focused on atomistic and coarse-

grained (CG) representations, as integration of these techniques in a multi-scale approach 

can enhance both of these techniques to allow both the highly accurate atomistic detail of the 

system including hydrogen-bonding and conformational changes (Stansfeld and Sansom, 

2011), and the acceleration of simulation time through CG representation (Marrink and 

Tieleman, 2013). In classical atomistic simulations, every atom of the protein, solvent and 

lipids is modelled as an explicit particle, the properties of which are specified by their identity 

using a forcefield (Best, 2019). In contrast, CG systems typically model 3-6 heavy atoms and 

their associated hydrogen atoms as a single particle (Marrink et al., 2019). These particles are 

then allocated different properties based on the original atom identities. 

4.1.2 Force fields  

A forcefield is a description of the parameters for each of the particles, bonded and non-

bonded interactions, angle geometry, charges and potential energy of a system, typically 

determined from physicochemical experiments and quantum mechanics calculations (Best, 

2019). Unlike the coordinates of the particles in the system, their parameters determined by 

the forcefield do not change throughout the simulation, and are able to guide their motion and 

interactions throughout simulation time (Guvench and MacKerell, 2008). The atomistic 

forcefields available for simulations of proteins in lipid and solvent are some of the most 

developed for MD simulation and have undergone much optimisation since their first uses 

(Marrink et al., 2019), but there are increasingly well parameterised CG forcefields available.  

The majority of forcefields attempt to represent two molecular properties: bonded and non-

bonded interactions. Bonded interactions include the stretching, bending and rotation of 

bonds, whereas the nonbonded interactions include electrostatics, Pauli exclusion principle 

(that no two electrons can have identical values for their quantum numbers in the same atom) 

and dispersion. These energy terms (Ebonded and Enonbonded) can be represented as: 
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Where b represents the distance between atoms, kb represents the stiffness and b0 is the 

equilibrium length of the bond, while ɗ is the bond angle, kɗ is the stiffness and ɗ0 is equilibrium 

geometry of the angle, ɢ is the value of the dihedral, kɢ is the energetic parameter determining 

barrier height, n is the periodicity and ů is the phase (Guvench and MacKerell, 2008). 

However, in some forcefields, bond constraint algorithms such as LINCS remove the need to 

examine bond vibration (Lindahl, 2008). And: 
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ȟ
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The first term in this equation within square brackets, is the Leonard-Jones expression, which 

models dispersion and the Pauli exclusion principle. As rij represents the separation of the 

atoms, the first section of the term dictates that atoms are repulsed at small distances beyond 

an energy minimum, and the first section dictates that atoms feel increasing attraction as they 

move closer before reaching the energy minimum. Ůij and Rmin,ij are based on the two 

interacting atoms i and j, representing the interaction minimum and the distance where the 

Leonard-Jones energy is a minimum, respectively. The latter term in the equation is Coulombôs 

law, in which the charge of the atoms i and j are represented by qi and qj, respectively, and so 

models the electrostatic interactions.  

These equations are then combined so that the total energy (Etotal) is: 

(3) Ὁ Ὁ Ὁ Ὁ  

The term Eother represents other elements that are specific to the forcefield (Guvench and 

MacKerell, 2008).  

4.1.2.1 CHARMM-36m 

Chemistry at Harvard Molecular Mechanics or ñCHARMMò is one of the main atomistic force 

field families and is distinct from other all-atom forcefields, due to its use of quantum mechanic 

energies when parametrising interactions between biomolecules and water and sidechain 

dihedrals (Brooks et al., 2009). The water model in this forcefield is a three-site water model, 

TIP3P, which is slightly different to other forcefields as, in addition to other parameters, the 

behaviour of the water model is described by a Leonard-Jones term, but has not been found 

to be significantly different in practice (Best, 2019). There are a number of difficulties when 

developing forcefields for membrane proteins (Best, 2019), due to the high viscosity of the 

membrane, and lack of experimental data for membrane proteins as a result of barriers to their 

study. Despite this, the CHARMM-36 (Huang et al., 2016) is thought to be well parametrised 

for the type of work undertaken in this thesis (Best, 2019). The CHARMM-36m forcefield can 
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be applied to systems through the CHARMM-GUI (Lee et al., 2016b), which also allows 

parametrisation of new molecules, although the experimental validity of these models cannot 

always be guaranteed.  

4.1.2.2 Martini 

The Martini forcefield was first developed to study the properties of lipid bilayers, as it could 

be used to access timescales outside the range of atomistic simulations, while maintaining the 

properties of the lipids in question (Bruininks et al., 2019). Following this initial application, the 

forcefield has been expanded to include proteins and other biomolecules (Monticelli et al., 

2008). The beads available in the Martini forcefield have four chemical classes: charged, polar, 

nonpolar and apolar. Within in these are subtypes that determine their hydrogen-bonding 

capability (i.e. donor and/or acceptor or neither), or the strength of their polar properties. This 

mixture of classes and subtypes provides 18 different beads (4 charged, 4 nonpolar, 5 polar 

and 5 apolar), and there are 10 non-bonded interaction levels based on experimental data for 

each of the pairs of these beads (Bruininks et al., 2019). In contrast, the bonded interactions 

between these beads was defined through mapping of the beads onto atomistic simulations 

and simple bonded potentials (Bruininks et al., 2019). Due to this method of parameterisation, 

parametrising new molecules is a possible but time-consuming process.  

4.1.3 Integration and time step 

MD simulations involve the iterative solving of the equations of motion in steps known as 

ñtimestepsò, integration of these equations has to be performed at regular intervals using an 

integration algorithm to calculate the position and velocity of the particles in the system. 

Integration algorithms have to be used to approximate these terms numerically, as they cannot 

be solved analytically. To begin the simulation, random velocities are generated for each of 

the particles in the simulation using a Boltzmann distribution, which are then recalculated 

between each timestep to determine the coordinates of the system (Bauer et al., 2022). The 

timestep is determined by ensuring the size of step between frames of the simulation are not 

so small that it requires a large amount of computer resources, but not so large that particles 

interact inappropriately, either though not interacting at all and moving ñthroughò each other, 

or by clashing. In GROMACS (Van Der Spoel et al., 2005), the software used in this thesis, a 

Leap-Frog integration method is used, where the calculation of the velocities and the 

coordinates ñleapò over each other half-step intervals (Bauer et al., 2022).   

4.1.4 Periodic boundary conditions 

MD simulations often use periodic boundary conditions, which describe the ability of a particle 

exiting the simulation box to re-enter at the opposite side, as hard boundaries are unnatural 

in biological systems (Bauer et al., 2022), although these can be exploited in some 
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circumstances. This is essential, as it reduces surface artifacts, edge effects and allows for 

infinite simulation space using a set number of atoms (Lindahl, 2008). The only accompanying 

requirements for periodic boundary conditions, is that the simulation box is sufficiently large, 

there are appropriate cut-off values for nonbonded forcefield parameters to prevent mirror 

images of the simulation from interacting with each other and the box shape perfectly 

tessellates, to ensure there are no gaps with associated vacuum effects. The size of the 

simulation is directly linked to computational time, and the use of cut-offs can be detrimental, 

leading to drifts in energy and heating up of the system (Lindahl, 2008). In the case of the 

software used in this work, GROMACS (Van Der Spoel et al., 2005), only the nearest image 

of each particle is used for long-range interactions. 

4.1.5 Statistical Mechanics and Thermodynamic Ensembles  

Statistical mechanics is a method of explaining the behaviour of a system through applying 

statistical and probability methods to an ensemble of particles, and thereby linking macroscale 

properties such as temperature and pressure to the parameters of microscopic particles. In 

this work, the statistical mechanics are based in classical thermodynamics, rather than 

quantum statistics. In statistical mechanics, a thermodynamic ensemble represents the 

possible states of a system, often representing equilibrium. There are three major ensembles 

used in Molecular Dynamics simulations: 

1. NPT (isothermal-isotonic ensemble): the number of particles, pressure and 

temperature are maintained. 

2. NVT (canonical ensemble): the number of particles, volume and temperature are 

maintained. 

3. NVE (microcanonical ensemble): the number of particles, volume and energy are 

maintained. 

Each of these can be used to simulate a system, but the NPT ensemble was used for the 

production simulations presented in this work, as the energy of the system must change as a 

result of conformational changes to the system, and the pressure needs to be maintained to 

ensure particle interactions or allow creation of lateral tension in the atomistic mPIEZO1 

simulations.  

4.1.6 Thermostat and barostat  

Thermostats and barostats are standard methods of prevent the temperature and pressure of 

the system from changing during simulation time. These scale the velocities during integration 

of steps to maintain the set temperature, or scale the box size in the XY and Z directions to 

maintain the set pressure (Lindahl, 2008). By maintaining the temperature and pressure, the 
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total energy of the system is not conserved. The thermostat and barostats for each simulation 

are defined below.  

4.1.7 Protein Structure Prediction and Modelling  

In recent years, there has been an advent of protein structure prediction and modelling, to 

bypass barriers to protein structure determination through experimental methods and exploit 

the advances in computational power (Lushington, 2014). There are three major methods of 

protein structure prediction: comparative or homology modelling, where an appropriate 

template structure is selected and the target is modelled based on structural alignments, ab 

initio or de novo modelling, in which the model is constructed based on searching the 

conformational space of the protein sequence, and deep learning-based methods, where a 

neural network is trained on the existing structures in the Protein Data Bank to model a 

structure based on a provided amino acid sequence. Critical Assessment of Structure 

Prediction (CASP) has been taking place since 1994, in which every 2 years, prediction 

methods are tested against recently determined protein structures to assess their 

performance. Prior to 2018, the highest ranked methods were primarily comparative modelling 

and ab initio by Robetta (Song et al., 2013), but now deep learning-based methods dominate 

the results, such as AlphaFold2 (Jumper et al., 2021). In this work, comparative modelling 

through Robetta and AlphaFold2 have been used to generate potential structural models, as 

will be discussed later in this chapter. 

4.2 Protein Preparation 

The choice of protein structure for simulation has many considerations encompassing quality 

(resolution, completeness, fitting to the electron density map, modelling errors) as discussed 

by (Arkhipova et al., 2017), the biological relevance of the structure (catalytic or conformational 

state, mutagenesis, bound ligands and ions) and the hypothesis being addressed through 

simulation. Despite potential limitations of experimentally determined protein structures, a 

number of these issues can be resolved through appropriate preparation of the structure. For 

example, missing regions can be modelled, amino acid sequences can be converted to their 

wild-type identity and side chains can adopt different orientations. Additionally, energy 

minimisation and equilibration processes can eliminate atom clashes. The energy 

minimisation method used in this work was the steepest decent algorithm, in which the atom 

coordinates are refined iteratively, where each step is in the steepest direction possible at that 

point to a local energy minimum. These techniques can allow further exploration of the 

biological space without significant limitations of the structure availability and quality. Despite 

this, the quality of the underlying model must be assessed and determined appropriate for 

simulation before continuing (Arkhipova et al., 2017).  
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4.2.1 mPPase Protein Preparation 

All of the experimentally resolved mPPase structures used in this work were obtained through 

x-ray crystallography (Table 4.1), a technique that has been used extensively for membrane 

protein structure determination (Kermani, 2021). However, it has come under a lot of scrutiny, 

as the processes involved in crystallography can detrimentally alter the protein structure, 

stability and obscure interactions with native ligands and lipids (Bill et al., 2011). Despite this, 

it continues to be the primary mechanism for solving protein structures (Protein DataBank, 

2022) and has led to several key mechanistic insights into mPPase function.  

