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Thesis Abstract 
 
Analysing human aquaporin-4 purified from P. pastoris in the context of 
neuromyelitis optica spectrum disorder 
 
Caolan Browne 
Doctor of Philosophy 
 
Aston University 
September 2025 
 
 
Aquaporin-4 (AQP4) is the predominant water channel in the central nervous system (CNS), 
controlling water homeostasis in the brain, spinal cord, and optic nerve. Neuromyelitis optica 
spectrum disorder (NMOSD) is an autoimmune disease in which antibodies attack the optic 
nerves and spinal cord. In the majority of cases, NMOSD is associated with anti-AQP4 
autoantibodies (NMO-IgGs). NMO-IgGs bind preferentially to higher order oligomers of AQP4 
tetramers, known as orthogonal arrays of particles (OAPs). 
 
Solubilisation and purification of membrane proteins (MPs) is challenging due to their large 
hydrophobic domains that lie within biological membranes. The styrene-maleic acid (SMA) co-
polymer can form nanodisc-like lipid particles (SMALPs) from biological membranes, and can 
encapsulate MPs within a native annulus of lipid. Recently, mass photometry has been 
developed as an analytical technique for label-free measurement of the mass of single 
particles in solution. Mass photometry requires samples of low concentration (~10 nM) and 
low heterogeneity, making it applicable to the analysis of purified MP-SMALPs. 
 
This thesis presents recombinant expression of human AQP4 in Pichia pastoris, solubilisation 
of AQP4 with SMA, and purification of the AQP4-SMALPs for analysis with mass photometry 
amongst other biophysical characterisation techniques. This work showed that AQP4-
SMALPs exist as a distribution of different nanodisc sizes after SMA solubilisation. These 
SMALPs of increasing size were hypothesised to contain different tetrameric assemblies of 
AQP4. When analysed by dot blotting, NMO-IgGs preferentially targeted purified AQP4-
SMALPs predicted to contain large arrays of AQP4. Blue-native PAGE identified that hAQP4 
was able to form higher-order oligomers in P. pastoris and, using a biochemical assay, hAQP4 
was found to be palmitoylated by P. pastoris. This may represent a possible mechanism of 
OAP regulation in this host. 
 
These results suggest that AQP4 tetramers and OAPs can be captured and characterised in 
SMALPs from the P. pastoris membrane. P. pastoris can replicate features of hAQP4 that are 
observed in mammalian expression systems. Therefore, this could be the basis for a future 
model in understanding AQP4 oligomerisation in the context of NMOSD. 
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1. Introduction 
 

1.1. Membrane proteins 
 

Determination of the structure and function of a protein is a key process in understanding its 

role in biological systems. Membrane proteins (MPs) are of particular interest because they 

make up a significant part of the cell membrane, a gateway to processes that take place inside 

cells. They perform essential cell functions such as molecule transport, signal transduction, 

enzymatic reactions, and contributing to cellular structure. Approximately 20–30% of the 

human proteome is thought to encode for MPs (Krogh et al., 2001; Almén et al., 2009; 

Fagerberg et al., 2010). By comparison, it is estimated that that over 60% of therapeutic drug 

targets are membrane proteins (Overington, Al-Lazikani and Hopkins, 2006; Yin and Flynn, 

2016), a disproportionate quantity compared to their genome representation, thus highlighting 

their importance in cellular function. 

 

MPs have previously been underrepresented in the Protein Data Bank (PDB) (Berman et al., 

2000), largely due to the difficulty of MP extraction from lipid bilayers in a native form (Li and 

Buck, 2021). MPs are stabilised by the natural hydrophobic core of the cell membrane 

because of their large hydrophobic domains. Various components of the natural lipid bilayer 

act to stabilise these structures (Lee, 2003). Expression and extraction into hydrophilic solvent 

for purification can be difficult without denaturation of the native MP structure. With advances 

in experimental design and analysis techniques, the number of MP entries in resources such 

as the PDB are increasing rapidly (Newport, Sansom and Stansfeld, 2019; Bittrich et al., 

2022). However, resolving membrane protein structures in complex with surrounding lipids, 

their native and functional environment, remains an enduring challenge (Hong, Choi and Yoon, 

2022; Urner, 2022; Ansell et al., 2023). 

 

 

1.2. Aquaporins  
 

Water is essential for all biological processes. It acts as a natural solvent for molecules, is a 

key component in most chemical reactions, and is an excellent thermal regulator due to its 

high specific heat capacity. Efficient transport of water for organisms is therefore essential. 

Water is able to diffuse across cell membranes, but the polar charge of water molecules makes 

this process too slow to accommodate for physiological process that require fluxes of large 

volumes of water (Johansson et al., 2000). 
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Aquaporins (AQPs) are integral membrane proteins that serve as water channels to allow 

transport of water across biological membranes in response to osmotic gradients or 

hydrostatic pressure. AQPs are found abundantly in eukaryotes for water homeostasis, though 

they are also present in prokaryotic organisms, thought to give protection against osmotic 

shock (Kruse, Uehlein and Kaldenhoff, 2006; Tanghe, Van Dijck and Thevelein, 2006). Some 

AQPs are exclusively selective for water, whilst others (also known as aquaglyceroporins) are 

also permeable to uncharged solutes such as glycerol (Zeuthen and Klaerke, 1999; Gomes et 

al., 2009). AQPs were first discovered in red blood cell membranes. AQP1 (then identified as 

channel-forming integral protein 28; CHIP28) was co-purified with another erythrocyte 
membrane protein. It was functionally identified as a water channel by injecting Xenopus laevis 

(frog) oocytes with RNA encoding for CHIP28. The oocytes, which are normally impermeable 
to water, demonstrated increased osmotic water permeability after CHIP28 RNA injection, 

suggesting oocytes had been transiently transfected with a water channel protein (Preston et 
al., 1992; Agre et al., 2002). 

 
AQP monomers have a conserved structure of six transmembrane α-helices, with five 

connecting loops (identified as A–E), with both amino- (N-) and carboxyl- (C-) termini located 

on the cytosolic side of the membrane (Figure 1.1.A, B and C). Two of the connecting loops 

(B and E) form short hydrophobic α-helices that insert into the membrane from either side to 

form a connected segment that appears as a seventh transmembrane helix. These helices 

bundle together to form a tertiary hydrophilic channel structure for water molecule transport 

(Verkman, 2013; Kreida and Törnroth-Horsefield, 2015). AQPs have conserved NPA 

(asparagine-proline-alanine) motifs on each of the B and E loop short helical domains. AQPs 

also have a partially conserved ar/R (aromatic/arginine) region on the extracellular side of the 

channel pore. Along with overall pore size, these motifs are important for water-selective 

transport, determining permeability to glycerol (and other uncharged solutes), and exclusion 

of protons (Fu and Lu, 2007; Kitchen et al., 2019). High resolution structural studies have 

demonstrated how water molecules move in a single-file through the narrowest part of the 

AQP monomer channel (Murata et al., 2000; Sui et al., 2001).  

 

The AQP family monomers are ~30 kilodaltons (kDa) in size, though sizes can vary between 

homologues (Verkman and Mitra, 2000). The quaternary structure of AQP monomers in the 

lipid bilayer is a tetramer. This tetrameric formation is a highly conserved trait in the AQP family 

(Ozu et al., 2018). However, each AQP monomer appears to function independently as a 

water channel (Jung, Preston, et al., 1994; Hub, Grubmüller and de Groot, 2009), so the 
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necessity of this tetrameric formation is not exactly clear. In the example of AQP4, one study 

has shown that tetrameric assembly is not essential for endoplasmic reticulum (ER) to Golgi 

apparatus trafficking or water channel function, but could be important for cell membrane re-

localisation and regulation (Kitchen et al., 2016). The tetramer creates an additional 

hydrophobic central pore between monomers. It has been suggested that this acts as a 

transporter for ions and carbon dioxide (Yu et al., 2006; Kaldenhoff, Kai and Uehlein, 2014), 

though its exact function (if any) is still uncertain. Molecular dynamics (MD) simulations have 

confirmed that this central pore is not expected to be involved in water transport (Cui and 

Bastien, 2011). 

 

Thirteen AQPs have been identified in humans (hAQP0–12). These AQPs provide systemic 

water homeostasis and function in a variety of tissues, playing roles in solute transport, fluid 

secretions, cell migration, immunity and inflammation, signal transduction, and glymphatic 

system clearance, just to name a few (Verkman, 2005; Wagner et al., 2022). As such, 

disorders of, or those associated with, AQPs results in a wide variety of pathophysiological 

consequences, including neurological disorders, cancer, cardiovascular disease, renal 

dysfunction, and obesity (Agre et al., 2002; Verkman, 2012; Azad et al., 2021). 

 

1.2.1. Aquaporin-4 

 

Aquaporin-4 (AQP4) was originally identified and cloned form rat lung and brain, later being 

identified in other species (Hasegawa et al., 1994; Jung, Bhat, et al., 1994). AQP4 is the 

predominant AQP in the central nervous system (CNS) out of the three that have been 

identified there (AQP1, 4, and 9). It controls water homeostasis in the brain, spinal cord, and 

optic nerve (Nagelhus and Ottersen, 2013; Mader and Brimberg, 2019). It is most abundantly 

expressed at the end-feet of astrocytes surrounding blood vessels, synaptic junctions, the 

brain ventricle lining, and those forming the glia limitans connecting to the pia mater of the 

innermost meninges (Papadopoulos and Verkman, 2013; Salman et al., 2022). Studies of 

transgenic mice models lacking AQP4 have demonstrated its importance for cerebral water 

homeostasis, neuronal signal transduction, and astrocyte migration (Verkman et al., 2006). 

AQP4 has been proposed as a key component of the glymphatic system for clearance of 

waste solutes, using an influx of the cerebrospinal fluid (CSF) to flush the brain interstitial fluid 

(Iliff et al., 2012, 2013; Rasmussen, Mestre and Nedergaard, 2018).  

 

Multiple studies have implicated the importance of glymphatic clearance in relation to 

neurodegenerative diseases, such as Alzheimer’s disease (Kress et al., 2014; Peng et al., 

2016; Nedergaard and Goldman, 2020). Therefore, due to its role in the glymphatic system, 
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the function and regulation of AQP4 has been proposed as a key factor in the development of 

these diseases (Burfeind et al., 2017; Zeppenfeld et al., 2017; Chandra et al., 2021). CNS 

oedema (swelling of the brain and spinal cord), as a result of factors such as CNS trauma or 

stroke, is facilitated by AQP4 due to its abundance in this region (Halsey et al., 2018). Inhibition 

of AQP4 function has previously been proposed (Verkman et al., 2017), and targeting AQP4 

re-localisation to the cell membrane has been investigated as viable preventative measure for 

the acute phase of CNS oedema (Kitchen et al., 2020). AQP4 is also strongly associated with 

the autoimmune condition, neuromyelitis optica spectrum disorder (NMOSD), in which the 

majority of cases involve detectable autoantibodies targeting AQP4 (known as AQP4 IgGs or 

NMO IgGs) (Wingerchuk et al., 1999; Lennon et al., 2005). 

 

Electron microscopy (EM) and x-ray crystallography have been used to determine the 

structure of rat and human AQP4 (rAQP4 / hAQP4) (Hiroaki et al., 2006; Ho et al., 2009; Tani 

et al., 2009). However, the N- and C-termini have been difficult to resolve, due to their 

disordered flexibility. For example, the first structure of hAQP4 determined by x-ray 

crystallography used trypsinisation for improved resolution. The 1.8 Å resolution structure did 

not include the 19 amino acids (aa) of the N-terminus or 64 aa of the C-terminus (Glu-20 to 

Lys-259) of the full-length hAQP4 sequence (Figure 1.1.D and E). Full-length AQP4 crystals 

reportedly diffracted to ~8 Å (Ho et al., 2009). The same group very recently determined the 

cryogenic-EM (cryo-EM) structure of full-length tetrameric hAQP4 in lipid nanodiscs 

(specifically, membrane scaffold protein (MSP) nanodiscs) to a resolution of 2.1 Å. They 

reported that a similar number of the terminal aa residues (1 to 31 and 254 to 323) were not 

visible in the EM structure due to the flexibility of these regions, consistent with that reported 

for the x-ray crystallography structure previously (Gupta et al., 2025).  

 

AQP4 exists as two isoforms, M1 and M23, where M1 is the longer (full-length) isoform with 

translation initiation at Met-1, and M23 is the shorter isoform with translation initiation at Met-

23 (Jung, Bhat, et al., 1994; Lu et al., 1996). Both alternative splicing (Yang, Ma and Verkman, 

1995), and “leaky scanning” (Rossi et al., 2010), have been proposed as mechanisms to 

derive the M23 isoform. The “leaky scanning” mechanism suggests that the M23 isoform can 

be translated from the full-length M1 AQP4 mRNA sequence, whereby ribosomal skipping of 

the Met-1 initiation site allows for translation initiation from Met-23. M1 and M23 AQP4 

monomers can combine to form heterotetramers in the membrane (Neely et al., 1999). 
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Figure 1.1. Aquaporin-4 topology and quaternary structure.  
AQP4 tetramers form four hydrophilic water channels and a fifth hydrophobic pore in the centre. A) 
AQP4 monomer topology indicating transmembrane ⍺-helices 1 to 6 and connecting loops A to E. Loop 
B and E contain the conserved NPA motifs and short helical domains (7b and 7a, respectively) that 
form a connected transmembrane segment. Met-1 (blue) and Met-23 (red) translation initiation sites are 
indicated. B, C) AQP4 tetramer constructed of monomer topology shown in A, with side view (B) and 
top view (C). D,E) AQP4 tetramer crystal structure with colour-coding of helices corresponding to A, 
with side view (D) and top view (E). Figure created in BioRender.com. A, B, and C are adapted from a 
template by Moëlo, C., BioRender (Moëlo, 2025b). D and E show the PDB 3GD8 AQP4 crystal structure 
(Ho et al., 2009). 
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1.2.2. AQP4 orthogonal arrays of particles 

 

AQP4 is one of two AQPs (including AQP0) with a unique ability to form large organised square 

arrays in the cell membrane, called, orthogonal arrays of particles (OAPs) (Roche and 

Törnroth-Horsefield, 2017). OAPs have long been observed in cell membranes of the brain 

and other tissues (Landis and Reese, 1974; Wolburg, 1995). Stable transfection of Chinese 

hamster ovary (CHO) cells with rAQP4 resulted in the presence of OAPs (Yang, Brown and 

Verkman, 1996). The role of AQP4 in OAP formation was further supported with the absence 

of OAPs in AQP4 knockout mice (Verbavatz et al., 1997). Immunogold labelling and EM of 

AQP4 in cell membranes of the rat brain and spinal cord confirmed that AQP4 was contained 

within these OAPs (Rash et al., 1998, 2004). 