The coordinates of the protein structures were accessed through the Protein Data Bank 

(rcsb.org) (Berman et al., 2000), or in the case of Pa-PPase, these were provided by 

collaborators in PDB format (Strauss, 2021). These were then initially prepared for simulation 

following standard protocols (Biggin and Bond, 2008), including removal of all non-protein 

atoms, bound ligands and ions in the catalytic centre of the proteins. Any unresolved portions 

of the protein were added using Modeller (Webb and Sali, 2016) (Fig. 4.1), as detailed in 

Table 4.1, and any residue substitution mutations were generated through the same means 

(Table 4.2). Additionally, to model the 5-6 loop open on the substrate bound structure, the 

atoms were removed from the structure and remodelled using Modeller. The atom names and 

format were processed to allow simulation with GROMACS through the pdb2gmx programme  

Figure 4.17The modelling of unresolved regions of mPPase structures and Cp-PPase 
The regions of the mPPase structures added through Modeller are shown as red tubes on the grey resolved regions 
of A) the resting state (PDB: 4AV3), B) substrate-bound state (PDB: 5LZQ), C) product-bound state (PDB: 4AV6) 
of Tm-PPase, D) relaxed product-bound state of Vr-PPase (PDB: 5GPJ) and E) the substrate-bound state of Pa-
PPase (unpublished). The homology modelled structures of Cp-PPase as modelled by F) Robetta (pink) and G) 
AlphaFold2 (pink) compared with the Vr-PPase structure (cyan) (PDB: 5GPJ).  
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mPPase 
Catalytic 

state 

Resolution 

(Å) 
Modelled regions 

PDB and 

reference 

Tm-

PPase 

Resting state 2.6 1, 30, 211-221, and 577-595 

4AV3 

(Kellosalo 

et al., 

2012) 

Substrate-

bound state 
3.5 1 

5LZQ 

(Li et al., 

2016) 

Product-

bound state 
4.0 

1-4, 29-37, 114-119, 208-225, 473-

479, and 572-599 

4AV6 

(Kellosalo 

et al., 

2012) 

Vr-

PPase 

Relaxed 

product-

bound state 

3.5 1-3, 39-62, and 262-278 

5GPJ 

(Li et al., 

2016) 

Pa-

PPase 

Substrate-

bound state 
3.8 

1-5, 31-35, 74-78, 159-164, 201-

211, 317-322, 508-520, 575-580, 

658-661 and 706-721 

- 

Table 4.15Summary of the crystallographic mPPase structures used in this work  

using the OPLS-AA all atom forcefield (Jorgensen et al., 1996). The resulting protein models 

were visually inspected for errors or knotted loops prior to specific processing dependent on 

the mode of simulation (i.e. CG or atomistic).  

4.2.2 Homology Modelling of Cp-PPase 

The work outlined in section 5 required simulation of an mPPase structure that had not yet 

been experimentally determined. The protein chosen was Cp-PPase, as it is a crystallographic 

target and has been previously used for homology modelling, which resulted in an mPPase-

like model (Harborne et al., 2020). However, in the same ways that experimentally derived 

models should be assessed for their quality, the quality of predicted structures should also be 

checked (Benkert et al., 2011). Upon inspection of the electrostatic profiles of these homology 

models generated by iTasser (Yang et al., 2014) and Modeller (Webb and Sali, 2016) indicated 

that they may not be as comparable to other mPPase structures as previously thought. 

Therefore, I decided to generate new homology models for this work that may allow better 

predictions of mPPase behaviour. The Cp-PPase amino acid sequence was submitted to the 

Robetta (robetta.bakerlab.org) server (Song et al., 2013) and AlphaFold2 (Jumper et al., 2021) 
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for homology modelling. Both of these identified the Vr-PPase relaxed product-bound state 

(PDB: 5GPJ) as the best template for homology modelling.  

Protein Name % Anionic Lipid Mutations 
CG simulations 

(µs) 

Tm-

PPase 

TmPPE100 0 - 5x 5 

TmMix10 10 eacha - 5x 5 

TmPA20 

TmPG20 

TmPS20 

20 

- 5x 5 

TmPA20_SSM 

TmPG20_SSM 

TmPS20_SSM 

K9.70A K10.49A 

K13.52A K14.48Ab 
5x 5 

TmPA20_DSM 

TmPG20_DSM 

TMPS20_DSM 

K9.70A K10.49A 

K13.52A K14.48A 
5x 5 

TmPA40 

TmPG40 

TmPS40 

40 - 5x 5 

Vr-

PPase 

VrTonoplast 

12 cumulative 

- 
4x 5 

1x 20 

VrTonoplast_DSM 
K10.49A K13.48A 

K14.40A K14.48A 
5x 5 

Cp-

PPase 

CpMix10 10 eacha - 5x 5 

CpPA20 

CpPG20 

CpPS20 
20 

- 5x 5 

CpPA20_DSM 

CpPG20_DSM 

CpPS20_DSM 

K9.69A K9.73A 

R13.52A R14.48A 
5x 5 

Table 4.26The mPPase CG simulations  
ahere the membrane was composed of equal numbers POPA, POPG and POPS 
bthese mutations were to a single interfacial interaction site 

The electrostatic potential of both the Robetta and AlphaFold2 models matched what was 

anticipated and had been seen previously for other mPPases, and so they were submitted for 

model quality analysis through SWISS-MODEL Tools (swissmodel.expasy.org/qmean) for 

QMEAN (qualitive model energy analysis) and Z-score analysis using the QMEANBrane 
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option (Studer et al., 2014). This confirmed that the homology models generated in this work 

are higher quality than those previously generated through iTasser and Modeller. Despite 

similar structures being generated, the Robetta model was chosen for simulation in this work 

as the arrangement of the helices in this model more closely resembled the Vr-PPase 

template. 

4.2.3 mPIEZO1 Protein Preparation 

So far, all of the PIEZO1 and PIEZO2 protein structures have been resolved using cryo-

electron microscopy, which has been increasingly used in recent years to resolve the structure 

of complex membrane protein structures (García-Nafría and Tate, 2020; Kühlbrandt, 2022). 

This technique overcomes some of the previously mentioned x-ray crystallography limitations, 

by being more compatible with detergent alternatives, not relying on long-term stability for 

crystallisation and allowing multiple conformations to be identified and sampled at once 

(Kampjut et al., 2021). Despite this, there are still some limitations to the use of cryo-EM for 

membrane protein structure determination, such as reduced resolution, technical issues that 

can prevent full structure sampling such as preferred orientations and protein size limits 

(Renaud et al., 2018). However, for PIEZO structural study, the technique has been 

revolutionary, as it has also allowed study of PIEZO-induced curvature of membranes (Guo 

and MacKinnon, 2017) and pressure induced flattening (Yang et al., 2022).  

Despite how useful cryo-EM has been, a major issue with the available mPIEZO1 structures 

has been the lack of cytoplasmic loops and the N-terminal helical bundles (Fig. 4.2). Previous 

work in the Kalli research group has addressed this, through building a model of the full length 

mPIEZO1 and demonstrating how the full-length structure alters membrane dome formation 

Figure 4.28The modelling of unresolved regions of mPIEZO1 
The regions of the mPIEZO1 structure added through Modeller are shown in red against the grey resolved regions 
of the mPIEZO1 structure (PDB: 6B3R). 
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and lipid interactions (Chong et al., 2021). The process by which this full-length structure was 

generated has been described previously (Chong et al., 2021). In short, the 4-5-6 bundles of 

the truncated mPIEZO1 structure (PDB: 6B3R) (Guo and MacKinnon, 2017) were used as 

templates for structure prediction using MEMSAT-SVM (Nugent and Jones, 2012), PSIPRED 

(Jones, 1999; Buchan and Jones, 2019) and Modeller (Webb and Sali, 2016). In this work, I 

have used this full-length mPIEZO1 to create several truncated versions of the protein by 

removing the relevant atoms in PyMol (DeLano, 2002), exporting the resulting structure and 

processing through the pdb2gmx programme, as before.  

Lipid Type Diagram Tails Charge 

Cholesterol Sterol 
 C(d18:1/ 

18:0) 
0 

Ceramide 

hexoside 

Sphingolipid 

 
C(d18:1/ 

18:0) 
0 

Sphingomyelin 
 C(d18:1/ 

18:0) 
0 

Phosphatidyl- 

ethanolamine 

1-Palmitoyl-

2-Oleoyl 

 

C16:0/ 

18:1 

0 

Phosphatidyl-

choline 

 
0 

Phosphatidyl-

glycerol 

 

-1 

Phosphatidic 

acid 

 
-2 

Phosphatidyl-

serine 

 
-1 

Phosphatidy-

linositol 

bisphosphate 

Phosphatidy-

linositol 

 C16:1(9c) 

C18:1(9c) 
-5 

Table 4.37Details of the lipids used in these simulations 
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4.3 Coarse-Grained Simulations  

All CG simulations were performed using the MARTINI 2.2 forcefield (Monticelli et al., 2008) 

and GROMACS 5.0.X (www.gromacs.org) (Van Der Spoel et al., 2005). The protein structures  

were converted to MARTINI CG models using martinize.py (De Jong et al., 2013) and an 

elastic network was applied to all protein backbone atoms within 0.7 nm with a force constraint 

of 1000 KJmol-1nm2 to maintain the secondary and tertiary structure of the protein, as well as 

merging the subunits to maintain their interfaces. The resulting structures were energy 

minimised in a vacuum using the steepest descent algorithm in GROMACS. The mPPase CG 

proteins were centred in 16 x 16.5 x 16 nm3 simulation boxes, whereas the mPIEZO1 CG 

models were centred in 44 x 44 x 24 nm3 simulation boxes.  

Name Mutations 
Bilayer size 

(nm2) 

CG Simulations 

(µs) 

mPIEZO1full-length - 
44 x 44 3x 3 

54 x 54 1x 1 

mPIEZO1Beam 

1300 ï 1365 replaced by 

reversed sequence of 1366 ï 

1431 

44 x 44 3x 3 

54 x 54 1x 1 

mPIEZO1ȹHBU1 1 ï 175 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-2 1 ï 400 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-3 1 ï 550 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-4 1 ï 770 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-5 1 ï 960 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-6 1 ï 1140 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-7 1 ï 1365 removed 44 x 44 3x 3 

mPIEZO1ȹHBU1-8 1 ï 1970 removed 44 x 44 3x 3 

Table 4.48The CG simulations of mPIEZO1  

Following this, lipids (Table 4.3) were assembled around the protein and the system solvated 

by random placement of water and NaCl (150 mM) using the insane method (Wassenaar et 

al., 2015). The mPPase CG systems are outlined in Table 4.2. In brief, the Tm-PPase and 

Cp-PPase systems were simulated in symmetric bilayers with one predominant neutral lipid 

(POPE) and either one or three anionic lipids (POPA, POPG or POPS), whereas the Vr-PPase 

simulations were performed in a bilayer resembling the Vigna radiata tonoplast membrane 

(cholesterol (29%), POPC (25%), POPE (17%), ceramide hexoside (17%), PIP2 (6%), POPG 

(3%), POPS (2%), POPA (1%)) (Yoshida and Uemura, 1986). The mPIEZO1 simulations 

(Table 4.4) were performed in asymmetric bilayers resembling the endothelial cell membrane 

http://www.gromacs.org/
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(upper leaflet: POPC (55%), DPSM (5%), POPE (20%), CHOL (20%), lower leaflet: POPC 

(50%), POPE (20%), POPS (5%), CHOL (20%), POP2 (5%)).  

A further energy minimisation step was performed after lipidation and solvation of the systems 

and an equilibration with position restrains on the backbone protein particles took place. For 

the mPPase systems, this was performed at 323 K for 2 ns, and the final frame was used to 

generate 5 independent repeat production simulations, each for 5 ɛs, where a V-rescale 

thermostat (323 or 310 K) and Parrinello-Rahman barostat (1 bar) was used to maintain the 

temperature and pressure of the system. The mPIEZO1 systems underwent 500 ns of 

equilibration at 310 K to allow adequate time for the membrane dome to form around the 

protein. During formation of the membrane dome, some lipids would be trapped by the protein 

or flipped from one membrane leaflet to the other, and so had to be identified and removed. 

The final frames were used to generate 3 independent production simulations performed at 

310 K for 3 ɛs each. The same production simulation parameters were used as for the 

mPPase simulations, but in some cases, a lower integration timestep of 2 fs was used. 

4.4 All Atom Simulations 

4.4.1 Backmapping 

Throughout this work, a serial multi-scale approach was used, in which representative final 

frames of selected CG simulations were converted to atomistic representations, colloquially 

known as ñbackmappingò. This conversion used the Backward protocol, as described 

previously  (Wassenaar et al., 2014), where the lipids and amino acids of the final CG snapshot 

are reconstructed and the resulting converted systems are energy minimised and equilibrated 

for 2 ns. For successful mPIEZO1 backmapping, some of the generated atoms had to be 

manually moved by a maximum of 0.1 Å to allow energy minimisation to proceed. For each 

mPPase backmapped simulation (Table 4.5), 3 replicas were generated with random starting 

velocities that were simulated using the CHARMM-36m forcefield (Huang et al., 2016), a 

Nosé-Hoover thermostat and a 2 fs time step.  

The mPIEZO1 backmapped systems required further processing prior to production 

simulation. Firstly, the water and ions were removed from the systems and the simulation box 

size increased in the Z axis by a minimum of 40%. These new boxes were solvated and any 

water molecules overlapping with the membrane and protein were removed prior to energy 

minimisation. Calcium ions were added to the system by random replacement of 50 water 

molecules. This was also used to add enough sodium and chloride ions to neutralise the 

system and provide a 150 mM NaCl concentration. This neutralised system was further energy 

minimised and equilibrated using three independent NPT equilibration steps totalling 1.035 

ns, followed by a 5 ns equilibration step. These systems were simulated under pressure 
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between 1 and -40 bar on the membrane in the XY plane, which was maintained by a 

Parrinello-Rahman barostat and at 310 K for a minimum of 50 ns (Table 4.6).  

Name Mutations (both subunits) Backmapped time (ns) 

TmPA20 

TmPG20 

TmPS20 

- 3x 250 

TmPA20_DSM 

TmPG20_DSM 

TMPS20_DSM 

K9.70A K10.49A K13.52A K14.48A 3x 250 

VrTonoplast - 3x 250 

VrTonoplast_DSM K10.49A K13.48A K14.40A K14.48A 3x 250 

CpPA20 

CpPG20 

CpPS20 

- 3x 250 

CpPA20_DSM 

CpPG20_DSM 

CpPS20_DSM 

K9.69A K9.73A R13.52A R14.48A 3x 250 

Table 4.59The backmapped mPPase simulations  

Name Box size (nm) Force (bar) Backmapped time (ns) 

mPIEZO1WT 

44 x 44 x 34 
1 1x 50 

-20 1x 50 

44 x 44 x 42 -35 1x 50 

54 x 54 x 42 -40 1x 50 

Table 4.610The backmapped mPIEZO1 simulations  

4.4.2 Atomistic 

In addition to a serial multi-scale approach, the atomistic catalytic simulations of Tm-PPase 

outlined in chapter 4 were performed solely as all atom simulations to avoid any loss of subtle 

structural features during the CG simulation and conversion processes, and due to the lack of 

any CG simulation parameters for the small molecules in these simulations. Following protein 

preparation, the structures were embedded in a POPE (80%) and POPG (20%) bilayer, 

solvated with TIP3 water model and NaCl (150 mM) using the CHARMM-GUI Input Generator 

(Lee et al., 2016b). The simulation boxes were ~14.5 nm2 in the membrane plane and 12 nm2 

in z. The small molecules and ions in complex with Tm-PPase were added back to their 

relevant structures in the same position as found in the crystal structures. However, some 

substitutions were made, such as replacement of the Ca2+ in the resting state structure with a  
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State Symmetry Ligands/Ions Time (ns) Other 

Resting 

state 
Symmetrical 

2 Mg2+ 
2x 250 

1x 750 

Active site Ca2+ substituted 

for Mg2+ 

5 Mg2+ 

1 IDP 

1 Na+ 

3x 100 - 

5 Mg2+ 

1 IDP 
3x 250 - 

Substrate-

bound state 

S
y
m

m
e
tr

ic
a

l 

5 Mg2+ 

1 IDP 

1 Na+ 

3x 500 - 

5 Mg2+ 

1 ETI 

1 Na+ 

3x 250 - 

5 Mg2+ 

1 ETI 

1 Na+ 

3x 250 Alternate ETI positioning 

2 Mg2+ 
2x 500 

1x 750 
ñemptyò substrate-bound state 

2 Mg2+ 3x 250 Loop modelled open 

- 3x 100 - 

7795842 

2 Mg2+ 
3x 100 - 

A
s
y
m

m
e
tr

ic
a

l 

5 Mg2+ 

1 IDP 

1 Na+ 

3x 250 - 

5 Mg2+ 

1 ETI 

1 Na+ 

3x 250 - 

5 Mg2+ 

1 ETI 

1 Na+ 

3x 250 Alternate ETI positioning 

Product-

bound 
Symmetrical 

2 PO4
- 

1 K+ 

4 Mg2+ 

3x 250 - 

Table 4.711The atomistic mPPase simulations  
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second Mg2+, to be physiologically relevant as Ca2+ ions are inhibitory (Kellosalo et al., 2012). 

The IDP in the substrate-bound crystal structure was also used to model another non-

hydrolysable substrate analogue, ETI, in the hydrolytic centre, by aligning the small molecules.  

Due to adding back these non-protein molecules, several equilibration strategies were tested 

to maintain substrate positioning but allow some equilibration of their positioning. The most 

successful protocol involved a stepwise reduction in position restraints, from 1000 KJmol-1nm2 

for 2 ns to 500 KJmol-2nm2 for the small molecules and Mg2+ ions but maintained at 1000 

KJmol-1nm2 for the CŬ protein atoms, for a further 10 ns. The resulting configuration was used 

to generate 3 independent repeats simulated for up to 750 ns simulation time (Table 4.7).  

4.5 Analysis 

4.5.1 General  

The trajectories were prepared post simulation for analysis by concatenating all parts and both 

centring and fitting the protein in the centre of the simulation box. To normalise the number of 

frames in the mPIEZO1 simulations where the integration timestep was reduced, the outputted 

frames were skipped to match with the unmodified simulations, any other timestep skipping is 

detailed in the specific analysis detail. All analyses were performed using GROMACS, VMD 

(Humphrey et al., 1996), PyMol (DeLano, 2002), PyLipID (Song et al., 2022b) and locally 

written scripts.  

4.5.2 Lipid contact analyses 

To quantify and identify lipid contacts with the protein, a locally written script was used to 

calculate the interactions between each backbone residue of the protein and the lipid head 

groups or the entirety of the cholesterol molecule in the simulations. A cut-off of 5.5 Å or 4 Å 

was defined for CG or AT simulations, respectively. The raw number of contacts was 

normalised in relation to the total number of simulation frames and the number of that lipid 

specific in the bilayer. The GROMACS tools gmx densmap and gmx mindist were used in 

combination with the contacts to further understand the lipid binding. The densmap tool was 

used to visualise the density of the headgroups of the lipids around the fitted protein structure, 

or the entirety of the cholesterol molecule, and for normalisation the replicate trajectories were 

concatenated. The mindist tool was used to understand the number of contacts between lipid 

binding sites and the lipids in the bilayer. The binding site was treated as a group and the cut 

off matched those used to define lipid contacts. To further characterise the lipid binding sites 

identified in the mPPase work, PyLipID was used with the cut-offs 0.475-0.8 with a skipped 

trajectory to understand lipid residence time at each mPPase residue. In addition to these 

tools, the membrane curvature induced by mPIEZO1 was analysed using a locally written  

depth script (Chong et al., 2021).  
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4.5.3 Protein dynamics and structure 

A number of GROMACS tools were used to understand the dynamics of the simulated 

proteins, such as the RMSD to study the structural changes over time, the RMSF to 

understand the dynamics of different protein regions and densmap to visualise protein motion. 

In addition to these, gmx bundle and gmx gangle tools have been used to study the motions 

of the mPIEZO1 helical bundles in relation to each other and the Z axis. Additionally, locally 

written scripts assessing protein contacts were used in combination with gmx mindist to 

understand how protein subunits interacted with one another. These were processed in the 

same ways as the protein-lipid contacts scripts, but with 1.5 nm contact cut-offs.  

Aspects of the protein structures were assessed using static structures, such as the 

electrostatic profiles, which were calculated by preparing the structure using PDB2PQR 

(Dolinsky et al., 2004) and then using the APBS plugin for VMD (Baker et al., 2001). 

Additionally, the proteins were aligned using both VMD and PyMol to visualise and measure 

movements during simulation. PyMol was also used to inspect the electron density of the 

available structures and their bound lipids, ligands and ions.  

4.6 Computational Chemistry Techniques 

4.6.1 High-Throughput in silico Screening 

The post-simulation structures of the Tm-PPase resting state and substrate-bound state with 

small molecules removed and loop modelled open (ñemptyò substrate-bound state) were 

prepared for in silico screening using Maestro 2017.3 (Halgren et al., 2004). The Protein 

Preparation Wizard was used for preprocessing at pH 7 ± 0.2. Initially SiteMap was used to 

identify druggable sites on the protein, but the active site was of most interest, and so the 10 

x 10 x 10 Å3 inner grid box (and 40 x 40 x 40 Å3 outer grid box) was centred on the active site 

Mg2+.  

Both models underwent virtual screening with the internal MCCB library of 91,000 compounds 

using both Glide (Friesner et al., 2004) and Gold (Jones et al., 1997) programmes. These 

ligands were also prepared in Maestro at pH 7 ± 0.2 and the OPLS forcefield. From the Glide 

HTVS screen, the top 5000 compounds were ranked by docking score and redocked using 

standard precision. Following this, the top 100 as ranked by docking score were redocked with 

the same precision and inspected for their likelihood of representing a good candidate 

molecule for functional testing. This resulted in a shortlist of 20-30 compounds, which were 

docked with extra precision and up to 10 binding poses outputted for each. These were then 

further analysed to identify the compounds with favourable docking scores, conformational 

consensus across their docking poses and favourable interactions, particularly with the metal 

ions.  
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4.6.2 Compound Optimisation of 7795842 

The compound 7795842 was identified through in vitro investigation as a good candidate for 

compound optimisation, as it had the highest activity and is commercially available. Compound 

7795842 was considered as 2 groups: the ñcephalosporinò group and the ñacidò group, both of 

which would be used to build a SAR library. The acid group was used for ROCS (rapid overlay 

of chemical structures) analysis in combination with the Sigma-Aldrich library to identify acid 

groups with similar strictures to compound 7795842. From the top 250 identified chemical 

structures, the most relevant based on the structure and functional groups were selected and 

shortlisted according to their commercial availability, resulting in 73 acids. These were then 

computationally converted to amides using Maestro and docked into the ñemptyò substrate-

bound model using extra precision Glide docking. 57 of these were then taken forward for 

extra precision docking with 10 outputted docking poses, resulting in similar docking scores to 

the original compound 7795842.  