 

M23 AQP4 preferentially forms OAPs, whereas M1 AQP4 is unable to form these multi-

tetrameric assemblies. This has been shown by a number of studies that expressed these 

isoforms individually (Furman et al., 2003; Silberstein et al., 2004; Crane and Verkman, 2009). 

It has also been demonstrated that M1 AQP4 diffuses freely in the membrane, whereas M23 

AQP4 OAPs are mostly immobile (Crane, Tajima and Verkman, 2010). OAPs can be 

constructed of M1 and M23 AQP4 units, in part due to the formation of AQP4 heterotetramers 

(Tajima, Crane and Verkman, 2010). Studies that co-expressed M1 and M23 AQP4 

demonstrated that OAP size could be modulated by adjusting the ratio of M1:M23 expression 

(Figure 1.2). With higher proportion of M23, OAPs were larger, and with higher proportion of 

M1, OAPs were smaller. With M1 alone, OAPs were typically absent (Crane, Bennett and 

Verkman, 2009; Jin, Rossi and Verkman, 2011). The relative expression of M1 AQP4 in the 

native membrane is therefore believed to be the determinant and regulator of AQP4 OAP size. 

Using super-resolution imaging of cells co-expressing M1 and M23 isoforms, one study 

demonstrated that the M1 isoform forms a boundary around the edge of OAPs (Rossi, Moritz, 

et al., 2012). 

 

Previous EM crystallographic structures have utilised the rAQP4 M23 isoform as this features 

the truncated N-terminus. Ordered 2D-crystals for M23 AQP4 were reportedly achievable, but 

these studies reported difficulty in producing these crystalline arrays for M1 AQP4, suggesting 

that this is consistent with it not being able to form OAPs (Hiroaki et al., 2006; Tani et al., 

2009). Arg-108 and Tyr-250 are two AQP4 residues on the cytoplasmic side that are not 

conserved in other AQPs. Based on interaction of these residues between M23 tetramers in 

the 2D crystals, these residues were proposed as a mechanism of stabilisation between 

tetramers in AQP4 OAPs. For M1 APQ4, it was suggested that interaction of Tyr-250 with Arg-

9 in the N-terminus prevents this interaction (Hiroaki et al., 2006). Alternatively, it was 
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suggested that residues just downstream of Met-23 were key in OAP formation. Mutation of 

Val-24, Ala-25 and Phe-26, resulted in disappearance of M23 AQP4 OAPs (Crane and 

Verkman, 2009). 

 

Due to the differing ability of the AQP4 isoforms to form OAPs, the OAP preventative 

mechanism has been attributed to the M1 isoform N-terminus (that the M23 isoform lacks). 

Suzuki et al. proposed that S-palmitoylation of the M1 AQP4 N-terminal residues, Cys13 and 

Cys17, were responsible for prevention of OAP formation by the M1 isoform. They examined 

rAQP4 expressed in CHO cells, finding that mutagenic substitution of both Cys13 and Cys17, 

to alanine, resulted in M1 AQP4 OAP formation. With single mutations of either of these 

cysteines individually, OAPs were either very small or non-existent. They were also able to 

experimentally determine that both cysteines were palmitoylated. This study suggested that 

the presence of only one cysteine (and probable palmitoylation) was significant enough to 

disrupt OAPs (Suzuki et al., 2008). This influence of palmitoylation on OAP prevention has 

also been supported by other studies (Crane, Bennett and Verkman, 2009; Strand et al., 

2009). A very recent study reconstituted purified M1 AQP4 into supported lipid bilayers for 

temperature-dependent single-particle tracking, using time-lapse single-molecule 

fluorescence microscopy. They were able to demonstrate that, when palmitoylated, M1 AQP4 

can form a dimer of tetramers, but when de-palmitoylated, could further associate into a trimer 

of tetramers. They also demonstrated that palmitoylated M1 AQP4 showed a higher mobility 

in the membrane when compared to de-palmitoylated M1 AQP4 (Carder et al., 2024).  

 

Others have proposed that at least seven residues upstream of Met-23 in the M1 isoform N-

terminus are required for OAP prevention. They demonstrated that single residue mutations 

in the M1 N-terminus were not sufficient to cause OAP assembly of the M1 isoform (Crane 

and Verkman, 2009). It has been suggested that OAPs are regulated by multiple factors, 

including palmitoylation, relative expression of M1 and M23 isoforms, and calcium- or 

phosphorylation- mediated signalling (Crane, Bennett and Verkman, 2009). The exact 

structure of the AQP4 N-terminal region still remains elusive, likely due to innate functional 

flexibility. Thus, the exact mechanism of OAP prevention by this region is still not fully 

understood. 
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Figure 1.2. Schematic of AQP4 OAP assembly.  
Proposed model for AQP4 OAP formation by Jin, Rossi and Verkman, 2011, assuming formation of  
AQP4 M1 and M23 isoform heterotetramers. A)  AQP4 M1 (blue) and M23 (red) monomers. M23 
isoform projection (black) indicates tetramer interaction site. B) Possible AQP4 heterotetramer 
conformations. C) A low M23 : M1 ratio creates small OAPs in the membrane. D) A high M23 : M1 ratio 
creates large OAPs in the membrane. E) Association of AQP4 monomers in the cell membrane of cells 
only expressing M1 AQP4. F) Association of AQP4 monomers in the cell membrane of cells expressing 
M1 and M23 isoforms of AQP4. Figure created in BioRender.com, adapted from template by Moëlo, C., 
BioRender (Moëlo, 2025a). 
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1.2.3. AQP4 OAP involvement in physiology and pathophysiology  

 

AQP4 OAPs have previously been proposed to enhance water permeability compared to 

individual M1 isoform tetramers alone (Silberstein et al., 2004). It has also been demonstrated 

that AQP4 could play a role in cell adhesion, with speculation that the formation of OAPs could 

enhance this adhesive ability (Hiroaki et al., 2006). Another study has proposed that AQP4 

OAP disaggregation may increase the invasive potential of glioma cells, whereas OAP 

assembly may activate apoptosis (Simone et al., 2019). 

 

Polarisation of AQP4 to cell membrane regions, such as the astrocyte end-feet, has been 

linked to OAP formation, with suggestions that regulation of M1 and M23 isoform expression 

may influence localisation as a result of differential OAP formation (Smith et al., 2014). 

Localisation of AQP4 is known to be associated with the dystrophin-associated protein 

complex (DAPC), anchoring AQP4 to the cell cytoskeleton (Amiry-Moghaddam, Frydenlund 

and Ottersen, 2004; Nicchia et al., 2004). Deletion of key DAPC protein genes in mice resulted 

in impaired membrane localisation of AQP4 (Amiry-Moghaddam et al., 2003; Belmaati 

Cherkaoui et al., 2021). Studies have therefore proposed a link between OAP immobilisation 

and DAPC, but questions still remain, such as the extent to which the DAPC could interact 

with the localisation of AQP4 isoforms to mediate OAP formation (Yang et al., 2024).  

 

Recent studies of OAP-null mouse models have found varying results in AQP4 expression 

and localisation. One study generated a mouse model with an AQP4 Met-23 mutation to 

isoleucine for expression of only of the M1 isoform. This resulted in a reduction in overall AQP4 

expression levels, suggesting that formation of OAPs are necessary for normal levels of AQP4 

expression (de Bellis et al., 2021; Pisani et al., 2021). Another study generated an OAP 

“depolymerisation” mouse model by AQP4 Ala-25 mutation to glutamine, finding that reduced 

abundance of OAP structures were associated with a reduction in polarised localisation at 

astrocyte end-feet (Crane and Verkman, 2009; Zhu et al., 2022). 

 

Studies have demonstrated that OAPs are physiologically and pathologically relevant. 

However, there is still a general agreement that there is some uncertainty around their exact 

physiological function, and the importance of their role in the membrane (Nagelhus and 

Ottersen, 2013; Verkman et al., 2013; Roche and Törnroth-Horsefield, 2017; Salman et al., 

2022). 

 

 



C. Browne, PhD Thesis, Aston University, 2025 23 

1.2.4. Neuromyelitis optica spectrum disorder 

 

Neuromyelitis optica spectrum disorder (NMOSD), previously known simply as NMO or 

Devic’s disease, is a rare autoimmune disease of the CNS. It is characterised by acute 

inflammation of the spinal cord and optic nerves, known as myelitis and optic neuritis, 

respectively. It is also associated with attacks on the brainstem, although less frequently, 

causing brainstem encephalitis. Some of the main symptoms of the resultant myelitis and optic 

neuritis are muscle weakness or paralysis, muscle spasms, loss of sensation, loss of bowel 

and bladder control, erectile dysfunction, pain with eye movement, blurred vision, and 

headaches. Symptoms can easily be mistaken for multiple sclerosis and NMOSD was 

historically considered a variant of multiple sclerosis (Jarius et al., 2023; Kümpfel et al., 2024). 

 

In 2004, pathogenic immunoglobulin G (IgG) antibodies (Abs) to AQP4 (AQP4-IgGs; 

abbreviated here as NMO Abs) were discovered in relation to NMOSD (Lennon et al., 2004), 

and it has now been established that the majority (≥ 80%) of NMOSD cases are associated 

with the presence of NMO Abs in patient serum targeting AQP4 (Paul et al., 2007; Jarius et 

al., 2020). The discovery of AQP4 specific IgGs was a key clinical distinction of NMOSD from 

multiple sclerosis (Lennon et al., 2004, 2005). Along with identification of symptoms and 

neuroimaging (using magnetic resonance imaging) to identify characteristic lesions, 

identification of NMO Abs is used as one of the principle criteria for diagnosis of NMOSD. For 

diagnosis, these Abs are typically identified in patient sera using live cell based assays (CBAs) 

with cells expressing recombinant AQP4 (Wingerchuk et al., 2015; Jarius et al., 2023). Early 

diagnosis to discriminate from multiple sclerosis is important, as some studies have 

demonstrated that treatments intended for multiple sclerosis may increase the occurrence 

NMOSD relapses (Palace et al., 2010). 

 

Binding of NMO Abs to AQP4 has been demonstrated to induce pathogenesis by activating 

complement-dependent cytotoxicity (CDC), causing damage and loss of astrocytes (Hinson 

et al., 2007; Sabater et al., 2009; Nishiyama et al., 2016). However, studies have 

demonstrated that binding of NMO Abs to AQP4 is unlikely to directly inhibit water permeability 

or cause AQP4 internalisation (Nicchia et al., 2009; Rossi, Ratelade, et al., 2012). 

 

NMO Abs have been reported to bind to both M1 and M23 isoforms of AQP4 (Hinson et al., 

2007; Bennett et al., 2009; Crane, Bennett and Verkman, 2009; Verkman et al., 2011). 

However, multiple studies have shown a higher binding affinity of NMO Abs to the M23 isoform 

(Nicchia et al., 2009; Mader et al., 2010; Crane et al., 2011; Pisani et al., 2011, 2013; Soltys 

et al., 2019). For example, Crane et al. used dual-colour quantitative fluorescence ratio 
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imagining of astrocyte-derived cells transfected with AQP4. Cells were stained with NMO Abs 

targeting the extracellular region of AQP4 and commercial anti-AQP4 Abs targeting the AQP4 

C-terminus. Cells were probed with NMOSD patient serum and recombinant NMO monoclonal 

Abs (mAbs) derived from NMOSD patient CSF. They found a consistently greater affinity of 

NMO Abs to the M23 isoform (Crane et al., 2011). This higher affinity of NMO Abs to M23 

AQP4 is thought to be facilitated by OAP structures, rather than a difference between AQP4 

isoforms alone. OAP disrupting mutations in M23 AQP4 has been shown to result in reduced 

binding of NMO Abs (Crane et al., 2011; Pisani et al., 2011; Papadopoulos and Verkman, 

2012). It has also been suggested that OAPs could aid CDC activation due to clustered binding 

of NMO Abs to AQP4 arrays (Phuan et al., 2012; Soltys et al., 2019). 

 

It is believed that complex combinations of the AQP4 extracellular loops created by OAP 

formation provide favourable binding epitopes for NMO IgGs (Pisani et al., 2011; Abe and 

Yasui, 2022; Gupta et al., 2025). Studies that have introduced residue mutations into AQP4 

extracellular loops A, C, and E, present on each AQP4 monomer, demonstrated reduced 

binding of NMO Abs (Pisani et al., 2011; Owens et al., 2015). One study also demonstrated 

that patient-derived NMO Abs do not recognise linear peptide forms of these epitopes, 

showing that 3D conformational epitopes created by AQP4 tetramers and OAPs are required 

for binding (Owens et al., 2015). NMO Abs in individual patient serum are polyclonal in nature, 

with multiple different binding epitopes within AQP4 extracellular loops identified. Broadly 

speaking, two binding patterns have previously been identified; binding of one group of NMO 

Abs is dependent on extracellular loop A, while binding of the other group is independent of 

extracellular loop A (Tuller et al., 2016). 

 

In cell-based assays, patient-derived NMO Ab Fab fragments have previously demonstrated 

similar binding affinities to AQP4 when compared with whole divalent NMO IgGs. This further 

suggested that epitope structural features created by OAP assemblies allowed for increased 

binding affinity, as opposed to bivalent binding of the NMO IgG molecule (Crane et al., 2011). 

A very recent study was able to structurally determine the binding of patient-derived NMO Ab 

Fab fragments to AQP4. AQP4 was recombinantly expressed, solubilised with detergent, and 

reconstituted in to MSP nanodiscs. After confirming the binding affinity of Fab fragments for 

tetrameric AQP4 using bio-layer interferometry, structures were determined using cryo-EM 

(Gupta et al., 2025).  