4.6.3 In vitro Compound Screening 

The in vitro screening was performed by Dr Keni Vidilaseris in Helskini, as described 

previously (Vidilaseris et al., 2018). The activity assay is a colourimetric method based on the 

molybdenum blue protocol to measure the conversion of PPi to phosphate ions by the 

mPPase. The compound of interest was solubilised in DMSO and diluted to the required 

concentration (100 ɛM for initial activity screening, or 0.01, 0.1, 1, 5, 10, 50, 100 and 500 ɛM 

for IC50 investigation). The Tm-PPase protein was purified from Saccharomyces cerevisiae 

and reactivated for the assay by addition of 30 mg/ml soybean lecithin (40 ɛM) in 20% DDM 

(22.5 ɛM) that was heated to 55 ÁC for 15 mins and then cooled to room temperature before 

addition to the protein (13 mg/mL). The protein was diluted to 1/75 in the reaction mixture (0.2 

M Tris-Cl pH 8.0, 8 mm MgCl2, 0.33 M KCl, 0.67 M NaCl) and incubated with the inhibitors for 

5 minutes at 71 °C. Following this, 2 mM Na2PPi (for 0.4 mM final concentration) was added 

to the reaction for a further 5 mins of incubation. The reaction was then cooled on ice for 5 

mins, centrifuged to collect the reaction at the bottom of the tube and returned to the ice. 

Solution A+B (A: 3% w/v ascorbic acid in ice cold HCl (0.5 M), B: 0.7% w/v ammonium 

heptamolybdate in ice cold water) was added to the reaction and incubated for 10 mins. 

Arsenic solution (2.3 mM Na.Arsenite, 5.88 mM trisodiumcitrate.2H2O in 2% acetic acid in 

water) was then added and the reaction and after an hour at room temperature, the 

absorbance of the solution was read at 860 nm. As controls, phosphate (0 nmol, 2.5 nmol, 10 

nmol and 20 nmol) was prepared in reaction mixture without protein addition, as well as 

substituting the compound for water, IDP (100 ɛM), MTI61 (200 ɛM) and AKI XVII103 (10 ɛM).  
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5. mPPases Create a Conserved Anionic Membrane 

Fingerprint as Identified via Multi-Scale Simulations 

This chapter is based on the following publication cited in this thesis as (Holmes et al., 2022) 

Holmes et al., mPPases Create a Conserved Anionic Membrane Fingerprint as Identified via 

Multi-Scale Simulations. PLOS Comp Biol. 2022. doi: 10.1101/2022.03.08.483421. 

5.1 Introduction and Rationale 

Membrane integral pyrophosphatases (mPPases) are a family of membrane proteins 

responsible for coupling the hydrolysis of the pyrophosphate (PPi) phosphoanhydride bond to 

the pumping of a cation across the membrane (Holmes et al., 2019). This allows mPPases to 

both remove excess PPi from the cytoplasm, and to generate a membrane potential. mPPases 

are found in all kingdoms of life, excluding fungi and multicellular animals (Kajander et al., 

2013). Due to this, they are validated selectively toxic drug targets against a variety of 

protozoan and bacterial pathogens, and so inhibiting the function of mPPases may be a 

method of combatting these infectious pathogens (Rodrigues et al., 2000; Lemercier et al., 

2002; Yoon et al., 2013; Liu et al., 2014).  

Crystal structures revealed that mPPases exist as homodimers, where each subunit is 

composed of 16 transmembrane helices (TMH) (Lin et al., 2012; Kellosalo et al., 2012; Li et 

al., 2016; Tsai et al., 2019; Vidilaseris et al., 2019). A single subunit is formed by two concentric 

rings of TMH: the inner ring (TMH 5, 6, 11, 12, 15 and 16) makes up the 4 catalytic regions: 

the catalytic centre, the coupling funnel, the ionic gate and the exit channel, while the outer 

ring (TMH 1, 2, 3, 4, 7, 8, 9, 10, 13, 14) forms the subunit-subunit interface and the membrane-

facing surface of the protein. Despite their common structure, seven different mPPase 

subfamilies have been functionally characterised (Luoto et al., 2011; Tsai et al., 2014; Luoto 

et al., 2015). In short, mPPase catalytic activity is either K+ dependent or K+ independent and 

the pumping specificity is either H+ only, Na+ only, dual H+/Na+ or H+ regulated by Na+. Of these 

subfamilies, only the 3D structures of the K+-dependent H+-PPase from Vigna radiata (Vr-

PPase) (Lin et al., 2012), and the K+-dependent Na+-PPase from Thermotoga maritima (Tm-

PPase) (Kellosalo et al., 2012; Li et al., 2016; Vidilaseris et al., 2019) have been resolved to 

high resolution. 

These 3D structures have facilitated understanding of the mechanism by which mPPases 

perform hydrolysis and ion pumping. However, there is conflict surrounding the order of these 

two events (Baykov, 2020; Anashkin et al., 2021) and more recently, data have been published 

indicating that the mechanism is more complicated than previously thought (Artukka et al., 

2018; Vidilaseris et al., 2019). There is also a dispute around how the mPPase subunits 
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operate with one another, which may be explained by the environment of the protein: lipidated 

(Artukka et al., 2018) or detergent-solubilised (Vidilaseris et al., 2019), and so could indicate 

protein-lipid interactions (Holmes et al., 2019). Despite evidence that the lipid environment 

may have a role in regulating the function of mPPases, the interaction of mPPases with their 

lipid environment is still unknown.  

In recent years, the use of molecular dynamics (MD) simulations has played a role in predicting 

and subsequently studying membrane protein-lipid interactions (Corradi et al., 2019). These 

interactions can have multiple effects on the protein of interest, for example modulating 

stability (Habeck et al., 2015), assisting conformational changes (Sweadner, 2017), 

oligomerisation (Gupta et al., 2017; Pyle et al., 2018) and largescale protein organisation (Kalli 

and Reithmeier, 2018). MD simulations represent a robust way to identify putative lipid binding 

sites which can be refined through further simulations or in tandem with other methods 

(Corradi et al., 2019).  

In this study, I examined the interactions and dynamics of three mPPases structures in model 

lipid bilayers via multi-scale MD simulations. My results suggest that mPPases form an anionic 

annulus in the membrane and possess specific anionic lipid binding sites at the dimer interface 

and the distal regions of the protein. These protein-lipid interactions are conserved between 

mPPases from different species with differing pumping specificities, which may suggest that 

these are a general property of mPPases.   

5.2 Results 

5.2.1 Tm-PPase Forms an Anionic Lipid Fingerprint in the Membrane 

We first performed simulations with the 3D structure of the Tm-PPase due to the extensive 

structural characterisation of the protein over the last decade (Kellosalo et al., 2012; Li et al., 

2016; Vidilaseris et al., 2019). The Tm-PPase structure was inserted into bilayers containing 

POPE and POPA, POPG or POPS molecules. Little is known about the specific compositions 

of the T. maritima native lipid bilayers (Völkl et al., 1993; Guan et al., 2013; Sohlenkamp and 

Geiger, 2015) and so palmitoyl-oleoyl phospholipids were considered an appropriate proxy. 

Following 5 µs of simulation, the normalised contacts of the protein with the anionic component 

in the inner leaflet of the bilayer were higher for all residues compared with the other lipid 

components, suggesting that the anionic lipids POPA, POPG and POPS interacted 

preferentially with Tm-PPase in the cytoplasmic leaflet compared to the zwitterionic POPE 

lipids (Fig. 5.1). Titration of the concentration of each anionic lipid, (40%, 20% and 30% (made 

up of 10% of each anionic lipid) of the overall lipid concentration) demonstrated that this 

annulus was retained in all concentrations with ~20 lipids interacting with the protein in each  
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Figure 5.19Tm-PPase Forms an Anionic Membrane Fingerprint During CG Simulations.  
The normalised lipid contacts between the backbone particles of Tm-PPase and the PO4 particles of the lipids in 
the A) TmPA40, B) TmPG40 and C) TmPS40 coarse-grained systems following 5 µs of simulation. The normalised 
lipid contacts alongside the density of the anionic lipid PO4 particles and the contacts plotted on the 3D protein 
structure of the D-F) TmPA20, G-I) TmPG20 and J-L) TmPS20 systems following 5 µs of simulation. The density 
maps of each membrane leaflet (left: luminal, right: cytoplasmic) for the M) TmPA20, N) TmPG20 and O) TmPS20 
systems. 
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concentration. Therefore, the 20% anionic lipid bilayers were chosen for further experiments, 

so selective interactions could be distinguished.  

Analysis of the interactions between the Tm-PPase and the anionic lipids allowed me to 

identify lipid binding sites through contact analysis and lipid density (Fig. 5.1). These binding 

sites were identified using the top 5% of interacting residues from the contact analysis. This 

analysis revealed four symmetrical anionic lipid binding sites at the dimer interface and the 

ñdistal regionsò of the protein. Nine positive lysine and arginine residues (R1.60 (27), K1.61 (28), 

R2.38 (43), K3.59 (96), R3.63 (100), R3.67 (104), K4.40 (120), K8.40 (311) and K8.41 (312)) formed each 

of the distal interaction sites. The residues involved in the dimer interface sites were four 

positive lysine residues (K9.70 (389), K10.49 (415), K13.52 (568) and K14.48 (609)), two of which 

were located in one subunit and the other two in the other subunit.  

Analysis of the lipid contacts revealed that POPA interacted more frequently with Tm-PPase 

compared to POPG and POPS at 20% anionic lipid bilayer content. To examine further the 

more frequent binding of POPA lipids, I have also performed a simulation in which the bilayer 

contained an equal anionic lipid mix (10% each of POPA, POPG and POPS). In this 

simulation, POPA interacted up to 43-fold or 84-fold more than POPG or POPS, respectively, 

supporting my previous observation that POPA interacts more with Tm-PPase compared to 

other anionic lipids. Therefore, the further characterisation of the Tm-PPase lipid binding sites 

in this work was performed using the system that contained Tm-PPase with 20 % POPA lipids 

in the bilayer (TmPA20: See Methods for system naming conventions) system, but it was 

found that, for all of the parameters assessed, the interactions with POPG and POPS were 

reduced compared to those with POPA. 

Contact analysis and PyLipID (Song et al., 2022b) were used to understand the lipid 

occupancy, exchange and residence of the distal and interfacial sites (Fig. 5.2). The distal site 

was able to accommodate more lipids, with 2 lipids bound the majority of the time, rarely 

increasing to 3 or in some cases 4 for short periods. Residues R2.38 (43), R3.63 (100) and K8.40 

(311) had the highest lipid residence times (1.41 ɛs, 0.23 Õs and 0.13 Õs, respectively) and 

were found to primarily coordinate the 2 or 3 lipids in the site, with the 4th lipid briefly interacting 

with other residues in the site. The interfacial site was able to accommodate fewer lipids at 

any time, usually being occupied by one or occasionally two lipids. Rarely a third lipid would 

interact with the site, but this was with only one of the outer residues (typically K14.48 (609)), 

rather than being coordinated within the site. This is consistent with the size of the sites, as 

the interfacial site is much smaller than the distal site, and is situated in an interfacial cleft, 

causing the inner residues to be less accessible for contacts. Additionally, the rate of lipid  
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Figure 5.210The Lipid Residence Time at Tm-PPase Residues.  
The lipid residence plots and details generated through PyLipID for the residues of the A-I) distal interaction site 
and the J-M) interfacial interaction site in the TmPA20 systems. The number of contacts between PO4 particles of 
POPA with the N) interfacial and O) distal interaction sites.  
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exchange was higher in the interfacial site than the distal site, with residence times averaging 

0.28 ɛs for the four interfacial residues.  

5.2.2 Vr-PPase in its Native Bilayer Forms Similar Membrane Interactions 

To examine whether the anionic lipid fingerprint identified above was Tm-PPase specific or if 

it also occurs in mPPases in other species and in other membranes, I also performed 

simulations using the crystal structure of Vr-PPase. Like Tm-PPase, Vr-PPase is structurally 

well-characterised but mesophilic rather than thermophilic and as there are no resting state 

Vr-PPase structures available, the relaxed product bound state (PDB: 5GPJ (3.5 Å)) was 

chosen for simulation to be the most comparable to the Tm-PPase findings. 

Figure 5.311Vr-PPase in its Native Bilayer Forms an Anionic Membrane Fingerprint.  
The interactions between Vr-PPase and the PO4 particles of the anionic lipids in a realistic tonoplast membrane 
represented through normalised lipid contacts, lipid density and the contacts on the 3D protein surface for A-C) 
PIP2, D-F) POPG, G-I) POPS and J-L) POPA following 5 µs of CG simulation. The normalised lipid contacts with 
M) the entire cholesterol molecule, N) the PO4 particle of POPC, O) the PO4 particle of POPE and P) the PO4 
particle of DPCE. 
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As there is more information about the V. radiata tonoplast membrane, simulations of Vr-

PPase were performed in bilayers resembling this membrane (29% cholesterol, 25% POPC, 

17% POPE, 17% ceramide hexoside, 6% PIP2, 3% POPG, 2% POPS and 1% POPA) 

(Yoshida and Uemura, 1986). The four anionic interaction sites seen with Tm-PPase were 

present at the interfacial and distal regions of the Vr-PPase protein, where lysine and arginine 

residues composed the distal site (K1.60 (35), K1.62 (37), K1.67 (42), K2.50 (94), K3.59 (162), R4.33 

(177), K4.37 (181), R4.44 (188), K8.41 (352), K8.52 (363)) (Fig. 5.3). However, unlike Tm-PPase, 

the distribution of residues forming the interfacial site was uneven, as one from one subunit 

and three from the other contributed to forming interactions with the anionic lipids (K10.49 (457), 

K13.48 (595), K14.40 (632), K14.48 (640) for Vr-PPase). These simulations were run with 323 K 

temperature as in my previous simulations, but protein-lipid interactions were very similar in 

the same simulation in which the temperature was 310 K (Fig. 5.4).  

Figure 5.412The Lipid Contacts with Vr-PPase at 310K.  
The normalised neutral lipid contacts with Vr-PPase at 310 K over 5 ɛs for A) the entire cholesterol molecule, or 
the PO4 particle of the B) POPC, C) POPE and D) DPCE lipids, and the E-H) lipid density of the same groups. The 
normalised contacts between the PO4 particle of the anionic lipids I) PIP2, J) POPG, K) POPS and L) POPA, and 
M-P) the corresponding lipid density of these lipids. The contacts between the Q) interfacial and R) distal interaction 
sites. 
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As these simulations contained additional anionic lipids compared to the systems with Tm-

PPase, I was able to study the preference of Vr-PPase for anionic lipids in a more realistic 

membrane. All of the anionic lipids formed interactions with the interfacial and distal interaction 

sites, but my analysis suggests that interactions between Vr-PPase and PIP2 were highly 

favoured over the neutral and other anionic lipids. Of the palmitoyl-oleoyl phospholipids, POPA 

was the favoured lipid over both POPG and POPS, despite its low representation in the 

membrane (1%). Therefore, the interactions with PIP2 and POPA were used to understand 

the properties of the Vr-PPase sites.  

Despite having similar structural arrangements of the interfacial and distal sites as in Tm-

PPase, the interactions between the lipids and the protein were somewhat different in Vr-

PPase (Fig. 5.5). The interfacial site appears to be smaller and only accommodates one 

anionic lipid at a time for the majority of the 20 ɛs of simulation time, with a second lipid 

interacting with the binding site very rarely. However, when there are two lipids interacting with 

the binding side, one lipid interacts with residues K13.48 (595) and K14.48 (632) that are at the 

centre of this binding site and the second lipid interacts with one of the outer residues of the 

site (K10.49 (457) and K14.40 (640)). Despite this, the average residence time in the interfacial 

site was longer than that seen for Tm-PPase at 0.51 ɛs. The residence time at each protein 

residue revealed that there was a lot of variability, and residue K4.37 (181) (1.25 ɛs residence 

time) had the most prolonged interactions with lipids in this site compared to the others. This 

uneven residence time may explain why the distal interaction site also appeared to be smaller 

for Vr-PPase compared to Tm-PPase, as it formed contacts with a maximum of 3 lipids, but 

primarily 1 or 2. The reduced occupancy may be due to the increased size of the PIP2 head 

group and availability of negative charge to form interactions with, thereby reducing the 

availability of binding site residues or the tilting of TMH 13 and 14 towards the interface and 

compressing the site compared to Tm-PPase in the resting state (Li et al., 2016).  

5.2.3 Pa-PPase Demonstrates Conservation of the Lipid Fingerprint in Subfamilies 

The mPPase from Pyrobaculum aerophilum is less well structurally characterised, as only one 

crystal structure has been solved, to a resolution of 3.8 Å (Strauss, 2021). This structure 

represents the substrate-analogue bound state, in which the outer TMH are somewhat 

rearranged in comparison to the Tm-PPase and Vr-PPase structures used previously in this 

work. Despite this, identifying whether the anionic lipid fingerprint is conserved across mPPase 

subfamilies was of interest, and so the structure was prepared for CG simulation, as before.  
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Figure 5.513The Lipid Residence Time at Vr-PPase Residues.  
The lipid residence plots and details generated through PyLipID for the residues of the A-I) distal interaction site 
and the J-M) interfacial interaction site in the VrTonoplast systems. The number of contacts between PIP2 and the 
N) interfacial interaction site over 5 µs or O) 20 µs and the P) distal interaction site over 5 µs or Q) 20 µs. 
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The normalised lipid contacts indicate a marked preference for the anionic lipid species, in 

particular POPA, as had been seen for the prior mPPases (Fig. 5.6). Upon visualisation of the 

anionic lipid density and the location of the highly interacting residues on the protein structure, 

the distal and interfacial interaction sites were identified, consisting of R1.60 (30), R2.42 (50), 

R2.47 (55), R2.50 (58), R3.63 (109), R4.43 (131) and R14.44 (593) for the distal site and K9.59 (342), 

K9.73 (356), R13.45 (549) and R13.52 (556) at the interfacial site. This differs significantly from the 

arrangement of the Tm-PPase and Vr-PPase interaction sites, as the distal site is smaller, 

being composed of only 7 residues, including one on TMH 14, and despite the interfacial site 

being composed of 4 residues, these are from only 2 TMH, rather than 3 or 4. Perhaps due to 

the sites being smaller, they were able to accommodate less lipids, with a maximum of one 

POPA lipid binding to the interfacial site at any time, and typically 2 binding to the distal site 

(Fig. 5.7). This may also explain the reduced residence time, as on average this was 0.2 µs 

for the distal site, ranging from 0.35 µs at residues R1.60 (30), R2.47 (55) and R3.63 (109), and 

only 0.035 µs at R2.42 (50). The interfacial site had an even lower residence time, averaging 

0.056 µs, which is over 200 ns less than those in Tm-PPase and Vr-PPase.  

  

Figure 5.614Pa-PPase Forms an Anionic Membrane Fingerprint.  
The normalised lipid contacts alongside the density of the anionic lipid PO4 particles and the contacts plotted on 
the 3D protein structure of the D-F) PaPA20, G-I) PaPG20 and J-L) PaPS20 systems following 5 µs of simulation. 
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Figure 5.715The Lipid Residence Time at Pa-PPase Residues.  
The lipid residence plots and details generated through PyLipID for the residues of the A-G) distal interaction site 
and the H-K) interfacial interaction site in the PaPA20 systems. The number of contacts between PO4 particles of 
POPA with the L) interfacial and M) distal interaction sites.  
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This reduced residence time at the interfacial site, alongside the reduced occupancy and the 

somewhat reduced number of lipid contacts compared to the Vr-PPase and Tm-PPase 

structures indicate a reduced lipid preference for the interfacial site. This could be due to either 

selectivity between mPPase subfamilies (i.e. K+- dependant or independent), or the catalytic 

state represented by the Pa-PPase structure. Upon binding of substrate, TMH 13 and 14 bend 

towards the subunit interface, which compacts the available positive residues for anionic lipid 

interaction. Without further Pa-PPase states to simulate, it is difficult to understand whether 

this effect is state or subfamily related. 

5.2.4 Cp-PPase-Lipid Interactions Demonstrate the mPPase Fingerprint may be 

Predictable  

Our results above suggest the three structurally characterised mPPases induce an anionic 

lipid fingerprint in model membranes. As other mPPase studies have also indicated that lipid 

binding could be of interest for functional and stabilising studies (Artukka et al., 2018; Cecchetti 

et al., 2021), I modelled the Na+/H+-PPase from C. leptum (Cp-PPase; see Methods for details) 

to examine whether the anionic lipid fingerprint is found in other members of this family. The 

Cp-PPase protein structure has previously been modelled for identification of potential 

stabilising mutations (Harborne et al., 2020), but upon inspection of the quality of these models 

they were rejected for simulation in this work. Despite producing two high quality models from 

both Robetta and AlphaFold2 with significant similarity (1.05 Å RMSD), the Robetta homology 

model (reference PDB ID: 5GPJ) was chosen for this study as the arrangement of the distal 

helices was more in keeping with those seen in Tm-PPase and Vr-PPase structures (Fig. 5.8).  

Clostridium species are predicted to contain POPG, POPE, POPS and cardiolipin, in addition 

to diradylglycerols.  For this reason, I simulated this structure in the same bilayers as Tm-

PPase, as well as enabling better comparison of my results between systems. The Cp-PPase 

simulations were run with 20% POPA, POPG or POPS or an equal anionic lipid mix (10% 

each). As well as being crystallographic target, Cp-PPase is also a different subtype of 

mPPase compared to Tm-PPase and Vr-PPase; this allowed me to examine whether the 

anionic interactions identified for two different mPPases are retained in other subfamilies.  

As in the other systems, Cp-PPase formed an anionic lipid fingerprint in the membrane, where 

specific interactions formed between the lipids and positively charged residues at the distal 

site (R1.56 (23), K1.60 (27), K2.46 (51), R2.47 (52), K3.59 (101), R7.62 (290), K7.64 (292)) and at the 

interfacial site (K9.69 (361), K9.73 (365), R13.52 (543), R14.48 (584)) (Fig. 5.9). The interfacial site 

was made up of two residues from each protein subunit and Cp-PPase displayed preference 

for POPA over the anionic lipids POPG or POPS in the mixed simulations. This supports my 
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previous hypothesis that binding of anionic lipids to these two types of interaction site may be 

a general property for all mPPases.  