 

Questions still remain surrounding the exact dynamics of AQP4 OAPs upon NMO Ab binding 

(Verkman et al., 2013; Salman et al., 2022). Studies have suggested different outcomes for 

OAP dynamics and size changes upon NMO IgG interaction (Hinson et al., 2012; Rossi, 
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Ratelade, et al., 2012; Ciappelloni et al., 2019), highlighting that certain aspects of 

pathogenesis still need to be explored.  

 

 

1.3. Palmitoylation 
 

Post-translational modifications (PTMs) are changes made to proteins via covalent 

attachments after protein synthesis. PTMs have a variety of functions, such as regulating 

activity, protein stability, subcellular localisation, and cellular signalling. PTMs can be attached 

to protein N- and C- termini, or onto aa side chains. Common PTMs include phosphorylation 

(attachment of phosphate groups), glycosylation (attachment of carbohydrate molecules), 

lipidation (attachment of lipid molecules), and proteolytic cleavage (Ramazi and Zahiri, 2021; 

Bobalova, Strouhalova and Bobal, 2023). 

 

Palmitoylation is a type of lipidation, in which palmitic acid (a 16-carbon saturated fatty acid) 

is covalently linked to a protein. The three main types of palmitoylation are S-palmitoylation, 

N-palmitoylation, and O-palmitoylation. S-palmitoylation (or S-acylation) is the most common 

of these types, in which palmitic acid is covalently bound to a cysteine residue on the sulfhydryl 

(or thiol) functional group (-SH) by forming a thioester linkage (Shang, Ding and Zhou, 2025). 

 

S-palmitoylation is facilitated by a group of enzymes called palmitoyl acyltransferases (PATs), 

which were first identified in yeast in 1999 (Bartels et al., 1999; Lobo et al., 2002). PATs of the 

zDHHC family are defined by a zinc finger and conserved DHHC (Asp-His-His-Cys) motif in 

their catalytic domain, which is found in many eukaryotic PATs (Roth et al., 2002; Mitchell et 

al., 2006; Rana, Lee and Banerjee, 2018). PATs use palmitoyl-CoA as a lipid substrate to 

transfer palmitic acid to protein Cys residues. The covalent attachment is reversible and 

palmitic acid can be removed by acyl-protein thioesterases (Tabaczar et al., 2017). 

 

Palmitoylation increases the hydrophobicity of proteins, or certain protein domains, and can 

anchor proteins to lipid membranes. As S-palmitoylation is reversible, the effect it has on 

proteins can be modulated. It plays a critical role in subcellular localisation and the traffic of 

proteins between the cell membrane and different membrane bound organelles (Van Itallie et 

al., 2005; Greaves and Chamberlain, 2007). Palmitoylation is also important for influencing 

protein-protein interactions, such as those involved in signal transduction (Smotrys and Linder, 

2004; Guan and Fierke, 2011).  
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S-palmitoylation occurs on both soluble and transmembrane proteins. Palmitoylation of 

soluble proteins regulates their interaction with different lipid membranes. However, the exact 

purpose of palmitoylation for MPs, that are already associated to the lipid membrane, can 

appear more trivial and enigmatic (Blaskovic, Blanc and van der Goot, 2013). Studies have 

suggested various functional outcomes for the palmitoylation of MPs, including: 

conformational changes, such as transmembrane domain tilting demonstrated with a synthetic 

peptide (Joseph and Nagaraj, 1995); association to sphingolipid- and cholesterol-rich lipid 

rafts, such as for the transmembrane linker for activation of T cells (Levental et al., 2010); and 

influence on protein-protein interactions, such as with tetraspanin-enriched microdomains 

(Yang et al., 2004; Delandre et al., 2009). In the case of AQP4, S-palmitoylation appears to 

be crucial in the preventative mechanism for higher-order oligomerisation (Suzuki et al., 2008; 

Carder et al., 2024). 

 

 

1.4. Heterologous expression 
 
Heterologous expression is the process of expressing a gene in a host organism or cell type 

that is different to the origin of its natural expression. Typically, molecular cloning is performed 

to create recombinant DNA. Recombinant DNA vectors can then be introduced into the host 

organism via transfection (or transformation) for expression. Transient transfection involves 

introduction of recombinant DNA, whereby the gene of interest is not integrated into the host 

genome, typically resulting in transient expression. Stable transfection involves integration of 

recombinant DNA into the host genome, to create organism clones that permanently contain 

the inserted gene for expression. 

 

Heterologous expression is very important for protein research and production in biology, 

biotechnology, and medicine. It can be used for studying gene and protein function, large-

scale protein production, compound production using biosynthetic pathways, disease 

modelling and drug screening, and improvement of crops for agriculture. For the study of 

proteins, recombinant expression in a simple host system can provide a controlled 

environment for expression, away from the complexity of the native environment.  

 

Common host expression systems for production of recombinant proteins include bacteria, 

such as Escherichia coli, and yeasts, such Saccharomyces cerevisiae and Pichia pastoris. 

These examples can be cultured to a high density very quickly and typically at a low material 

cost. The use of strong inducible promoters in recombinant DNA vectors allows for over-
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expression of the desired protein. For example, recombinant protein production in E. coli often 

utilises the Lac operon that can be induced with IPTG (isopropyl β-D-1-thiogalactopyranoside). 

For studies requiring a high quantity of purified protein, such as for structural analyses, 

recombinant protein expression is therefore essential. A common approach is to design 

recombinant DNA constructs of the desired protein gene with attached tags, such as a poly-

histidine tag (His-tag). Proteins with an attached poly-His tag can be purified using 

immobilised-metal affinity chromatography (IMAC) using nickel nitrilotriacetic acid (Ni-NTA) 

agarose resins. 

 

1.4.1. Pichia pastoris 

 

P. pastoris (also known by its reclassification, Komagataella phaffii) is one of two yeast species 

(the other being S. cerevisiae) most commonly used for expression of recombinant proteins 

(Darby et al., 2012). Cregg et al. were the first to develop this yeast species as a DNA 

transformation host (Cregg et al., 1985; Cereghino et al., 2002). P. pastoris has since become 

a popular choice for production of eukaryotic membrane proteins (Brooks, Morrison and 

Joanne Lemieux, 2013; Bill, 2014; Ayub et al., 2022). It is often favoured over other expression 

hosts for its ease-of-use, efficient protein production, ability to culture to high cell densities, 

higher-eukaryotic protein folding, PTM ability, and lipid composition (Kesidis et al., 2020; Zha 

et al., 2023).  

 

One study directly compared expression of the same recombinant human soluble proteins in 

P. pastoris and E. coli, finding that P. pastoris was much more successful at expressing these 

proteins in a soluble and purifiable form (Lueking et al., 2000). Similar observations have been 

reported for a number of other proteins from different species (Daly and Hearn, 2005). The 

first recombinant mammalian membrane protein crystal structures were determined from 

recombinant proteins produced in yeast, including one produced in P. pastoris (Long, 

Campbell and Mackinnon, 2005). It has since been used to solve a number of high-resolution 

membrane protein structures (Byrne, 2015). 

 

P. pastoris is a methylotrophic yeast, which allows it to use methanol (MeOH) as a sole carbon 

source. This is particularly important for its inducible mechanism for recombinant protein 

expression, the MeOH-inducible alcohol oxidase (AOX) promoter, which is commonly used in 

recombinant DNA constructs (Byrne, 2015). Transformation of P. pastoris typically involves 

linearisation of the recombinant DNA vectors (plasmids), uptake by competent cells, and 

integration of the recombinant DNA into the host cell genome by homologous recombination 

(stable transfection). Plasmid vectors typically feature the AOX1 promoter, allowing 
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recombination crossover with the AOX1 promoter in the yeast genome (Karbalaei, Rezaee 

and Farsiani, 2020). This recombination event can result in multiple copy numbers of the 

recombinant DNA being integrated. 

 

Some have suggested that an increase in copy number after homologous recombination can 

result in increased expression of the desired construct, without negative impact on cell growth 

(Athmaram et al., 2012; Betancur et al., 2017). Studies have demonstrated that, following 

transformation, these high-expressing clones can be identified by their level of resistance to 

antibiotics for selective pressure, which is facilitated by genes incorporated into the 

recombinant DNA vectors. They found that increased resistance to antibiotics was associated 

with a higher recombinant construct copy number (Scorer et al., 1994; Kumar, Mannil and 

Mutturi, 2020). However, it is important to note that others have suggested that the correlation 

between plasmid copy number and recombinant protein expression is not always linear (Aw 

and Polizzi, 2013). 

 

1.4.2. AQP expression in P. pastoris 

 

The first AQP structures were solved using proteins purified from their native expression 

source. For native sources that were difficult to culture or produced low levels of expression 

for the desired protein, recombinant protein production has been required. P. pastoris has 

since become the most common choice for recombinant production of AQPs, especially those 

of eukaryotic origin (Bill and Hedfalk, 2021; Al-Jubair et al., 2022). 

 

The first crystal structure of hAQP4 was determined using protein recombinantly expressed in 

P. pastoris (Ho et al., 2009). The same group recently used P. pastoris again for production of 

hAQP4 for structural determination using cryo-EM. They solubilised AQP4 from P. pastoris 

membranes using detergent for purification, before reconstituting the AQP4 tetramers into 

MSPs (Gupta et al., 2025). Other studies have also utilised P. pastoris for production of AQP4 

(Öberg et al., 2011; Kitchen et al., 2020), demonstrating not only a preference of P. pastoris 

as an expression host for human AQPs, but also specifically for human AQP4. 

 

 

1.5. Extraction and analysis of membrane proteins 
 

In order to purify membrane proteins (MPs) for downstream analysis, they need to be 

solubilised from the lipid bilayer. This poses a challenge, as it involves extracting them from 
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their native hydrophobic environment into a hydrophilic solvent. MPs have large hydrophobic 

domains for stability in the lipid bilayer. Improper extraction of MPs typically results in 

deformation, degradation, and aggregation, as these proteins are not stable in aqueous 

solution. Generally, approaches to MP solubilisation consist of using amphipathic molecules 

that can displace the cell membrane to interact with MPs. The hydrophobic moieties of the 

amphipathic molecules interact with the MP hydrophobic domains, and the hydrophilic 

moieties of the amphipathic molecules interact with the hydrophilic solvent. This allows the 

MPs to become soluble particles for purification and further downstream analysis (Bowie, 

2001). 

 

Detergents have traditionally been used for solubilisation of MPs and are still used to a large 

extent in modern MP research (Seddon, Curnow and Booth, 2004; Lee et al., 2022). These 

are typically small amphipathic molecules that act to disrupt the cell membrane and form 

micelles around hydrophobic domains of MPs, forming MP-detergent micelles. Common 

conventional detergents include n-dodecyl-β-D-maltoside (DDM), n-octyl-β-D-glucoside (OG), 

and n-undecyl-β-D-maltoside (UDM) (Stetsenko and Guskov, 2017). Many MP extractions and 

analyses have been performed using a diverse selection of detergents, with DDM being the 

most commonly used. Detergents have been, and still are, essential for extracting MPs for 

structural determination with methods such as X-ray crystallography (Choy et al., 2021). 

 

However, detergent solubilisations present with a few issues. Crucially, detergents need to be 

used above the critical micelle concentration (CMC) in order to form and retain micelles. The 

CMC needs to be maintained throughout solubilisation and purification to ensure that micelles 

are maintained around MPs. This is costly in terms of materials, as all buffers required for 

these processes require a maintained detergent concentration. Detergent-only micelles, a 

result of maintaining the CMC, can also present issues in downstream analyses. For each MP, 

detergent type and concentration often needs to be optimised to provide efficient extraction 

but also prevent MP denaturation. For MPs, detergent solubilisation often means disruption or 

complete loss of the associated native lipids. For functional and structural analyses this can 

be detrimental, as the lipid bilayer is often crucial for the function and stability of MPs (van den 

Brink-van der Laan et al., 2004; Dawaliby et al., 2016; Zoghbi, Cooper and Altenberg, 2016). 

 

Alternative MP stabilisation methods have been developed to mimic the native environment 

for MPs after detergent solubilisation. Amphiphilic polymers (amphipols) can be introduced 

after detergent solubilisation to form a wrapping effect around MP hydrophobic regions in 

place of detergents. These molecules have demonstrated improved stability of MPs over 

detergent-only solubilisations (Zoonens and Popot, 2014). However, this approach still lacks 
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an actual lipid environment surrounding the MP. To mimic the native lipid bilayer, MPs can be 

extracted with detergents, followed by mixing with a selective composition of lipids to form 

discoidal lipid-MP structures supported by detergents or amphipols (Zhou and Cross, 2013). 

This principle has been further utilised by the development of membrane scaffold proteins 

(MSPs). MSPs are amphipathic helical peptides that can be used to encircle a lipid bilayer 

around MPs after detergent solubilisation. MSP MP-nanodiscs have demonstrated improved 

stability over detergent-stabilised membrane mimetic methods. They also offer the advantage 

of tuneability for size and composition (Bayburt, Grinkova and Sligar, 2002; Denisov and 

Sligar, 2016). 

 

A disadvantage of all of these methods is that they still require detergent solubilisation to 

remove MPs from their native environment of the cell membrane before any further 

stabilisation. Stripping the native lipid bilayer has been suggested as a primary cause for the 

denaturing of native structure and loss of natural activity (Popot, 2010; Zhou and Cross, 2013). 

The use of MSPs can also prevent the effective use of techniques such as circular dichroism 

(CD) and nuclear magnetic resonance (NMR) spectroscopy due to interference from the 

stabilising protein (Jamshad, Grimard, et al., 2015). 

 

1.5.1. Styrene-maleic acid  

 

In 2009, the styrene-maleic acid (SMA) co-polymer (Figure 1.3) was introduced as an effective 

alternative to detergents for solubilisation of MPs (Knowles et al., 2009). SMA is an 

amphipathic co-polymer that is able to solubilise MPs directly from their native environment. 

SMA spontaneously forms SMA-lipid-particles (SMALPs) in the presence of biological 

membranes. Upon formation of SMALPs, SMA is able to encapsulate MPs with an annulus of 

native lipid around the protein (MP-SMALPs). Unlike detergents, SMA does not require 

maintenance of a constant concentration (i.e. detergent CMC) for efficient encapsulation and 

MP stability after solubilisation. MPs can be solubilised with SMA and easily purified within the 

MP-SMALP complex, removing the excess SMA required for solubilisation during purification 

(Lee et al., 2016). SMA is reported as being relatively unselective for lipid type or membrane 

composition (Juan J. Dominguez Pardo et al., 2017). This makes it applicable for use with a 

variety of different expression systems (Unger et al., 2021). As the lipid is taken directly from 

parent membrane, SMALPs can retain features of the membrane environment that are 

important for native MP stabilisation.  
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Figure 1.3. Chemical structure of the styrene-maleic acid co-polymer.  
SMA of ratio n:m, where the n represents the styrene subunit and m represents the maleic acid subunit. 
Created using moldraw.com and BioRender.com. 
 

 

 

Upon interaction with the lipid membrane, it is believed that the styrene moieties drive insertion 

of SMA into the lipid bilayer core, consequently resulting in bilayer destabilisation via water 

filled pores created by the hydrophilic maleic acid moieties. Further membrane disruption 

results in the formation of nanodiscs stabilised by a belt of SMA around the hydrophobic lipid 

bilayer core (Figure 1.4). SMA polymers stabilise the lipid bilayer disc via interactions of 

styrene moieties with the hydrophobic lipid tails. The hydrophilic maleic acid moieties interact 

with the solvent or lipid head groups via their carboxyl groups to maintain solubility (Jamshad, 

Grimard, et al., 2015; Scheidelaar et al., 2015; Xue et al., 2018).  

 

Studies have demonstrated that the styrene to maleic acid ratio can influence the solubilisation 

process and capability to extract membrane proteins, suggesting that SMA co-polymer 

properties could be optimised for different MPs. SMA 2000 (2:1 styrene : maleic acid) is the 

most commonly used and most effective SMA ratio for solubilisation (Swainsbury et al., 2014a; 

Morrison et al., 2016; Scheidelaar et al., 2016; Grethen et al., 2017; Hall et al., 2018). Other 

commonly used ratio variants exist, such as the more hydrophobic SMA 3000 (3:1 styrene : 

maleic acid) and SMA 1440 (~1.5:1 styrene : maleic acid). Phase transition behaviour of lipids 

within 2:1 SMA SMALPs is reportedly more similar to that of the natural membrane when 

compared to lipids within 3:1 SMA SMALPs (Orwick et al., 2012; Jamshad, Grimard, et al., 

2015). This would suggest that 2:1 SMA more accurately represents a native environment for 

MPs. 

 

  

n m
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Figure 1.4. Schematic representing the proposed mechanism of MP solubilisation by SMA. 
A) Interaction of SMA polymers with the lipid membrane. B) Styrene moieties drive insertion of the 
polymer into the lipid bilayer core, resulting in membrane destabilisation. C) Formation of MP-SMALP 
nanodiscs. The lipid bilayer is stabilised via interactions of SMA styrene moieties with the lipid tails. The 
maleic acid moieties maintain hydrophilic solubility. Figure created in BioRender.com. 
 

 

 

Lipid-only SMALPs have been reported to be ~10 nm in diameter (Jamshad, Grimard, et al., 

2015; Scheidelaar et al., 2015). However, with an MP embedded, it appears that SMA can 

accommodate larger sizes in order to encapsulate large MPs (Orwick-Rydmark et al., 2012; 

Long et al., 2013; Swainsbury et al., 2014a; Dörr et al., 2016). SMALPs encapsulating the 

~1.2 MDa trimeric photosystem I from Thermosynechococcus elongatus (PSI-SMALPs) are 

reportedly ~35 nm in diameter (Brady et al., 2019, 2021, 2022). This protein was extracted 

using SMA 1440, demonstrating that tuning the SMA type (composition) used for solubilisation 

can aid in encapsulating larger MP complexes. 

 

MPs encapsulated in SMALPs have demonstrated increased thermal stability over other 

solubilisation methods (Jamshad, Charlton, et al., 2015; Gulamhussein et al., 2019). SMALPs 

have also demonstrated the retention of functional stability for a variety of different MPs, where 

detergent solubilisations were often inferior (Dörr et al., 2014; Jamshad, Charlton, et al., 2015; 

Li et al., 2015; Logez et al., 2016; Smirnova et al., 2016; Rehan, Paavilainen and Jaakola, 

A
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2017). Through lipidomic analysis, MP-SMALP complexes have also revealed the preference 

of MPs for certain lipids, due to the retention of native lipids (Dörr et al., 2014; Smirnova et al., 

2016; Teo et al., 2019). 

 

The use of SMA is not without its limitations. SMA is generally insoluble below pH 7 and is 

sensitive to divalent cations. Most commercially available SMA co-polymers (such as 

SMA2000) have high polydispersity and sequence variation, meaning that there are polymer 

chains of variable length and with a non-ordered ratio of styrene : maleic acid (Pollock et al., 

2018; Gulamhussein et al., 2019). Alternative amphipathic co-polymers have been explored 

to address these issues. DIBMA (diisobutylene-maleic acid) has a higher tolerance to cations, 

causes less interference with UV spectroscopy (due to the lack of a styrene moiety), and can 

form larger lipid nanodiscs, potentially making it more suitable for solubilisation of larger MP 

complexes (Oluwole et al., 2017; Gulamhussein et al., 2020; Grime et al., 2021). Reversible 

addition–fragmentation chain transfer (RAFT) polymerisation has also been investigated as a 

way of producing strictly alternating styrene : maleic acid polymer variants for MP solubilisation 

(Craig et al., 2016; Akram et al., 2025). 

 

1.5.2. Biophysical characterisation of MP-SMALPs 

 

SMA has been used extensively as a vehicle to analyse MPs using a variety of biophysical 

techniques, beyond initial characterisation by techniques such as sodium dodecyl-sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and size-exclusion chromatography (SEC). 

Purified MP-SMALPs can been analysed by native-PAGE (or SMA-PAGE). The establishment 

of this technique demonstrated that the high negative charge density of SMA could be utilised 

for electrophoresis (Pollock et al., 2019). Dynamic light scattering (DLS) is often used to 

analyse MP-SMALPs to give an indication of particle hydrodynamic size and sample 

heterogeneity. For example, it has been used to compare different co-polymer types for 

solubilisation of MPs (Hawkins et al., 2021). Sedimentation velocity analytical 

ultracentrifugation (SV-AUC) can also give an indication of hydrodynamic size, sample 

heterogeneity, and estimation of MP-SMALP mass. It is often used to assess homogeneity of 

prepared MP-SMALP samples (Lee et al., 2016, 2019; Cioccolo et al., 2024).  

 

Small-angle X-ray scattering (SAXS) have been used previously to characterise MP-SMALPs 

(Brady, Qian and Bruce, 2019; Lee et al., 2019; Pollock et al., 2022). SAXS can provide 

information on particle size and shape, protein flexibility, morphological dispersity and low-

resolution structural data. CD can provide detail on protein backbone conformation, such as 

quantitative data on the presence of α-helices and β-sheets. CD shows good compatibility with 
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MP-SMALPs, as demonstrated by data on secondary structures of MPs within SMALPs 

(Knowles et al., 2009; Dörr et al., 2014; Jamshad, Charlton, et al., 2015). 

 

Cryo-EM of has been very successful for analysis of MP-SMALPs. Multiple studies have 

demonstrated the applicability of this techniques to determine high-resolution protein 

structures in the 3-4 Å range (Qiu et al., 2018; Sun et al., 2018; Tascón et al., 2020; Yoder 

and Gouaux, 2020; Yu et al., 2021). One structure for an SMA extracted MP has, thus far, 

been solved by X-ray crystallography. This involved extraction and purification with SMA, and 

transfer into the lipid cubic phase for crystallisation. They were able to resolve a 2 Å structure 

of bacterial rhodopsin that was comparable to that determined from detergent solubilisation 

(Broecker, Eger and Ernst, 2017). However, this is the only current example of an X-ray crystal 

structure for a SMALP purified protein, and doesn’t necessarily demonstrate the structure of 

an MP within a SMALP. 

 

Native mass spectrometry (native-MS) (specifically, laser induced liquid bead ion desorption 

MS; LILBID-MS) has been used to analyse SMALPs for determination of mass (Hellwig et al., 

2018; Cioccolo et al., 2024). For example, a rhomboid protease SMALP (GlpG-SMALP) was 

analysed by LILBID-MS to find a broad peak corresponding to ~72 kDa. Increasing the LILBID 

laser power disrupted the SMALPs and released the monomeric GlpG, revealing a molecular 

weight (MW) peak of 34.5 kDa. This group performed similar analyses on KtrB (a subunit of 

the bacterial potassium channel, KtrAB) -SMALPs and AcrB (part of the bacterial AcrAB-TolC 

efflux pump) -SMALPs (Hellwig et al., 2018). 

 

Despite the success of the techniques discussed, MP-SMALPs can still be difficult to 

characterise biophysically, especially in terms of estimating an accurate mass. This is mainly 

because MP-SMALPs have an inherent heterogeneity of different molecules, as they contain 

protein, lipids, and the SMA co-polymer. 

 

1.5.3. Mass photometry 

 

Mass photometry is a novel technique for mass measurement of biomolecules (or bioparticles) 

based on interferometric scattering microscopy (iSCAT) (Ginsberg et al., 2025). It allows mass 

measurement of unlabelled single molecules in solution (Young et al., 2018; Sonn-Segev et 

al., 2020). Mass photometry has been used to estimate molecule mass of various biomolecule 

types (Asor and Kukura, 2022), assess sample heterogeneity (Sonn-Segev et al., 2020), 

investigate sample oligomerisation (Balakrishnan et al., 2024), and quantify biomolecule 

interactions (Soltermann et al., 2020; Wu and Piszczek, 2020).  
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In basic principle, a laser directs light through a binding surface (glass slide) at a sample in 

solution. Light is reflected by the glass slide and scattered by molecules binding to the glass 

surface (Figure 1.5.A). This scattering happens due to these molecules displacing water at 

the binding interface, changing the local refractive index. The interference signal between 

reflected light and scattered light is measured and quantified as a contrast value 

(interferometric contrast). Molecules of different sizes cause a different degree of light 

scattering, and thus, different measured contrast values. Ratiometric imaging over time is used 

to determine contrast measurements for individual binding events over the static scattering 

background (Figure 1.5.B). This involves calculating a moving average and dividing current 

imaging frames by previous frame averages, removing the background noise. A histogram of 

binding events over the recorded time can be plotted against the measured contrast for each 

binding event (Figure 1.5.C). The mass of a protein molecule scales linearly with its measured 

interferometric contrast, regardless of its structural shape (Young et al., 2018). Therefore, by 

calibrating to contrast values of standards of known masses, the mass of unknown samples 

can be estimated (Figure 1.5.D). 
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Figure 1.5. Principle of mass photometry.  
A) A laser (incident light) directs light through a binding surface (glass slide) at a sample in solution. 
Light is reflected by the glass slide and scattered by binding molecules. B) The interference between 
reflected and scattered light is measured and visualised via ratiometric imaging as contrast “spots" 
(indicated by blank dots with a white outline). C) Interferometric contrast is quantified and plotted as 
histograms against the number of counts (binding events). D) The mass of a protein molecule scales 
linearly with its measured interferometric contrast. Figure created in BioRender.com. 
 

 

 

Mass photometry has a limited mass range, from ~30 kDa to ~5 MDa, which makes it  

unsuitable for the study of small molecules or small molecule interactions. Another key 

limitation of mass photometry is that it relies on samples of low concentration and low 

heterogeneity. A high concentration or high heterogeneity will create a saturation of 

overlapping binding events, lowering the resolution of measured contrast. Therefore, mass 

photometry is generally not applicable for studying low affinity interactions or samples of poor 

purity (Kratochvíl et al., 2024; Asor et al., 2025).  
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For mass photometry analysis of MPs, this presents an advantage of using SMA over 

detergents. Detergent samples typically have a high concentration of micelles, due to the 

necessity of maintaining detergent concentrations above the CMC. This can create imaging 

over-saturation, making it very difficult to detect binding events for the protein of interest. MPs 

solubilised in detergent can be diluted away from detergent for analysis, but this can result in 

immediate deformation and aggregation. By comparison, SMA solubilisation creates 

individually stable particles, with excess SMA typically being removed during MP-SMALP 

purification. Mass photometry has previously shown promise with analysis of MPs, estimating 

mass and determining heterogeneity of MPs in various membrane mimetic complexes, 

including MP-SMALPs (Olerinyova et al., 2021; Young et al., 2024). For example, Olerinyova 

et al. used SMA to solubilise and purify the KcsA potassium channel tetramer expressed in E. 

coli. Mass photometry analysis revealed that the predominant KcsA-SMALP size observed 

was likely to contain a dimer of KcsA homo-tetramers, based on estimated protein-to-lipid 

ratios. Mass photometry has also been used for tracking membrane associated proteins on 

supported lipid bilayers (Foley et al., 2021). 

 

For mass photometry analysis of MP-SMALPs and other membrane mimetic complexes, it is 

important to consider that calibration would most likely be performed with soluble protein 

standards. Soluble protein calibrants don’t represent the heterogenous complexity of particles 

such as MP-SMALPs, that contain a combination of protein, lipids, and SMA. The light 

scattering properties of MP-SMALP complexes could vary from that of soluble proteins, which 

could result in inaccurate mass estimates for the whole particle. 
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1.6. Project aim and objectives 
 

Although AQP4 structure has been well characterised after detergent solubilisation (Ho et al., 

2009; Gupta et al., 2025), it has not been investigated in a purified form with a native annulus 

of lipid. The loss of these associated lipids with detergent solubilisation may have an impact 

on the observed structure. Palmitoylation state of M1 AQP4 appears to play a key role in OAP 

prevention (Suzuki et al., 2008; Carder et al., 2024). The native lipid may have an influence 

on association of the M1 isoform N-terminus to the lipid membrane, preventing tetramer 

association. An expression system and purification strategy that allows purification of AQP4 

tetramers and higher-order oligomers, within a native annulus of lipid, could be crucial for 

investigating these molecular interactions. 

 

Many questions also remain about the exact physiological roles of AQP4 OAPs and the 

influence of NMO Ab binding on their dynamics (Nagelhus and Ottersen, 2013; Verkman et 

al., 2013; Salman et al., 2022). A model system with accessible manipulation strategies would 

be incredibly valuable for investigating AQP4 tetramers and OAPs in the context of NMOSD. 