Figure 5.816The Homology Models of Cp-PPase.  
The electrostatic profile and Z-Scores of the homology models of Cp-PPase generated by A-B) iTasser, C-D) 
Modeller, E-F) Robetta and G-H) AlphaFold2. The comparison of I) Robetta (cyan) model and the J) Alphafold2 
model (purple) with the Vr-PPase structure (light pink) (PDB: 5GPJ) 
.  
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Interestingly, the distal and interfacial sites of Cp-PPase better resembled that of Tm-PPase, 

despite being modelled with reference to the Vr-PPase structure, both in structural 

arrangement and lipid occupancy and average residence time. The interfacial site 

accommodates up to 2 anionic lipids at a time and the distal site could accommodate up to 4, 

despite being comprised of only 7 positive residues, similar to the interactions seen with Tm-

PPase in the same bilayer systems (Fig. 5.10). However, the sites have shorter average 

residence times than in the other mPPase simulations, with only 0.1 ɛs for the distal site, 

primarily contributed to by K2.46 (51), R2.47 (52), K3.59 (101), R7.62 (290), and the interfacial site 

had an average residence time of 0.2 ɛs.  

5.2.5 In silico Mutations Disrupt the Protein-Lipid Interactions 

To examine whether there was any synergy in the binding of lipids in the lipid binding sites 

identified above, I performed in-silico mutagenesis of the four positively charged residues in 

the interfacial site to alanine. Analysis of the lipid density following identical simulation to the 

wild-type (WT) proteins showed that when a single or double site mutation (DSM) was made, 

the anionic lipid binding was lost, but binding at the intact site remained (Fig. 5.11). Therefore, 

indicating that my simulations do not demonstrate any cooperativity between the binding sites.  

Figure 5.917Homology Modelled Cp-PPase Forms an Anionic Membrane Fingerprint.  
The normalised lipid contacts alongside the density of the anionic lipid PO4 particles and the contacts plotted on 
the 3D protein structure of the D-F) CpPA20, G-I) CpPG20 and J-L) CpPS20 systems following 5 µs of simulation. 
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Figure 5.1018The Lipid Residence Time at Cp-PPase Residues.  
The lipid residence plots and details generated through PyLipID for the residues of the A-G) distal interaction site 
and the H-K) interfacial interaction site in the CpPA20 systems. 
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This confirmed that the anionic lipid binding at these sites was due to specific interactions with 

the protein, rather than a stochastic effect, and that the binding is independent at each site. 

To assess whether this was due to the properties of the protein surface in these areas, 

electrostatic analysis of the proteins was performed and revealed that positively charged 

regions matched the location of the anionic binding at the interfacial and distal regions of the 

protein. The electrostatic profiles were very similar between the three mPPases in this study, 

as well as the arrangement of their binding site residues. 

5.2.6 Refinement of the Lipid Interactions via Atomistic Simulations 

The effect of lipid binding on the dimeric arrangement or stability of the protein could not be 

assessed through these coarse-grained (CG) simulations, as the elastic network between the 

Figure 5.1119Mutagenesis of the Interfacial Site Leads to Loss of Anionic Density.  
The density maps depicting the average density of PO4 particles of the anionic lipid in the A) TmPA20_SSM, B) 
TmPG20_SSM, C) TmPS20_SSM, D) TmPA20_DSM, E) TmPG20_DSM, F) TmPS20_DSM, G) PaPA20_DSM, 
H) PaPG20_DSM, I) PaPS20_DSM, J) CpPA20_DSM, K) CpPG20_DSM and L) CpPS20_DSM. 
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protein monomers maintained the protein-protein interface and conformational state, while 

allowing flexible regions to move. Therefore, to refine the protein-lipid interactions at these 

sites and identify any effect the lipid binding had on protein structure and dynamics, the final 

coordinates of the WT or DSM Tm-PPase, Vr-PPase, Pa-PPase and Cp-PPase systems were 

converted to an AT representation. Frames were chosen where at least one anionic lipid was 

bound to all of the anionic lipid interaction sites so that their binding could be better understood 

at an atomistic resolution.  

The association of the anionic lipids at the WT protein interface was maintained throughout 

the 250 ns simulations, as was predicted with the CG residence times, and interactions with 

all the proposed lysine and arginine residues at the mPPase protein interface and distal 

interaction sites were retained (Fig. 5.12). Analysis of the simulations revealed interacting 

residues that had not been predicted by the initial CG simulations, such as with Y9.64 (383),  

Figure 5.1220Normalised Lipid Contacts in Backmapped Systems Corresponds to the CG Results.  

The normalised lipid contacts between the bilayer and lipids in the A) TmPA20, B) TmPG20, C) TmPS20, D) 

PaPA20, E) PaPG20, F) PaPS20, G) CpPA20, H) CpPG20 I) CpPS20 and J-Q) VrTonoplast systems following 

250 ns of simulations. 
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Y13.45 (561) and Y13.51 (567) for Tm-PPase. However, these appear to only interact a 

proportionately small amount of the time compared to the lysine and arginine residues. In all 

these simulations there appeared to be no differences between the two interfacial binding sites 

in each mPPase or in the dynamics between the mutated and WT proteins throughout the 

atomistic simulations. However, the RMSD of the proteins in the systems TmPA20_DSM, 

TmPG20_DSM and CpPS20 did not flatten throughout the 250 ns simulations, which may be 

due to the high flexibility of the 5-6 and 13-14 loops, as seen in the RMSF analysis (Fig. 5.13). 

5.3 Discussion 

In this study, I have created atomistic models of several different mPPases in modelled 

membranes. My work with Vr-PPase represents the first realistic model of an mPPase in a 

complex bilayer that mimics its native environment. My simulations have shown that mPPases 

inserted into a bilayer create an anionic lipid fingerprint around them with preferential 

interactions with anionic lipids at two distinct sites. In mPPases, two pertinent studies of 

catalytic asymmetry and inter-subunit communication reported different changes in PPi affinity 

at the second monomer following binding of substrate at the first. One of the major differences 

in these experiments was whether the mPPases were in a lipid (Artukka et al., 2018) or 

detergent (Vidilaseris et al., 2019) environment. These data suggest that lipid binding could 

have a modulatory role in inter-subunit communication and catalytic asymmetry, and 

delipidation through solubilisation and purification procedures thereby influences mPPase 

function.  

In this investigation, mPPases were found to interact preferentially with anionic lipids 

compared to neutral lipids. This interaction appears to be a result of the charged surface of 

the protein (Fig. 5.14), as demonstrated by the electrostatic profile analysis and loss of 

interaction following mutation and loss of charge. In addition to this, the pronounced 

preference for POPA in Tm-PPase may be due to its increased negative charge compared to 

the POPG and POPS lipids (-2 vs -1) or due to its similarities with the T. maritima native 

dietherglycerol phospholipids lipids, as both are anionic and do not possess a headgroup 

above the phosphate group (Sohlenkamp and Geiger, 2015). This may also be the case for 

the Cp-PPase preferential interactions with POPA. Non-specific lipid interactions have been 

proposed to affect protein function. For example, cardiolipin binding to UraA (H+-uracil 

symporter) (Kalli et al., 2015), cytochrome bc1 (respiratory chain complex) (Arnarez et al., 

2013) and SecY (proton translocon) (Corey et al., 2018) is thought to attract positive ions for 

pumping. It is unclear whether this functionality exists for other anionic lipids, as it is believed 

that this proton trap capability comes from the presence of two phosphate groups with different 

pKa values (Kates et al., 1993). However, more recent studies suggest the pKa values are 

similar for each cardiolipin phosphate (Olofsson and Sparr, 2013; Sathappa and Alder, 2016),   
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so potentially this functionality is applicable to the single-phosphate anionic lipids in this 

investigation. Therefore, the anionic lipid clustering around the mPPases could serve to attract 

the pumped cations and the Mg2PPi for catalysis. 

The observed anionic interactions were primarily localised to the cytoplasmic leaflet, with 

comparatively few contacts with PO4 beads on the opposing side of the protein. Charged 

regions at the cytoplasmic side of proteins were shown to have a role in membrane protein 

insertion into the bilayer (Elazar et al., 2016). However, the clustering of anionic lipids to these 

areas and the specific interactions identified in this study may also play role in the function 

and stability of mPPases. Similar interactions between the lysine and arginine residues of the 

identified binding sites and the anionic lipid headgroups were also found in other proteins 

(Haviv et al., 2007; Vanegas and Arroyo, 2014; Norimatsu et al., 2017), in which the lipid 

interactions had marked effect on protein stability, function or dynamics. Additionally, it was 

more recently demonstrated for several oligomeric membrane-integral transporters that 

interfacial lipids play a crucial role in oligomerisation and stability (Gupta et al., 2017; Pyle et 

al., 2018). Lipids are also considered capable of stabilising transient conformational states 

(Sweadner, 2017). The need to stabilise alternative states of the catalytic cycle and different 

members of the mPPase family for structural studies means that MD-identified lipid 

interactions may be a key part of achieving structural information, particularly as interfacial 

binding sites were identified in this study.  

Our studies identified two kinds of lipid binding site on mPPases, an interfacial binding site 

and a distal binding site. The residues at the interfacial study are not highly conserved, ranging 

from 47.8% ï 61.8% conservation. This is low for functionally relevant residues, but there are  

Figure 5.1321The Dynamics of the Backmapped mPPases is Similar Between WT and Interfacial Mutants. 
The RMSD of the CŬ atoms of the protein dimer and the RMSF of the CŬ atoms over 250 ns of atomistic simulation 
after conversion to atomistic representation for the A) TmPA20, B) TmPG20, C) TmPS20, D) TmPA20_DSM, E) 
TmPG20_DSM, F) TmPS20_DSM, G) PaPA20, H) PaPG20, I) PaPS20, J) PaPA20_DSM, K) PaPG20_DSM, L) 
PaPS20_DSM, M) CpPA20, N) CpPG20, O) CpPS20, P) CpPA20_DSM, Q) CpPG20_DSM, R) CpPS20_DSM, S) 
VrTonoplast systems.  
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Figure 5.1422Electrostatics profiles and arrangements of the mPPases lipid binding sites.  
The electrostatic profile as calculated by APBS and structural arrangement of the A-B) Tm-PPase, C-D) Vr-PPase, 
E-F) Pa-PPase and G-H) Cp-PPase protein interfacial anionic lipid binding site with POPA, or in the case of Vr-
PPase, PIP2 (blue sticks) bound and the interacting lysines or arginines shown as sticks following 5 ɛs of simulation. 
I) The distal interaction site of Tm-PPase, and J) the arrangement of a DM detergent molecule (blue sticks) in the 
crystal structure of Vr-PPase (PDB: 4A01).   
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the repeated interactions with residues around K9.7X, such as K9.70 (Tm-PPase) and K9.73 (Pa-

PPase and Cp-PPase), around K/R13.52 (K in Tm-PPase, Vr-PPase (K13.48) and R in Pa-PPase 

(R13.45 and R13.52) and Cp-PPase) and residues around K/R14.48 (K14.48 in Tm-PPase, K14.48 in 

Vr-PPase and R14.48 in Cp-PPase). Many of these differ in position by one helix turn, and so 

face out into the membrane, thereby preserving their function and potentially accommodating 

the change in headgroup size between POPA and PIP2. In addition to conservation of 

interactions with specific residues, they are positioned on functionally relevant helices. This 

clustering of interactions on TMH that form the dimer interface and are linked to inter-subunit 

communication and K+-dependency clearly supports my hypothesis that presence of anionic 

lipids at the interfacial interaction site may be functionally relevant to the mPPase catalytic 

cycle. 

In addition to the computational evidence laid out in this work, there is experimental evidence 

of binding at the interfacial site. In the highest resolution mPPase structure currently available 

(Vr-PPase (PDB: 4A01)) (Lin et al., 2012), n-decyl-ɓ-D-maltopyranoside (DM) detergent 

molecules are situated in this proposed binding site (Fig. 5.14). In particular, the binding of 

one of these is highly similar to the anionic lipid positioning seen in my CG and AT simulations. 

Moreover, hydrogen bonds form between this detergent molecule and the K9.70 and K10.49 

residues, mirroring the Tm-PPase simulations. The structural evidence of binding at the 

interfacial site in an mPPase provides further support to this region acting as a lipid binding 

site. The replacement of lipid with detergent was likely due to the purification and crystallisation 

conditions promoting removal of even tightly bound lipids (Yeagle, 2014). However, the 

binding of this detergent may have acted similarly to a lipid and helped maintain oligomeric 

stability, particularly as it has been suggested that detergents can bind in lipid interaction sites 

(Yeagle, 2014). 

The interacting residues at the distal interaction site are not highly conserved (20.8% ï 64%), 

but interactions cluster at similar structural positions. In all proteins in this study, interactions 

between anionic lipids and the proteins were formed with TMH 1, 2, 3 and 4, with R/K1.60 (R in 

Tm-PPase, and K in Vr-PPase Cp-PPase). Positively charged residues within one helix turn 

from R/K1.60, at K1.61 (Tm-PPase), K1.62 (Vr-PPase) and R1.56 (Cp-PPase) and residues in the 

midpoints of the helices: K3.59, R3.63 and R4.48 (Tm-PPase), K2.50, K3.59 and K4.44 (Vr-PPase), 

and K2.46, R2.47 and K3.59 (Cp-PPase) also formed large number of interactions with anionic 

lipids. In previous simulations of Tm-PPase, the distal region of the protein has been found to 

be flexible (Shah et al., 2017), and does not have high conservation between species. 

Therefore, my simulations suggest that the interactions are conserved to specific helix turns 

rather than individual residues. This might explain why despite the lower sequence similarity, 

I observe similar interactions with anionic lipids in the distal area. The distal lipid interaction 
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sites may play a role in mPPase stability, as the region was identified during a case study of 

the IMPROvER (integral membrane protein stability selector) pipeline for stabilising mutations 

(Harborne et al., 2020). Further, three of the Cp-PPase residues identified by IMPROvER were 

found to interact with anionic lipids in my study (F1.53, R3.67 and R7.62). I was unable to study 

effects of lipid interaction on protein stability, as in the CG simulations the elastic force network 

prevents the protein structure from substantially changing, although the loops were able to 

move. Conversion to all-atom systems overcame this, as the elastic force network was 

removed, but no clear stability-based conclusions could be drawn from the dynamics in these 

simulations. Despite this, due to the corroborative results between this study and the 

IMPROvER study, the distal lipid interaction sites found in this work may play a role in protein 

stability.  

This study also provides evidence that lipid interactions in the distal and interfacial region may 

be a more general property of mPPase subfamilies, as Tm-PPase is a K+-dependent Na+-

PPase, Vr-PPase is a K+-dependent H+-PPase, Pa-PPase is a K+-independent H+-PPase, and 

Cp-PPase is a K+-dependent Na+/H+-PPase. Despite the conserved pattern of interactions in 

my studies, there was no conserved sequence motif to identify these interactions in other 

family members, so likely homology modelling and electrostatic profile analysis, as performed 

here for Cp-PPase, would be required to identify binding sites in other homologues. The 

retention of interactions between pumping specificities is perhaps not unexpected, as the 

residues involved in coordinating the pumped ion are at the centre of the mPPase structure 

(Holmes et al., 2019). However, the conservation across subfamilies of lipid interactions that 

may stabilise the protein and be of mechanistic relevance bodes well for future structural and 

functional research using alternative homologues.  

The preferential interaction of Vr-PPase with PIP2 in this work was striking, as PIP lipids are 

known to have roles in signalling and protein-protein interactions and are often found bound 

to proteins of interest (Corradi et al., 2018). The function of Vr-PPase in the tonoplast 

membrane of plants has been linked to auxin regulation and signalling (Li et al., 2005) and 

cooperative function with soluble pyrophosphatases (Segami et al., 2018); this, taken with the 

evidence of PIP2 binding in this study, may suggest a mechanism by which this signalling is 

able to take place. Additionally, the roles of the vacuolar ATPase complex and Vr-PPase are 

closely aligned (Holmes et al., 2019), which may also be mediated by PIP2 binding and activity. 

5.4 Conclusion 

This work provides the first evidence that interactions can form between mPPases and anionic 

lipids and that these are in regions that may hold functional significance and are conserved 

across homologues. These observations are very promising for future mPPase research. The 
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role of the distal interaction site in stability needs to be investigated further, but co-

crystallisation with lipids or mutagenesis to stabilise this region in detergent may be promising 

for structural studies and characterisation of other mPPases. Additionally, the putative role of 

the interfacial site in inter-subunit communication and catalysis warrants further investigation 

as it may be another factor in the apparent increasing complexity of the mPPase catalytic 

cycle.  
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6. Atomistic Simulation Investigations of the mPPase Catalytic 

Cycle  

6.1 Introduction and Rationale 

Since 2012, structures of Tm-PPase (Kellosalo et al., 2012; Li et al., 2016; Vidilaseris et al., 

2019) and Vr-PPase (Lin et al., 2012; Li et al., 2016; Tsai et al., 2019) have become available 

through x-ray crystallography efforts, which has allowed study of conformation changes 

between sites and theories around the mechanism of ion binding and pumping (Baykov et al., 

2013; Kajander et al., 2013), catalysis (Li et al., 2016; Shah et al., 2017) and intersubunit 

communication and cooperation (Artukka et al., 2018; Vidilaseris et al., 2019). Despite the 

wealth of structures available, static models of proteins can be difficult to interpret and use in 

understanding the catalytic cycle, which has led to questions surrounding the molecular level 

details of the cycle.  

The catalytic cycle has been described in the literature as shown in Figure 6.1. The resting 

state (PDB: 4AV3) (Kellosalo et al., 2012) transitions following binding of Mg2PPi to its active 

Figure 6.123Our current understanding of the mPPase catalytic cycle is through crystal structures of Tm-
PPase 
The cycle consists of the resting state (a), that transitions to substrate-bound states that have been hypothesised 
to either be asymmetrical (b) and catalytically active, or symmetrical with reduced catalytic activity (c). Structurally, 
this conformational change consists of occlusion of the active site by the 5-6 loop and constriction of the 6 inner 
TMH 5, 6, 11, 12, 15 and 16, as well as bending of outer TMH 13 and 14 towards the dimer interface. Hydrolysis 
and ion pumping occur, although the order or mechanics of this have not been fully structurally defined. Following 
hydrolysis there are two product bound states that are defined by the presence of two (d), then one phosphate and 
the relaxation of the 5-6 and 13-14 loops (e). Another state that has been solved is the inhibited asymmetrical 
ATC2-bound state (f), that suggests binding at the bottom of the protein can inhibit change towards the cytoplasmic 
side. Mg2+: green spheres, Na+: purple spheres, PPi and PO4: orange spheres, ATC: blue dimer. 
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site, which already contains 2 magnesium ions and a cation bound at the ionic gate, in the 

case of ion-pumping mPPases. This substrate binding causes closure of the 5-6 loop over the 

hydrolytic centre, which may be stabilised by the ordering of the 13-14 loop over the 5-6 loop. 

The active site rearranges by movement of TMH 11, 12, 15 and 16, thereby constricting the 

active site and reducing its volume, and the whole dimeric structure shifts through bending of 

TMH 13 and 14 towards the interface, as seen in the IDP-bound structure (PDB: 5LZQ) (Li et 

al., 2016). There are then three mechanisms for hydrolysis of the phosphoanhydride bond of 

the PPi and the coupled ion pumping: the ñbinding changeò mechanism, where the ion is 

pumped upon binding of substrate (Kellosalo et al., 2012), the Grotthus type mechanism (Lin 

et al., 2012), where hydrolysis triggers release of ions at the ionic gate, or the ñdirect couplingò 

mechanism, where the proton generated through hydrolysis is the one pumped (Baykov et al., 

2013). Despite the uncertainty, structurally it has been indicated that TMH 12 potentially 

moves downwards by 2 Å, which may cause deprotonation of D6.43 and D16.39, which are then 

able to activate the nucleophilic water and trigger hydrolysis, although the resolution of these 

structures impedes clear conclusions about the motion of TMH 12. The protein then adopts 

the product bound state (PDB: 4AV6) (Kellosalo et al., 2012), and the resulting PO4 leave 

individually, causing transition to the relaxed product bound state (PDB: 5LZR) (Li et al., 2016) 

before fully relaxing to the resting state. 

However, asymmetry in catalysis and the ion position or pumping mechanism has not been 

fully elucidated structurally. Therefore, this work used simulation techniques with structural 

models, and hypothesised states, generated through  the removal and addition of ligands and 

ions, to gain insight into the molecular and dynamic detail of the mPPase catalytic cycle, as 

MD simulations are an established method of studying structural transitions at molecular detail 

(Kalli et al., 2015).  The findings were then used to demonstrate the usefulness of these 

insights in further mPPase study, such as inhibitor discovery and design.  

In this chapter, the mPPase catalytic cycle was investigated using a number of methods: 

simulation of published structures, to understand the differences in dynamics between the 

resting, substrate-bound and product-bound states and investigate the physiological 

relevance of these; simulation of modified Tm-PPase structures, where the contents of the 

active site was removed or altered (addition of substrate to the resting state, removal of 

substrate from the substrate-bound state and replacement of substrate analogue in the 

substrate-bound state), to explore whether transitions between states could be captured 

through simulation; and simulation of hypothesised asymmetric structures, where the active 

site of each subunit was modified independently, to gain an asymmetric non-inhibited catalytic 

state. Following this, the newly generated models were used for structure-based inhibitor 

identification, to assess their use for continued mPPase investigation.  
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6.2 Results and Discussion  

6.2.1 Protein Dynamics Vary Greatly Between Different States 

6.2.1.1 The mPPase Dimer is Highly Dynamic in the Resting State 

The resting state of Tm-PPase is characterised by an open 5-6 loop over the active site, which 

contains two dicationic metal ions (Kellosalo et al., 2012). Physiologically, these should be 

Mg2+, and so the Ca2+ ion in the crystal structure was replaced with a Mg2+ ion for these 

simulations, particularly as calcium is known to be inhibitory (Kellosalo et al., 2012) and may 

alter the dynamics and findings of this study if included. The mPPase was simulated in a POPE 

(80%) and POPG (20%) modelled bilayer, in contrast to previous MD simulation studies that 

have used non-charged bilayer. Following the findings of the previous chapter, including 

anionic lipids in this study of mPPase behaviour throughout the catalytic cycle was felt to be 

relevant to their behaviour. 

Following 250 ns of simulation time, RMSD/CŬ analysis demonstrated an initial ~2.5 Å change 

in arrangement compared to the crystallographic structure, following this initial change the 

RMSD/CŬ plateaued after 50 ns (Fig. 6.2) and was maintained following a further 500 ns of 

simulation in the case of one replicate. The RMSF/CŬ analysis revealed that the 5-6 and 13-

14 loops were particularly flexible and the most dynamic regions of the protein, which was 

seen previously (Shah et al., 2017). Due to the implications of asymmetry during the catalytic 

cycle, each subunit was analysed individually to assess whether there were differences 

between them. However, none were seen at this stage of the catalytic cycle. 