 

Therefore, the aim of this project was to determine if AQP4 tetramers and higher-order 

oligomers (OAPs) could be captured and characterised in SMALPs from the P. pastoris 

membrane. This could be the basis for a future model in understanding AQP4 oligomerisation 

in the context of NMOSD. 

 

This project therefore had four main objectives: 

• Express and purify comparable yields of M1 and M23 AQP4 isoforms from P. pastoris. 
• Characterise the AQP4-SMALPs using mass photometry amongst other biophysical 

techniques, whilst assessing the ability of these various techniques to estimate AQP4-

SMALP mass. 
• Probe purified AQP4-SMALPs with NMO Abs to determine if key binding epitopes are 

retained. 
• Determine if P. pastoris allows formation of OAPs in the P. pastoris membrane, similar 

to mammalian expression systems, and investigate whether OAP regulation in P. 

pastoris is governed by palmitoylation. 
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2. Methods and Materials 
 

2.1. Antibodies 
 
Table 2.1. Antibodies (Abs) used for this project. 
Table shows Abs used for immunoblotting and mass photometry assays. 
 

Antibody Supplier 

Rabbit mAb anti-AQP4 IgG Abcam (ab128906) 

Rabbit mAb anti-AQP4 IgG Cell Signalling Technology (CST; #59678) 

Rabbit pAb anti-GFP IgG Abcam (ab6556) 

Mouse mAb anti-6×His IgG Takara Bio (631212) 

Mouse mAb anti-6×His IgG Invitrogen (MA1-21315) 

Human NMO Ab F3 University of Oxford 

Human NMO Ab D3 University of Oxford 

Human NMO Ab F2 University of Oxford 

HRP-linked Ab anti-rabbit IgG Cell Signalling Technology (CST; #7074) 

HRP-linked Ab anti-mouse IgG Cell Signalling Technology (CST; #7076) 

HRP-linked Ab anti-human IgG Cell Signalling Technology (CST; #32935) 

 

NMO Abs were kindly provided by Professor Sarosh R Irani’s research group, Nuffield 

Department of Clinical Neurosciences, University of Oxford. They were prepared as described 

by Damato et al., 2022, and Sun et al., 2025. The Abs are identified as F3, D3, and F2, 

referring to well numbers in which cells were cultured and identified for production of AQP4 

(NMO) IgGs. 

 

2.2. Plasmid constructs and P. pastoris clones 
 

Genes encoding hAQP4 isoforms M1 and M23 had been previously cloned into pPICZ plasmid 

vectors by our research group. The resultant protein constructs included a recombinant 6× 

His-tag on the AQP4 C-terminus. Both plasmid constructs had been transfected into the E. 

coli DH10B strain and stored as glycerol stocks (-80 °C). The M1 AQP4 plasmid construct had 

been transformed into the GS115 strain of P. pastoris and established for expression and 

purification of M1 AQP4 by Drs Phil Kitchen and Lucas Unger of our research group. The M23 

AQP4 plasmid construct had been transformed into the X33 strain of P. pastoris, but this clone 

had not yet been characterised. An adenosine A2A receptor (A2AR) P. pastoris clone was also 

available in our library. This clone was optimised for expression and purification of A2AR by Dr 

Zharain Bawa (Bawa, 2014). 
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Figure 2.1. pPICZ plasmid expression vectors for recombinant expression of hAQP4.  
Plasmid construct maps of M1 (A) and M23 (B) hAQP4 isoforms cloned into pPICZA plasmids for 
recombinant expression of hAQP4 in P. pastoris. Features clockwise from the plasmid origin: origin of 
replication, MeOH inducible AOX1 promotor, human M1/M23 AQP4 genes cloned into the plasmid 
multiple cloning site also containing the sequence encoding a recombinant 6× His-tag, AOX1 terminator 
region, the TEF1 and EM7 promoter regions, the Sh ble (BleoR) gene for zeocin resistance, and the 
CYC1 terminator region. The restriction site for the PmeI restriction enzyme is also shown. Both the M1 
and M23 AQP4 plasmid constructs were sequenced by PlasmidsNG (Birmingham, UK). Plasmid maps 
were generated in SnapGene software (www.snapgene.com). 
 

 

A

B
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2.3. Plasmid preparation and P. pastoris transformation 
 

2.3.1. Plasmid amplification and purification 

 

Glycerol stocks of E. coli DH10B transfected with the recombinant pPICZ-hAQP4-M23 

plasmid were streaked onto plates of lysogeny broth (LB) agar (20 g/L LB low salt powder 

(Sigma-Aldrich), 15 g/L agar) supplemented with 100 µg/mL zeocin (Gibco, Thermo Fisher 

Scientific). Plates were incubated for 24 h at 37 °C. Single colonies were picked and used to 

inoculate starter cultures of 5 mL LB medium (20 g/L LB low salt powder (Sigma-Aldrich)) 

supplemented with 100 µg/mL zeocin in 50 mL conical centrifuge tubes. Starter cultures were 

grown for 6 h (37 °C, 220 rpm). The 5 mL starter culture was then used to inoculate 200 mL 

of fresh LB medium supplemented with 100 µg/mL zeocin in a 2L round-bottom flask, and this 

culture was incubated overnight (37 °C, 220 rpm). Cells were harvested by centrifugation 

(4,000 × g, 10 min, RT). 

 

Plasmids were purified using a plasmid maxiprep kit (PureLink HiPure, Invitrogen). HiPure 

Maxi columns were equilibrated with 30 mL equilibration buffer. E. coli cell pellets from 200 mL 

of culture were resuspended in 10 mL resuspension buffer with RNase A. 10 mL lysis buffer 

was added and incubated for 5 min at RT. 10 mL precipitation buffer was added and the 

mixture was centrifuged (4,000 × g, 10 min, RT). The supernatant was loaded onto the 

equilibrated HiPure Maxi column, and the column was washed with 60 mL wash buffer. 

Plasmid DNA was then eluted with 15 mL elution buffer. To precipitate the DNA, 10.5 mL 100% 

isopropanol was added to the elution and the mixture was centrifuged (4,000 × g, 30 min, 4 

°C). The DNA pellet was resuspended in 5 mL 70% EtOH and centrifuged (4,000 × g, 10 min, 

4 °C). The DNA pellet was then air-dried (~15 min) and resuspended in 250 µL TE Buffer. DNA 

concentration was estimated using a NanoDrop 2000c Spectrophotometer (Thermo Scientific) 

and the plasmid was stored at -20 °C. 

 

2.3.2. Chemical transformation of P. pastoris 

 

Chemical transformation of P. pastoris with LiCl was performed using an adapted protocol 

from Kumar, Mannil and Mutturi, 2020 (Kumar, Mannil and Mutturi, 2020). 
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2.3.2.1. Plasmid linearisation 

 

Purified plasmid DNA was linearised using PmeI with rCutSmart buffer (R0560, New England 

Biolabs) targeting the plasmid PmeI restriction site. Per 10 µg of plasmid, 50 units of PmeI 

were used for the linearisation reaction. A non-linearisation control reaction was also 

performed without PmeI (plasmid DNA and rCutSmart buffer only). Linearisation reactions 

were done in a thermal cycler (MultiGene OptiMax, Labnet) – linearisation reaction (1 h, 37 

°C), followed by inactivation (20 min, 65 °C). Linearised plasmid DNA was stored at 4 °C until 

use for the transformation procedure. 

 

For further purification of linearised plasmid DNA, an adapted protocol for a gel-extraction kit 

was used (QIAquick Gel Extraction Kit, Qiagen). 150 µL Buffer QG (pH ≤ 7.5) was added to 

50 µL of linearised plasmid DNA (equal to 10 µg). 50 µL of 100% isopropanol was then added 

to the sample and mixed. Samples were added to QIAquick spin columns and centrifuged for 

1 min (18,000 × g, 4 °C). The column was washed with 750 μL of Buffer PE and further 

centrifugation (1 min, 18,000 × g, 4 °C). Bound DNA was eluted with 50 μL of Buffer EB (10 

mM Tris-HCl, pH 8.5) by incubating the spin column for 1 min, followed by centrifugation (1 

min, 18,000 × g, 4 °C). The linearised and purified plasmid DNA was stored at 4 °C until use 

for the transformation procedure. 

 

2.3.2.2. LiCl transformation of P. pastoris 

 

Wild-type (WT) P. pastoris (GS115 strain) was streaked from glycerol stocks onto YPD agar 

plates (no antibiotic) and incubated to develop single colonies (Section 2.4.1). Single colonies 

were used to inoculate 5 mL YPD medium (20 g/L peptone, 10g g/L yeast extract, 20 g/L 

dextrose) in 50 mL conical centrifuge tubes and this was incubated overnight (30 °C, 200 rpm). 

The overnight cultures were resuspended to optical density (OD600) = 0.1 in 50 mL fresh YPD 

medium in 500 mL shake flasks. This culture was incubated (30 °C, 200 rpm) and grown to 

OD600 in the range of 0.8 – 1.0 (approx. 5 – 7 h). The cell pellet was harvested by centrifugation 

(1,500 × g, 10 min, RT) and washed 3 times with sterile dH2O by resuspension and further 

centrifugation. Cell pellets were then washed and resuspended in 1 mL 1 M LiCl and incubated 

for 1h (30 °C, gentle mixing) to generate competent cells. Cells were then centrifuged (1,500 

× g, 10 min, RT) and resuspended in 400 µL of 1 M LiCl. 50 µL of this resuspension were used 

per transformation condition. Per 50 µL resuspension, cells were pelleted (1,500 × g, 10 min, 

RT), and the following was added to the obtained pellets: 240 μL of 50% w/v polyethylene 

glycol (MW 3015-3685); 36 μL of 1 M LiCl; 25 μL of 2 mg/mL boiled salmon-sperm DNA; and 
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50 μL (equal to 10 μg) of plasmid DNA. The mixture was vortexed and incubated for 30 min 

(30 °C, gentle mixing). After incubation, the transformation cultures were heat shocked (30 

min, 42 °C). Cells were pelleted (4000 × g, 10 min, RT) and resuspended in 1 mL YPD medium. 

YPD transformation cultures were then incubated for 2 – 4 h (30 °C, 200 rpm). 100 µL of the 

YPD cultures were spread onto YPD agar plates supplemented with 100 µg/mL zeocin (Gibco, 

Thermo Fisher Scientific). Cultures were also streaked onto control YPD agar plates 

containing no antibiotic to confirm cell survival. Plates were incubated for ~4 days at 30 °C to 

develop colonies. Colonies from plates with zeocin selective pressure were picked at random 

and made into glycerol stocks (Section 2.4.2). Prior to freezing, glycerol stocks were streaked 

onto YPD agar plates supplemented with 500 µg/mL zeocin for initial expression screening of 

the recombinant plasmid. 

 

2.4. P. pastoris cell culture 
 

2.4.1. Growth of P. pastoris on YPD agar plates 

 

YPD agar (20 g/L peptone, 10g g/L yeast extract, 20 g/L dextrose, 15 g/L agar) plates were 

streaked with P. pastoris glycerol stocks of the desired clone. Plates were typically incubated 

for ~3 days at 30 °C to develop single colonies. 

 

For growth of P. pastoris clones transformed with recombinant plasmids carrying the BeoR 

gene, YPD agar was supplemented with 100 µg/mL of zeocin (Gibco, Thermo Fisher 

Scientific), unless stated otherwise. 

 

2.4.1.1. Plate colony counting 

 

YPD agar plate colonies were counted using ImageJ (Fiji). Image area was cropped to the 

plate (excluding the plate edges). The threshold was adjusted to highlight the colonies and 

watershed was applied. Analyse Particles was used to provide a colony count. Circularity was 

adjusted to avoid background objects and particle size was adjusted to fit the smallest colonies 

without introducing background noise. 

 

2.4.2. P. pastoris glycerol stock preparation 

 

Glycerol stocks were prepared for long-term storage of P. pastoris clones transformed with 

recombinant pPICZ plasmids carrying the BleoR gene for zeocin resistance.  
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Single P. pastoris colonies were picked from YPD agar plates and grown in 5 mL YPD medium 

(20 g/L peptone, 10 g/L yeast extract, 20 g/L dextrose) supplemented with 100 µg/mL zeocin. 

Cultures were incubated overnight (~16 h, 30 °C, 200 rpm). 500 µL of the overnight YPD 

cultures was mixed with 500 µL of 30% v/v sterile glycerol in cryovials. Glycerol stocks were 

stored at -80 °C. 

 

2.4.3. Small-scale growth and induction of P. pastoris 

 

Starter cultures were prepared in 50 mL conical centrifuge tubes containing 5 mL buffered 

glycerol-complex medium (BMGY; 20 g/L peptone, 10 g/L yeast extract, 100 mM potassium 

phosphate buffer pH 6, 6.7 g/L yeast nitrogen base, 0.4 mg/L biotin, 0.5% v/v glycerol) 

supplemented with 100 µg/mL zeocin (Gibco, Thermo Fisher Scientific). For each starter 

culture, the medium was inoculated with a single colony of the desired P. pastoris clone picked 

from a YPD agar plate. Starter cultures were incubated for 24 h (30 °C, 200 rpm), followed by 

resuspension at OD600 = 1 in 5 mL buffered methanol-complex medium (BMMY; 20 g/L 

peptone, 10 g/L yeast extract, 100 mM potassium phosphate buffer pH 6, 6.7 g/L yeast 

nitrogen base, 0.4 mg/L biotin, 0.5% v/v MeOH) in 50 mL conical centrifuge tubes. BMMY 

cultures were incubated for 48 h (30 °C, 200 rpm) with supplementation of 1% v/v MeOH at 

the midpoint (after 24 h). Cells were harvested by centrifugation (4,000 × g, 10 min). Cell 

pellets were either stored at -80 °C or resuspended and broken immediately.  

 

Small-scale cultures were also prepared as 25 mL cultures. In this case, starter cultures were 

prepared as described, followed by resuspension at OD600 = 1 in 25 mL BMMY medium in 250 

mL baffled shake flasks. Other culture conditions and cell harvesting remained the same. 