However, small structural rearrangements of the helices did occur during those first 50 ns of 

simulation, which were then maintained throughout the rest of the simulation time, likely due 

to equilibrating to a membrane environment. However, the movement of TMH 12 was very 

striking (Fig. 6.2). This helix was previously thought to move upon binding of the substrate 

Mg2PPi, through a 2 Å downward motion linked to the loss of the ion pair D6.43-K12.50 (Li et al., 

2016). However, this work shows that the ion pair is not maintained, as the cytoplasmic end 

of TMH 12 curves away from the active site by 4.1 Å (as measured between the CŬ atoms of 

K12.50 pre and post simulation). This demonstrates the power of MD simulations to provide 

further insight into crystallographically determined structures, as much of the work 

understanding the catalytic cycle has centred on the motions of TMH 12, which do appear to 

be functionally important, but understanding of when these movements occur, and 

physiological starting positions are essential for insightful interpretation.  
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In addition to the RMS-based dynamics and the structural analyses, distance measurements 

between residues T5.70 and A13.30 were performed to complement Pulsed Electron-Electron 

Double Resonance (PELDOR) experiments performed by Dr Christos Pliotas, which indicated 

that there are multiple populated conformations of the resting Tm-PPase. The six possible 

distances between these residues were measured over the 250 ns simulations and distance 

histograms produced. These data were in good agreement with the PELDOR data (Fig. 6.3), 

Figure 6.224Simulations reveal structural changes and dynamic changes between states  
A) The resting state adopts a more relaxed structure in simulation, defined by lateral motion of helix 12 away from 
the active site, as can be seen by the view in the membrane plane (pre-simulation helix in light blue, and post 
simulation in light pink), likely due to loss of the ion pair between D6.43 and K12.50, as viewed by the cytoplasmic side 
with distances between the ends of the side chain displayed. The RMSD and RMSF of the B) resting state, C) IDP- 
and D) product-bound states, where the 5-6 and 13-14 loops are denoted by * and # respectively. For the RMSD 
analyses, only the CŬ of the helical residues were considered and each replica is shown. For the RMSF, the CŬ of 
each residue was considered and averaged between the replicas (n = 3) and the two subunits.  
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the simulation demonstrated that the distance between these two residues was very variable, 

but there were populated states at 23 Å, 25 Å, 29 Å and 52 Å with a shoulder from 45 Å 

distances, compared to a similar level of flexibility with peaks at 20 Å, 27 Å, 31 Å and 49 Å 

with a shoulder at 42 Å as seen in the PELDOR experiments. The couple of small differences 

between the peaks could be explained by the simulation work measuring from the CŬ of the 

residue rather than the side chain/spin-label. The benefit of the MD simulations here was that 

each peak could be attributed to different distances, for example the 23 Å peak is composed 

primarily of the E distance, whereas 25 Å and 29 Å are due to the B distance.  

These analyses confirm what was seen in a previous study on a 100 ns timescale (Shah et 

al., 2017), that this stage of the catalytic cycle is dynamic and flexible, particularly the 5-6 loop. 

This is logical for this state, as there are no small molecules or Mg2+ cage to stabilise the 

protein conformation and it is open for Mg2PPi to enter the active site. The high flexibility of 

this region also provides an explanation for its absence in the crystal structure, as it was likely 

too dynamic to resolve. In addition to understanding the protein dynamics, attention to the 

motions of helices compared to the crystal state allowed identification of changes in 

arrangement during simulation and revealed a potentially more physiologically representative 

mPPase resting state. Additionally, the agreement between the dynamics and distance 

measurements, as seen by PELDOR and FRET, and my simulations provides validation of 

these approaches and their contribution to the field.  

Figure 6.325Comparison of in vitro and Simulation-based Dynamics 
Comparison of the resting state dynamics in A) simulation and in B) PELDOR alongside C) the relevant distances 
from the simulation analyses.  
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6.2.1.2 IDP- and ETI-Bound States have Limited Dynamics  

The substrate-bound state was of particular interest, as it is the point at which questions 

around the coupling of ion pumping and hydrolysis may be answered. The small molecules in 

this work were IDP, the binding of which has been examined through structural studies, which 

provided the starting configuration for this work. In addition to IDP, another substrate 

analogue, etidronic acid (ETI) was also investigated. There are no available structures of ETI 

binding, and so the binding of IDP was used as a starting configuration for this molecule. 

Neither IDP nor ETI are endogenous substrates, but are non-hydrolysable analogues, and 

were chosen for study as the data could be compared to in vitro work.  

The IDP and ETI symmetrically occupied states had highly similar RMSD/CŬ values compared 

to the modelled structures, both reaching ~2 Å (Fig. 6.2). This was only slightly lower than 

what was seen for the resting state, but comparison of the RMSD/CŬ pre- and post-simulation 

demonstrated that these structures are stable (1.3 Å) compared to the resting state (2 Å), 

which was further confirmed by the RMSF/CŬ analysis. This demonstrated that the 5-6 and 

13-14 loops were far more stable in their conformations in this state rather than in the resting 

state of the catalytic cycle. This change for the 5-6 loop is easily attributed to the interaction 

between E5.76 and the M2 ion in the catalytic site. The overall lack of dynamics in this state 

was indicative of the tight packing of the occupied subunits and extensive interactions between 

the content of the active site and the surrounding protein (Fig. 2.1C). There are two possible 

explanations for this behaviour. Firstly, the conformation may need to be maintained for an 

extended period of time to allow hydrolysis to occur, particularly as mPPases are known to 

have ineffective nucleophilic water activation (Lin et al., 2012). Alternatively, this symmetrical 

conformation may be ñlockedò and not dynamic, as previous work has shown that states with 

both subunits occupied by ligand have a decreased rate of hydrolysis (Artukka et al., 2018). 

Despite the only small conformational changes in the substrate-bound state during simulation, 

again the arrangement of TMH12 changed, as the helix bends at the level of A12.47 but 

maintains its positioning at either end of the helix. This indicated that the interaction between 

D6.43-K12.50 was not maintained, as in the resting-state simulation, but the lack of motion of 

other TMH restricts the motions that can be made upon loss of this interaction.  

One of the questions these systems were designed to answer was whether differences 

between the ETI- and IDP-bound states could be identified. Electrometric studies of Na+ 

pumping triggered by PPi, IDP and ETI suggest that IDP is a better substrate mimic than ETI 

(Li et al., 2016; Shah et al., 2017). However, FRET studies indicated that ETI-bound mPPases 

may act more similarly to the PPi-bound protein than IDP-bound (unpublished data obtained 

by Dr Christos Pliotas through PELDOR measurements). Due to these data, it was suggested 

that IDP may arrest the catalytic cycle at an intermediate step, rather than a rate limiting step, 
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and so these differences might be explained at a molecular level through these simulations. 

However, the IDP- and ETI-bound structures have almost identical dynamic profiles in this 

work. This may be due to the timescale of the simulations, which may not have been long 

enough for the protein to adapt to a new molecule, or an indication that the magnesium ions 

in the active site contribute to protein dynamics over the identity of the substrate analogue.  

However, there is also the likely explanation that the ETI-bound system did not represent the 

in vitro situation. There are crystal structures for multiple IDP-bound states (Kellosalo et al., 

2012; Li et al., 2016; Vidilaseris et al., 2019), but during this work there were no available ETI-

bound structures. Therefore, the ETI was positioned through superimposing the molecule with 

the IDP structure, this was assumed to be reasonable as the molecules have many similarities; 

both have two phosphate groups linked by a central backbone atom, either nitrogen in IDP or 

carbon in ETI. However, the ETI backbone carbon also possesses a methyl and a hydroxyl 

group, whereas the central nitrogen of IDP only coordinates a hydrogen. The additional ETI 

groups mean that there are two possible orientations in the active site, and the positioning of 

the hydroxyl may be essential for properly mimicking the backbone oxygen of PPi. Preliminary 

studies also suggest that ETI may prevent occlusion of the active site (Kellosalo et al., 2012), 

which is not represented in these systems.  

6.2.1.3 There are State-Dependent Interactions Between the 5-6 and 13-14 Loops  

The marked difference in the dynamics of the 13-14 loop between the resting state and the 

substrate-analogue bound state was of particular interest in this work, as TMH 14 may be 

involved in mPPase asymmetry and inter-subunit communication (Vidilaseris et al., 2019). 

Additionally, as TMH 13 and 14 are in the outer ring of the mPPase, they form interactions 

with the lipid bilayer, which the previous chapter argued could be important for functional 

modulation (Holmes et al., 2022). The change in dynamics in this region are indicated in the 

crystallographic models of the resting and substrate-bound states, as the loop is not resolved 

in the resting state, likely due to high flexibility, and there are pronounced changes in helical 

arrangement at the cytoplasmic end of the helices in the IDP-bound structure compared to the 

resting state (Li et al., 2016). TMH 13 bends towards the subunit interface, and TMH14 

displays unwinding of the helix (Fig. 6.4). It was previously hypothesised that the 

rearrangement of the 13-14 loop served to further stabilise the 5-6 loop closure (Li et al., 2016). 

However, how this interaction is selective to the substrate-bound state has not previously been 

investigated.  

Distance analysis between the CŬ of the central residues on each of these loops (E5.76, D5.77 

and D5.78 of the 5-6 loop and L13.71, L13.72, E13.73 of the 13-14 loop) in both the resting state and 

IDP-bound state systems confirmed the crystallographic conclusion that the 13-14 loop closes 
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over the 5-6 loop and stabilises it (Fig. 6.4). Analysis revealed that these loops maintained 

their arrangement through the formation of a solvent inaccessible interface between the 

hydrophobic residues of each loop. The presence of this interaction in only the substrate-

bound state is seen in the distance analysis of the loops in the resting state, as they do not 

maintain close contact during the simulation, other than a transient connection between the 

sidechain of E13.73 and the mainchain of D5.78. A hypothetical mechanism for the formation of 

this interface is as follows: while in the resting state, the 5-6 and 13-14 loops move and rotate 

freely, but upon binding of Mg2PPi, the positive charge in the active site repels the R5.80 and 

attracts E5.76, resulting in a twisting of the 5-6 loop, thereby exposing the hydrophobic residues 

L5.72, L5.74, A5.83, I5.85 and A5.86 to the solvent. The hydrophobic residues I13.61, A13.65, I13.68, L13.71, 

L13.72, Y13.80 on the 13-14 loop interface with the 5-6 loop to stabilise this state. This may be 

Figure 6.426Simulations uncover state-dependent interactions between the 5-6 and 13-14 loops 
A) The differing conformation of TMH 13 and 14 between states following 250 ns simulation, where light blue 
denotes the resting state, which bends away from the dimer interface, light pink represents the IDP-bound state, 
which straightens towards the interface and has a structurally resolved loop structure. B) Distance histograms 
displaying the change in proximity of the CŬs of the middle residues of the 5-6 and 13-14 loops in the resting state 
and IDP-bound state. C-D) the conformation of the 5-6 and 13-14 loops in the resting and substrate-bound state, 
respectively. The 5-6 loop is shown in light blue and the 13-14 loop in light pink, and the hydrophobic residues that 
form a solvent inaccessible interface are shown as sticks, and the charged D5.76 and R5.80 residues are shown in 
purple. 
 












































































