 

2.4.4. Large-scale growth and induction of P. pastoris in shake flasks 

 

Starter cultures were prepared in 500 mL baffled shake flasks containing 50 mL BMGY 

medium (20 g/L peptone, 10 g/L yeast extract, 100 mM potassium phosphate buffer pH 6, 6.7 

g/L yeast nitrogen base, 0.4 mg/L biotin, 0.5% v/v glycerol) supplemented with 100 µg/mL 

zeocin (Gibco, Thermo Fisher Scientific). For each starter culture, the medium was inoculated 

with a single colony of the desired P. pastoris clone picked from a YPD agar plate. Starter 

cultures were incubated for 24 h (30 °C, 200 rpm). 5 mL of the starter culture was then used 

to inoculate 250 mL BMGY medium in a 2.5 L shake-flask and this was incubated for 24 h (30 

°C, 200 rpm). This culture was then resuspended at OD600 = 1 in 250 mL BMMY medium (20 
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g/L peptone, 10 g/L yeast extract, 100 mM potassium phosphate buffer pH 6, 6.7 g/L yeast 

nitrogen base, 0.4 mg/L biotin, 0.5% v/v MeOH) in 2.5 L baffled shake flasks. At this stage, 

cultures were scaled up to the volume required by using multiple flasks of 250 mL BMMY 

medium. BMMY cultures were incubated for 48 h (30 °C, 200 rpm) with supplementation of 

1% v/v MeOH at the midpoint (after 24 h). Cells were harvested by centrifugation (4,000 × g, 

20 min). Cell pellets were either stored at -80 °C or resuspended and broken immediately. 

 

2.4.5. Large-scale growth and induction of P. pastoris in bioreactors 

 

2 L bioreactor vessels (Applikon) were used for P. pastoris cultures. The Applikon ez-Control 

controller was used to automatically monitor and adjust culture conditions. Temperature was 

measured using the controller thermometer probe. pH was measured using an AppliSens pH 

probe. Dissolved oxygen (DO) was measured using an Applisens dO2 probe. Off-gasses were 

measured using a GasX GXA gas analyser. OD was measured with a Buglab BE 2100 

biomass monitor. The Lucullus PIMS (3.7.2) data logger software was used to monitor culture 

conditions and create bioreactor profiles. Bioreactor profiles were exported from the Lucullus 

software and additional culture phase annotations were added manually.  

 

2.4.5.1. Bioreactor vessel setup and equilibration 

 

2 L bioreactor vessels were set up with: tubing with a 0.2 µm filter for the gas inlet; an 

autoclavable pH probe, calibrated prior to setup; an autoclavable DO probe (and polarising 

unit for autoclaving); a condenser and output tubing with a 0.2 µm filter for the gas analyser; 

feeding tubes for acid, base, and glycerol / MeOH; and an injection port. A sampling bottle and 

tubing were also attached to the vessel sampling port. After autoclave sterilisation, 1 L BMGY 

medium (20 g/L peptone, 10 g/L yeast extract, 100 mM potassium phosphate buffer pH 6, 6.7 

g/L yeast nitrogen base, 0.4 mg/L biotin, 0.5% v/v glycerol) was funnelled into the vessel. A 

temperature probe was inserted into the vessel thermowell, and the controller was set to 

maintain temperature at 30 °C using a circulating water jacket. Acid (50% phosphoric acid) 

and base (28% ammonium hydroxide) lines were connected to the vessel through the 

controller peristaltic pumps. Stirrer speed was set to 700 rpm and gas flow (air) was set to 1.5 

L/min. The controller was then set to maintain pH 6. A biomass monitor was attached to the 

outside of the vessel and OD was set to baseline (OD600 = 0). BMGY medium was 

supplemented with 50 µg/mL chloramphenicol (via the vessel injection port) to prevent 

contamination prior to inoculation. The vessel was allowed to equilibrate (~ 3 h) before 
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calibrating the DO sensor to 100%. The controller was set to maintain DO above 30% by 

adjusting gas flow and stirrer speed.  

 

2.4.5.2. Inoculation, growth and induction 

 

Starter cultures were prepared in 500 mL baffled shake flasks containing 50 mL BMGY 

medium supplemented with 100 µg/mL zeocin (Gibco, Thermo Fisher Scientific). Medium was 

inoculated with a single colony of the desired P. pastoris clone picked from a YPD agar plate. 

Starter cultures were incubated for 24 h (30 °C, 200 rpm). 3 mL of the starter culture was then 

used to inoculate the bioreactor BMGY medium through the injection port. 1 mL of antifoam 

(Antifoam C emulsion, Sigma-Aldrich) was added to the vessel via the injection port alongside 

inoculation. After batch phase glycerol from the starting medium had been used up (indicated 

by a small DO spike), a glycerol fed-batch (50% v/v glycerol, 6.7 g/L yeast nitrogen base) was 

provided at 14 mL L-1 h-1 for 4 h via peristaltic pump. Cultures were then grown and starved 

until all fed-batch phase glycerol had been used up (indicated by a large DO spike). Cultures 

were then induced by MeOH feed (50% v/v MeOH) provided at 4.8 mL L-1 h-1 for 48 h via 

peristaltic pump. During growth and induction, 500 µL injections of antifoam were added if the 

culture foam level was approaching the top of the vessel. After 48 h induction, cells were 

harvested by centrifugation (4,000 ´ g, 20 min, 4 °C). Cell pellets were either stored at -80 °C 

or resuspended and broken immediately. 

 

For the induction phase of the A2AR P. pastoris clone, 2% v/v DMSO was added (via the 

injection port) and vessel temperature was lowered to 22 °C. 

 

2.4.6. Light microscopy of P. pastoris cultures 

 

If required, P. pastoris cultures were diluted. 5 µL of live culture was placed onto clean 76 x 26 

mm (1 mm thick) glass slides and covered with 22 × 22 mm coverslips (#1.5). Slides were 

observed by phase contrast light microscopy at 20× magnification using the Invitrogen EVOS 

M5000 microscope. Coverslips were discarded and slides were cleaned with 70% EtOH and 

dH2O. 
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2.5. Cell disruption and membrane fragment preparation 
 

2.5.1. P. pastoris cell disruption by glass bead homogenisation 

 

The Qiagen TissueLyser LT was used for cell disruption of P. pastoris cells from small-scale 

growth methods. 

 

Cell pellets from 5 mL of small-scale cultures (Section 2.4.3) were washed by resuspending 

in dH2O and centrifugation (4,000 × g, 10 min, 4 °C) to pellet the cells. Unless specified 

otherwise in results, cell pellets from 5 mL cultures were resuspended in 5 mL cold dH2O. Cell 
resuspensions were mixed 1:1 with 212–300 µm glass beads (Sigma-Aldrich) in 1.5 mL 

microcentrifuge tubes (typically 100 µL resuspended cells to 100 µL glass beads) with 

protease inhibitor (cOmplete cocktail tablets, Roche). The TissueLyser sample holder was pre-

cooled at -20 °C prior to breaking. Cells were broken with 1 min in the bead mill at 50 Hz, 

followed by 1 min rest on ice. This was repeated 5 times for a total of 5 minutes of cell breaking. 

Lysates were centrifuged (18,000 × g, 10 min, 4 °C) to separate glass beads and unbroken 

material, and the supernatant was collected. Lysates were either analysed immediately or 

frozen (-20 °C). 

 

For lysates to be immediately analysed by SDS-PAGE and western blot, the lysates were 

incubated with Laemmli buffer (2% w/v SDS, 5% v/v βME, 50 mM Tris-HCl pH 6.8, 10% v/v 

glycerol, 0.005% w/v bromophenol blue) for 10 min at RT prior to centrifugation. 

 

2.5.2. P. pastoris cell disruption by high-pressure homogenisation 

 

The Avestin EmulsiFlex-C3 was used for cell disruption of P. pastoris cells from large-scale 

growth methods (Section 2.4.4 and 2.4.5) 

 

Cell pellets (defrosted at 4 °C if frozen at -80 °C) were resuspended at 0.33 g/mL in cold 

breaking buffer (2 mM EDTA, 100 mM NaCl, 50 mM potassium phosphate buffer pH 7.4, 5% 

v/v glycerol, protease inhibitor (cOmplete cocktail tablets, Roche)) and cell resuspensions 

were kept on ice. The EmulsiFlex-C3 was cooled via water/ice bath with peristaltic pump and 

the lysate output chamber wrapped in ice. The system was equilibrated with cold breaking 

buffer before adding resuspended cells. Cells were pumped through the system for five cycles 

with 25,000 psi homogenising pressure. Lysates were centrifuged (4,000 × g, 10 min, 4 °C) to 

remove unbroken cells and debris. The lysate supernatant was collected and stored on ice for 
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membrane fragment preparation. 100 µL aliquots were incubated with Laemmli buffer (10 min, 

RT) for SDS-PAGE and western blotting. SDS-PAGE samples were stored at -20 °C. 

 

2.5.3. P. pastoris membrane fragment preparation 

 

P. pastoris lysates from high-pressure homogenisation (Section 2.5.2) were used for 

membrane fragment preparation. Membrane fragments were separated from the lysates by 

ultracentrifugation (150,000 × g, 90 min, 4 °C). The supernatant was separated, and the pellet 

(membrane fragment) was resuspended in membrane resuspension buffer (20 mM Tris pH 

8.0, 20 mM NaCl, 10% v/v glycerol) at a concentration of 180 mg/mL, without protease 

inhibitor. Membrane pellets were homogenised using a handheld Fisherband glass vessel and 

PTFE tissue grinder. The resuspended membranes were stored at -80 °C or used immediately 

for membrane protein (MP) solubilisation and purification. Smaller aliquots of the resuspended 

membranes were also collected and stored for solubilisation trials or incubation with Laemmli 

buffer (10 min, RT) for SDS-PAGE and western blotting. Laemmli buffer samples were stored 

at -20 °C. 

 

2.6. Membrane protein (MP) solubilisation and purification 
 

2.6.1. SMA preparation 

 

Styrene-maleic acid copolymer (SMA) was synthesised from styrene-maleic anhydride 

(SMAnh; SMA2000, ca. 2:1 mole ratio styrene:maleic anhydride, Cray Valley) by hydrolysis 

using the autoclave method, as previously described (Rothnie, 2016; Kopf et al., 2019; 

Broadbent et al., 2022).  

 

25 g SMAnh powder was dissolved into 250 mL of 1 M NaOH. The solution was autoclaved 

(15 min, 121 °C) 3 times, being allowed to cool between each autoclave cycle. SMA was 

precipitated by addition of ~50 mL concentrated HCl. The precipitated SMA was washed 3 

times with dH2O by centrifugation (3000 × g, 10 min, RT) and resuspension. The SMA 

precipitate was then dissolved in 250 mL 0.6 M NaOH and pH corrected to pH 8. The polymer 

solution was transferred to round-bottom flasks, frozen (-20 °C), and freeze-dried to form SMA 

powder. 

 

2.6.2. SMA solubilisation of P. pastoris membranes 
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Unless stated otherwise, 1.8 g membranes were typically used for SMA solubilisation and 

purification (equal to 10 mL of membranes at 180 mg/mL). SMA was dissolved in purification 

buffer (300 mM NaCl, 20 mM Tris-HCl pH 8.0) at a concentration of 3.33% w/v to prepare 

solubilisation buffer. Solubilisation buffer was mixed 3:1 with resuspended P. pastoris 

membranes (Section 2.5.3) at a concentration of 180 mg/mL (defrosted at 4 °C if stored at -

80 °C), without protease inhibitor. This gave a final SMA concentration of 2.5% w/v and final 

membrane concentration of 45 mg/mL. The solubilisation was incubated for 1 h (RT, rolling). 

The insoluble fraction was separated by ultracentrifugation (100,000 × g, 45 min, 4 °C) and 

the soluble fraction collected for purification of MP-SMALPs. 

 

For analysis of soluble and insoluble fractions, the insoluble fraction was resuspended in a 

volume of purification buffer equal to the total solubilisation volume. Insoluble pellets were 

homogenised using a tissue grinder. Soluble and insoluble fractions were incubated with 

Laemmli buffer (2% w/v SDS, 5% v/v βME, 50 mM Tris-HCl pH 6.8, 10% v/v glycerol, 0.005% 

w/v bromophenol blue) for 10 min at RT. Laemmli buffer samples were stored at -20 °C. 

 

2.6.3. IMAC purification of MP-SMALPs 

 

Immobilised metal affinity chromatography (IMAC) purifications of SMA solubilised MPs from 

P. pastoris membranes were performed using Ni-NTA agarose resin (Qiagen) targeting the 

recombinant MP 6× His-tags. 

 

Ni-NTA agarose resin was washed with dH2O and equilibrated with purification buffer (300 mM 

NaCl, 20 mM Tris-HCl pH 8.0) via centrifugation (500 rpm, 10 min, 4 °C) and resuspension. 

Typically, 1 mL of agarose resin (2 mL of resin slurry) was used per 20 mL of sample to be 

purified. Equilibrated Ni-NTA resin was mixed with the soluble fraction obtained from SMA 

solubilisation of P. pastoris membranes (Section 2.6.2). This mixture was supplemented with 

5 mM imidazole to prevent non-specific binding. Resin was incubated with the SMA-

membrane soluble fraction overnight (rolling, 4 °C).  

 

Imidazole buffers for resin washing and elution were all prepared in purification buffer without 

protease inhibitor. Gravity-flow columns were equilibrated with purification buffer prior to use. 

The resin/sample mixture was poured through the gravity-flow column, and a sample of the 

flowthrough (FT) was collected. The resin was washed with 50× resin bed-volumes of a low 

imidazole concentration buffer, followed by 50× resin bed-volumes of a slightly higher 

imidazole concentration buffer. Samples of the imidazole washes were collected for the first 

and second resin bed-volumes. The bound proteins were eluted in 12× resin bed-volumes 



C. Browne, PhD Thesis, Aston University, 2025 50 

using a high imidazole concentration buffer. The elution was collected in 0.5× resin bed-

volume fractions (for the first 3 resin bed-volumes) for individual analysis by SDS-PAGE, or 

as one large fraction. Eluted fractions were concentrated using centrifugal concentrators 

(Vivaspin, Sartorius) with a specified MW cut-off filter. 

 

For purification of AQP4-SMALPs, the resin was washed with 25 mM imidazole, followed by a 

wash of 75 mM imidazole. Bound protein was eluted with 300 mM imidazole and elutions were 

concentrated with a MW cut-off of 100 kDa. For purification of A2AR-SMALPs, the resin was 

washed with 10 mM imidazole, followed by a wash of 20 mM imidazole. Bound protein was 

eluted with 300 mM imidazole and elutions were concentrated with a MW cut-off of 50 kDa. 

 

2.7. Electrophoresis and immunoblotting 
 

2.7.1. Agarose gel electrophoresis 

 

Plasmid DNA was analysed by agarose gel electrophoresis using Geneflow electrophoresis 

equipment. 1% w/v agarose was prepared in TAE electrophoresis buffer (Thermo Scientific) 

with DNA stain (RedSafe, Chembio) added at 1:20,000 dilution. DNA samples were prepared 

with purple gel loading dye (New England Biolabs). A DNA ladder mix (GeneRuler, Thermo 

Scientific) was used for molecular size markers.  

 

For electrophoresis, agarose gels were run in TAE buffer. Samples were loaded onto gels and 

separated at 100 V for 1 h. Gels were imaged using the G:Box UV transilluminator (Syngene). 

 

2.7.2. SDS-PAGE 

 

All SDS-PAGE polyacrylamide gels were prepared and run using Bio-Rad electrophoresis 

equipment. SDS-PAGE polyacrylamide gels were hand-cast with separating gels (375 mM 

Tris-HCl pH 8.8, 0.1% w/v SDS) of 10% or 4–16% gradient acrylamide (acrylamide/bis 

30:0.8%; National Diagnostics), and 4% acrylamide stacking gels (125 mM Tris-HCl pH 6.8, 

0.1% w/v SDS). Samples were typically incubated with Laemmli buffer (2% w/v SDS, 5% v/v 

βME, 50 mM Tris-HCl pH 6.8, 10% v/v glycerol, 0.005% w/v bromophenol blue) for 10 min at 

RT prior to loading into gel wells. A pre-stained protein ladder (PageRuler Plus, Thermo 

Scientific) was used as a molecular weight (MW) marker (10 kDa to 250 kDa) for all SDS-

PAGE and western blot analysis. 
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For electrophoresis, gels were run in Tris-glycine-SDS buffer (25 mM Tris pH 8.8, 192 mM 

glycine, 0.1% SDS). Samples were loaded onto gels and separated at 180 V for 50 min, or 

until the dye front began to run off the bottom of the gel. Gels were stained with Coomassie 

(InstantBlue, Abcam) and imaged using the Bio-Rad GelDoc Go system.  

 

2.7.3. Western blotting 

 

Western blots were transferred using Bio-Rad wet-transfer equipment. Proteins were 

transferred from gels onto PVDF membranes (0.2 μm pore size, Thermo Scientific) at 100 V 

for 1 h in cold Tris-glycine-MeOH buffer (25 mM Tris pH 8.8, 192 mM glycine, 20% v/v MeOH). 

Membranes were rinsed briefly in PBS-T (PBS, 0.1% w/v Tween 20) before blocking for 1 h at 

RT in 5% w/v skimmed milk powder in PBS-T. Membranes were washed 3 times for 10 min in 

PBS-T, followed by primary Ab (dilutions specified in results) incubation overnight at 4 °C in 

5% w/v bovine serum albumin (BSA) in PBS-T. Membranes were washed 3 times for 10 min 

in PBS-T, followed by secondary horseradish peroxidase (HRP) -conjugated Ab (dilutions 

specified in results) incubation for 1 h at RT in 5% skimmed milk powder in PBS-T. Membranes 

were washed 3 times for 10 min in PBS-T and incubated with chemiluminescent substrate 

(SuperSignal West Pico PLUS, Thermo Scientific) for 5 min at RT. Excess substrate was 

drained off the membrane, and membrane chemiluminescence was imaged using the Bio-Rad 

ChemiDoc MP imaging system. 

 

2.7.3.1. Ponceau S staining 

 

For blots probed with ponceau stain, Ponceau S was applied after transfer and prior to 

blocking. 0.1% w/v Ponceau S (Sigma-Aldrich) was dissolved in 5% acetic acid. Western blot 

membranes were rinsed once in dH2O after transfer (1 min, rocking). Membranes were 

incubated in Ponceau S solution for 5 min (rocking, RT). Membranes were destained by rinsing 

with dH2O to the desired band intensity and bands were marked with pen. Membranes were 

washed 2 times for 5 min in dH2O to completely destain before proceeding to blocking and Ab 

incubations. 

 

 2.7.3.2. Western blot stripping for re-staining 

 

For western blots to be re-probed, blots were stripped immediately after chemiluminescence 

imaging. Blots were washed 3 times for 10 min in PBS-T, followed by incubation in stripping 

buffer (1.5% w/v glycine, 0.1% w/v SDS, 1% v/v Tween 20, pH 2.2) 2 times for 10 min at RT. 
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Blots were then washed 3 times for 5 min in PBS-T, before proceeding to blocking and Ab re-

probing as described in 2.7.3. 

 

2.7.4. Densitometry analysis  

 

Densitometry of SDS-PAGE and western blots was performed using ImageJ (Fiji). 

Unprocessed images were used for quantification. The gel analyser tool was used to select 

sample lanes and lane intensity was plotted. The area of each peak, corresponding to the 

sample band intensity, was measured.  

 

2.7.4.1. Densitometry of SDS-PAGE to estimate protein concentration 

 

MP concentrations after SMA solubilisation and purification were estimated by densitometry 

analysis of SDS-PAGE alongside a BSA concentration gradient. Intensity of the BSA bands 

was used to make a concentration standard curve. The purified MP samples and BSA serial 

dilution were always run on the same SDS-PAGE gel to ensure comparative staining for 

densitometry analysis. Separate standard curves were calculated for each gel analysed. 

Purified MP concentrations were estimated by using band intensity values to interpolate from 

the BSA standard curve. 

 

2.7.4.2. Densitometry of western blots to calculate solubilisation efficiency 

 

SMA solubilisation efficiency was determined by western blot analysis of the soluble and 

insoluble fractions after SMA solubilisation and ultracentrifugation (Section 2.6.2). Intensity of 

the target MP bands in the soluble and insoluble fractions were determined by densitometry. 

Solubilisation efficiency (%) was calculated as the proportion of intensity from the soluble 

fraction out of the total sum of intensities from the soluble and insoluble fractions.  

 

2.7.5. SMA-PAGE 

 

Native PAGE for purified MP-SMALPs (SMA-PAGE) was performed using an adapted protocol 

from Pollock et al. (Pollock et al., 2019).  

 

All SMA-PAGE polyacrylamide gels were prepared and run using Bio-Rad electrophoresis 

equipment. SMA-PAGE polyacrylamide gels (375 mM Tris-HCl pH 8.8) were hand-cast with 

acrylamide (acrylamide/bis 30:0.8%; National Diagnostics) concentrations of 10% or 3–20% 
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gradient. Purified MP-SMALPs were mixed with native sample buffer (25 mM Tris-HCl pH 8.0, 

10% v/v glycerol, 0.005% w/v bromophenol blue) for loading onto gels. NativeMark unstained 

protein ladder (Invitrogen, Thermo Fisher Scientific) and BSA (0.5 mg/mL, mixed with native 

sample buffer) were used as MW markers (NativeMark, 20 kDa to 1,200 kDa; BSA, ~66 kDa). 

 

For electrophoresis, gels were run in Tris-glycine buffer (25 mM Tris pH 8.8, 192 mM glycine). 

Samples were loaded onto gels and separated at 150 V for 90 min, or until the dye front began 

to run off the bottom of the gel. Gels were stained with Coomassie (InstantBlue, Abcam) and 

imaged using the Bio-Rad GelDoc Go system.  

 

For SMA-PAGE gels to be used for immunoblotting, gels were soaked in SDS (2% w/v) prior 

to western blot transfer (instead of Coomassie staining). Blots were stained with Ponceau S 

to identify the NativeMark and BSA (Section 2.7.3.1). 

 

2.7.5.1. Mass estimation by SMA-PAGE 

 

SMA-PAGE was used to estimate mass by calculating the relative migration distances (Rf) of 

mass standard proteins. Rf = protein band distance / dye-front distance. Mass standard curves 

were determined using NativeMark. A log transform of the MW (kDa) was calculated to fit a 

linear regression line. A standard curve was calculated for each individual SMA-PAGE gel 

analysed for mass estimates. Rf values of sample bands were then interpolated to estimate 

sample mass. 

 

2.7.6. Dot blotting 

 

Dot blots for purified MP-SMALPs were performed using nitrocellulose membranes (0.45 µm 

pore size, Protran BA85, Whatman, Cytiva). 1 µL per sample was blotted as specified in 

results, and allowed to dry on the membrane for 30 min. For preparation of denatured samples, 

samples were incubated 1:1 with 2× denaturing buffer (4% w/v SDS, 10% v/v βME, 100 mM 

Tris-HCl pH 6.8) for 10 mins and 2 µL of denatured sample was blotted. Membranes were 

hydrated briefly in PBS-T (PBS, 0.1% w/v Tween 20) before blocking for 1 h at RT in 5% w/v 

skimmed milk powder in PBS-T. Membranes were washed 3 times for 10 min in PBS-T, 

followed by primary Ab (dilutions specified in results) incubation overnight at 4 °C in 5% w/v 

BSA in PBS-T. Membranes were washed 3 times for 10 min in PBS-T, followed by secondary 

HRP-conjugated Ab (dilutions specified in results) incubation for 1 h at RT in 5% skimmed milk 

powder in PBS-T. Membranes were washed 3 times for 10 min in PBS-T and incubated with 
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chemiluminescent substrate (SuperSignal West Pico PLUS, Thermo Scientific) for 5 min at 

RT. Excess substrate was drained off the membrane, and membrane chemiluminescence was 

imaged using Bio-Rad ChemiDoc MP imaging system. 

 

For blots soaked in SDS, blots were hydrated in PBS-T, followed by soaking in 2% w/v SDS 

for 10 min. Blots were rinsed 2 times in PBS-T before proceeding to blocking and Ab 

incubations. 

 

2.7.6.1. Dot blot quantification 

 

Quantification of dot blots was done in ImageJ (Fiji) with unprocessed dot blot images. The 

image background was subtracted using a rolling ball radius of 50 pixels. A circle of fixed area 

(large enough to enclose the largest sample dot) was used to measure the integrated density 

of each sample dot. For each blot, sample intensities were normalised to the sum of integrated 

densities measured for all samples on the blot. 

 

2.7.7. BN-PAGE 

 

Blue native PAGE (BN-PAGE) was performed using an adapted protocol from methods 

described previously (Crane, Bennett and Verkman, 2009; Kitchen et al., 2016). 

 

2.7.7.1. P. pastoris cell lysis 

 

P. pastoris cells were prepared by small-scale growth and induction (Section 2.4.3). P. pastoris 

cell pellets from 5 mL culture were washed in cold dH2O (resuspension and centrifugation, 

4,000 × g, 10 min, 4 °C) and resuspended in cold dH2O (volume specified in results) for lysis. 

Cells were disrupted using glass bead homogenisation (Section 2.5.1). Before centrifugation, 

cell lysates were mixed with an equal volume of cold 2× native lysis buffer (40 mM Bis-Tris, 1 

M aminocaproic acid, 40 mM NaCl, 4 mM EDTA, 20% v/v glycerol, 1% v/v Triton X-100, pH 7) 

and incubated on a spinning wheel (30 min, 10 rpm, 4 °C). Lysates were then centrifuged 

(18,000 × g, 10 min, 4 °C) to separate the glass beads. The supernatant was kept on ice or at 

4 °C until use. For freeze-thaw samples, lysates were stored at -20 °C for 1 h, followed by 

defrosting at 4 °C. 
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2.7.7.2. MDCK cell lysis 

 

Madin-Darby canine kidney (MDCK) cells were cultured and kindly provided by Drs Lucas 

Unger and Phil Kitchen of our research group. The MDCK cells were stably transfected with a 

construct of either the M1 or M23 isoform of AQP4, with a C-terminally fused green fluorescent 

protein (GFP).  

 

MDCK cells were washed on ice 3 times with cold PBS. After removing the PBS wash, cells 

were lysed with 250 µL of cold native lysis buffer (20 mM Bis-Tris, 500 mM aminocaproic acid, 

20 mM NaCl, 2 mM EDTA, 10% v/v glycerol, 0.5% v/v Triton X-100, pH 7) and incubated with 

the lysis buffer on a spinning wheel (45 min, 10 rpm, 4 °C). Lysates were then centrifuged 

(18,000 × g, 10 min, 4 °C) and the supernatant was kept on ice or at 4 °C until use. For freeze-

thaw samples, lysates were stored at -20 °C for 1 h, followed by defrosting at 4 °C. 

 

2.7.7.3. BN-PAGE 

 

Gels were cast and run using Bio-Rad electrophoresis equipment. All running buffers and gels 

were cooled before use. BN-PAGE polyacrylamide gels (50 mM Bis-Tris, 0.5 M aminocaproic 

acid, pH 7) were hand-cast with 10% or 4–8% gradient acrylamide (acrylamide/bis 30:0.8%; 

National Diagnostics) concentrations. NativeMark Unstained Protein Standard (Invitrogen, 

Thermo Fisher Scientific) and BSA (1% w/v, 10% v/v/ glycerol) were used as MW standards 

(NativeMark, 20 kDa to 1,200 kDa; BSA, ~66 kDa). 

 

For electrophoresis, gels were run in cooled tanks at 4 °C with a cathode buffer (50 mM Tricine, 

15 mM Bis-Tris, 0.02% w/v Coomassie Brilliant Blue G-250, pH 7) in the inner/upper reservoir 

and anode buffer (50 mM Bis-Tris, pH 7) in the outer/lower reservoir. Samples were loaded 

onto gels and separated at 100 V for 15 min, followed by 180 V for 1 h 45 min. 

 

Gels were destained 3 times for 10 mins (rocking, RT) in Coomassie destain solution (10% 

v/v acetic acid, 40% v/v MeOH). Gels were then soaked in SDS (1% w/v SDS, 50 mM Tris-

HCl, 150 mM NaCl, pH 7.4) for 30 min (rocking, RT). Gels were transferred by western blot 

onto PVDF membranes (Section 2.7.3). Approximate band positions for NativeMark and BSA 

were marked with pen. Membranes were probed with Abs as described in Section 2.7.3 and 

6.1.  
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2.8. Biophysical techniques 
 

2.8.1. SEC 

 

Size-exclusion chromatography (SEC) for further purification after IMAC was performed using 

the ÄKTA pure (Cytiva) with either the Superdex 200 Increase 10/300 GL or Superose 6 

Increase 10/300 GL columns (Cytiva). 

 

SEC columns were flushed with 2× column volumes of dH2O, followed by equilibration with 2× 

column volumes of purification buffer (300 mM NaCl, 20 mM Tris-HCl pH 8.0). Affinity purified 

MP-SMALPs were concentrated to 500 µL after IMAC purification (Section 2.6.3) and inserted 

into the ÄKTA via the injection valve. Samples were flowed through the column with 28 mL of 

purification buffer (without protease inhibitor) at 0.5 mL/min. Column output was fractionated 

as 200 µL fractions into 96 deep-well plates. The UV monitor was set to monitor wavelength 

at 260 nm and 280 nm for SMA and protein, respectively. Typically, 600 µL samples were 

collected (from three fractions) for each corresponding identified peak in the SEC UV trace. 

 

2.8.1.1. Mass estimation by SEC 

 

SEC was used to estimate mass by identifying retention volumes of mass standards. A SEC 

protein standard mix (15 – 600 kDa; Supelco, MilliporeSigma) was run through the Superose 

6 column. Retention values were determined by finding the apex of the SEC UV trace peak 

for the corresponding protein. A function in Excel was used to find the maximum milli-

absorbance unit (mAU) value (and corresponding retention volume) in a range of retention 

values covering the peak of interest. Retention volumes were used to generate a mass 

standard curve. A log transform of the MW (kDa) was calculated in order to fit a linear 

regression line. Retention values of samples were then interpolated to estimate sample mass. 

 

2.8.2. Mass photometry 

 

Mass photometry analysis was performed using the TwoMP instrument (Refeyn). AquireMP 

(AMP; Refeyn) software was used for instrument control, sample measurement, and 

measurement recordings. Sample recording data was analysed using DiscoverMP (DMP; 

Refeyn). Mass calibrations were performed using either NativeMark (Invitrogen, Thermo 

Fisher Scientific) or MS1000. MS1000 (Dyn1-deltaPRD) was expressed and purified by Dr 

Manish S. Kushwah, Aston University, using the protocol described by Foley et al., 2021 (Foley 
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et al., 2021). Mass calibrants were generally recorded and analysed prior to sample 

measurements. Mass calibrations were routinely performed before each data acquisition 

session. Purification buffer (300 mM NaCl, 20 mM Tris-HCl pH 8.0) was used as a diluent for 

all samples. Sample pre-dilutions were usually prepared in RT purification buffer to equilibrate 

sample temperature. For Ab incubation samples, Abs were incubated with the target protein 

for 10 min at RT prior to mass photometry analysis. Incubation concentrations are detailed in 

results. 

 

2.8.2.1. Slide and sample cassette preparation 

 

24 × 50 mm cover glasses (#1.5H, Marienfeld Superior) were used as sample carrier slides.  

Slides were cleaned by washing in 100% isopropanol followed by dH2O. This was followed by 

a second wash in fresh solutions of the same. Slides were dried under a stream of air through 

a 0.2 µm filter and stored in a dust-free environment. Slides were discarded after use. 6-well 

sample cassettes (Refeyn) were either used fresh or cleaned as described for the slides and 

re-used. 

 

2.8.2.2. Sample measurements 

 

The TwoMP instrument was turned on ~1 h prior to use for thermal equilibration of the laser. 

Cassettes were applied to sample-carrier slides using the MP alignment tool (Refeyn). 

Immersion oil was placed on the instrument objective and slides were positioned onto the 

instrument stage, held in place using the supplied magnets. For normal measurement 

procedure, droplets (≥ 15 µL) of purification buffer were pipetted into cassette wells, the 

objective focus was found automatically by AMP software, and samples were droplet-diluted 

into the purification buffer in the cassette well to give a final volume of 20 µL. Volume and 

dilution for each measurement varied depending on the desired final concentration. Optimal 

sample concentrations and dilutions were determined so that there were not too many or too 

few detected events (counts). AMP was used to measure samples over the regular field of 

view. Binding events (counts) and contrast were recorded for 1 min. Recordings were captured 

with native and ratiometric imaging. 

 

2.8.2.3. Data analysis 

 

DMP was used to analyse sample data and produce histograms. Histograms of event counts 

(from ratiometric images) were plotted against measured contrast automatically. For 
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calibrants, histogram peaks were identified and selected for automatic Gaussian distribution 

fitting by the DMP software. Pre-defined calibrant masses were assigned to the identified 

peaks corresponding to each mass. Mass standard curves and curve-fit accuracy values were 

then calculated automatically by the DMP software. The mass calibration was then applied to 

the desired samples. Sample histogram peaks were identified and selected for automatic 

Gaussian distribution fitting. A bin width of 5.5 kDa was used as default for mass histograms. 

Gaussian distribution means were interpreted as mass estimates. For histograms with 

normalised counts, normalisation was calculated automatically by the software – the number 

of counts in each histogram bin are divided by the total number of counts (events) recorded 

for the sample. Gaussian distributions were not typically fitted to far-left peaks below 30 kDa, 

as this is below the mass photometry detection limit and represented low MW noise. 

 

2.8.3. Flow-induced dispersion analysis (FIDA) 

 

Flow-induced dispersion analysis (FIDA) was performed on the FIDA 1 instrument (Fidabio) 

using a standard uncoated capillary of 75 µm inner diameter and total length of 1 m. Samples 

and purification buffer (300 mM NaCl, 20 mM Tris-HCl pH 8.0) were loaded in vials into the 

autosampler and kept at 4 °C. The capillary was washed with dH2O (1,500 mbar, 180 s) and 

then equilibrated with purification buffer (1,500 mbar, 180 s). The samples were injected into 

the capillary at 50 mbar for 10 s and then run through the capillary with purification buffer at 

400 mbar for 3 min at RT. Fluorescence was monitored at 280 nm. The capillary was washed 

with 1 M NaOH followed by dH2O (1,500 mbar, 300 s) at the end of each run. Samples were 

typically run as three technical replicates. The data was analysed on the Fidabio data analysis 

software to estimate hydrodynamic radius (Rh) and polydispersity index (PDI). 

 

2.9. Biochemical assays 
 

2.9.1. CPM thermal shift assay 

 

Thiol reactive coumarin dye (CPM; 7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin; 

Invitrogen) was used for the protein thermal shift assay. The CPM assay protocol described 

here was based on similar CPM assays described previously (Alexandrov et al., 2008; 

Sampson et al., 2021). 
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2.9.1.1. CPM assay and fluorescence measurements 

 

CPM (from a stock solution of 5 mg/mL in DMSO, stored at -80 °C) was prepared in purification 

buffer (300 mM NaCl, 20 mM Tris-HCl pH 8.0) at a concentration of 36 µg/mL. 225 µL purified 

protein (50 µg/mL) was mixed with 25 µL of the CPM solution (to give final CPM concentration 

of 3.6 µg/mL) and mixed thoroughly by vortex. Replicates of 50 µL per reaction were 

transferred into qPCR plates (BrightWhite, Primerdesign) and plates were covered with an 

optical adhesive seal. Assay fluorescence with increasing temperature was measured with the 

LightCycler 480 (Roche) instrument. Plates were equilibrated to 20 °C in the LightCycler 

instrument, followed by temperature increase to 99 °C at a rate of 3.6 °C/min. Fluorescence 

was monitored during the temperature increase using the SYBR Green filter (Ex 465 nm / Em 

510 nm). 

 

2.9.1.2. Data processing 

 

Fluorescence values for three replicates per sample were first processed in Microsoft Excel. 

The mean fluorescence for a CPM only (no protein) control was used as a baseline subtraction 

to calculate corrected fluorescence values for the purified protein samples. Fluorescence was 

normalised by using the average of values from 20.06 °C to 20.97 °C as the minimum (0), and 

the average of values from 97.84 °C to 98.76 °C as the maximum (1). Prism (ver. 10, 

GraphPad) was used for further data processing. The first derivative of the normalised data 

was calculated with 2nd order smoothing (30 neighbours). A Lorentzian curve was fitted to the 

first derivatives (up to x = 97.5 °C), with the curve centre being used to determine the melting 

point (Tm). 

 

2.9.2. Bradford assay for protein concentration  

 

Bradford assays to estimate protein concentration were performed using Bradford Plus Protein 

Assay Reagent (Pierce, Thermo Scientific). BSA was used as a concentration standard in 

serial dilution. Three replicates of each BSA concentration and sample were used per assay. 

Per 10 µL of buffer blank, BSA, or sample, 300 µL of Bradford reagent was added, mixed, and 

allowed to incubate for 10 min at RT. Absorbance was measured at 595 nm with the FLUOstar 

Omega plate reader (BMG Labtech). The average blank measurement was subtracted from 

averages of all other samples and the BSA measurements were used to make a concentration 

standard curve. Sample concentrations were estimated by interpolating from the BSA 

standard curve.  
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2.9.3. Acyl-biotinyl exchange (ABE) assay 

 

The acyl-biotinyl exchange (ABE) assay described here was adapted from the protocol 

described by Lei et al. (Lei et al., 2021). 

 

2.9.3.1. P. pastoris cell lysis 

 

P. pastoris cells were prepared by small-scale growth and induction (Section 2.4.3). P. pastoris 

cell pellets from 5 mL of culture were washed in cold dH2O (resuspension and centrifugation, 

4,000 × g, 10 min, 4 °C). Washed pellets were resuspended in 1 mL cold lysis buffer (5 mM 

EDTA, PBS, protease inhibitor (cOmplete cocktail tablets, Roche)). Resuspended cells were 

broken by glass bead homogenisation (Section 2.5.1). Lysates were centrifuged (5,000 × g, 5 

min, 4 °C) and the supernatant collected. A Bradford assay (Section 2.9.2) was used to 

determine lysate protein concentration. Lysate equal to 1 mg of protein was diluted to 600 µL 

in lysis buffer with the addition of 1% v/v Triton X-100 and 25 mM N-ethylmaleimide (NEM). 

Samples were incubated on a spinning wheel (30 min, 10 rpm, 4 °C) and then diluted to 1 mL 

in buffer B1 (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 5 mM EDTA) containing protease inhibitor. 

 

2.9.3.2. Precipitation and thiol blocking 

 

Protein was precipitated by chloroform-methanol (TCM-MeOH) precipitation. TCM-MeOH 

precipitations were performed as follows: 4 mL of MeOH was added the samples and vortexed, 

1.5 mL TCM was added to the samples and vortexed, 3 mL of dH2O was added to the samples 

and vortexed. Samples were centrifuged (4,000 × g, 15 min, 4 °C) to separate the phases and 

form the protein precipitate interphase. The top phase (dH2O and MeOH) was discarded. 3 

mL MeOH was added and vortexed. Samples were centrifuged (4,000 × g, 15 min, 4 °C) to 

pellet the protein precipitate. The supernatant (MeOH and TCM) was discarded and the pellet 

was allowed to air dry (~ 10 min). 

 

The protein precipitate was dissolved (37 °C, 10 min) in 200 µL buffer B2 (4% SDS, 50 mM 

Tris-HCl pH 7.4, 5 mM EDTA), followed by dilution to 1 mL with buffer B1 containing protease 

inhibitor, and addition of 10 mM NEM. Samples were incubated (16 h, 4 °C), followed by four 

repeats of TCM-MeOH precipitation to remove excess NEM. The protein precipitate was air 

dried (~10 min) and dissolved (37 °C, 10 min) in 450 µL buffer B2. 
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2.9.3.3. Cleavage of palmitoylation and biotinylation 

 

50 µL of sample was retained as an assay input. The remaining was split into – and + 

hydroxylamine (HA) conditions. 200 µL was incubated (2 h, RT, gentle mixing) with 800 µL 

+HA-buffer (0.7 M HA-HCl pH 7, 1 mM HPDP-biotin (EZ-Link, Thermo Scientific), 0.2% v/v 

Triton X-100, PBS, protease inhibitor) and the other 200 µL was incubated (2 h, RT, gentle 

mixing) with -HA-buffer (1 mM HPDP-biotin (EZ-Link, Thermo Scientific), 0.2% v/v Triton X-

100, PBS, 50 mM Tris-HCl pH 7.4, protease inhibitor). Four repeats of TCM-MeOH 

precipitation were then used to remove excess HPDP-biotin. The protein precipitate was air 

dried (~10 min), dissolved (37 °C, 10 min) in 100 µL buffer B3 (2% SDS, 50 mM Tris-HCl pH 

7.4, 5 mM EDTA), and diluted to 1 mL with buffer B1. 

 

2.9.3.4. Streptavidin binding 

 

Samples were incubated (2 h, RT, gentle mixing) with 50 µL (100 µL slurry) of high-capacity 

streptavidin agarose resin (Pierce, Thermo Scientific). Resin was pelleted by centrifugation 

(2,500 × g, 2 min) and the unbound fraction (FT) collected. The resin was washed 5 times by 

resuspension in wash buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 0.1% Triton X-100, 5 mM 

EDTA) and centrifugation (2,500 × g, 2 min). Bound proteins were eluted by incubation (15 

min, RT) in elution buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 5 mM EDTA, Laemmli buffer 

(2% w/v SDS, 5% v/v βME, 50 mM Tris-HCl pH 6.8, 10% v/v glycerol, 0.005% w/v 

bromophenol blue)), separated from the resin by centrifugation (2,500 × g, 2 min), and 

supernatant collected. Samples were stored at -20 °C before analysis by 4–16% gradient 

SDS-PAGE and western blotting. 

 

2.10. Statistical analysis 
 

All statistical analysis was performed in Prism (ver. 10, GraphPad). The number of replicates 

(n = replicate number) is indicated in the figure legend for the relevant analyses. The chosen 

statistical test is also indicated with a p-value legend (ns – p > 0.05 (not significant), *p ≤ 0.05; 

**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). 

 

Where statistical tests have been performed, parametric statistical tests were chosen for all 

data sets. Normality was assumed as data was not clearly skewed (non-normal). The lower 

statistical power of non-parametric tests at low values of n was also considered.  
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3. Expression and purification of M1 and M23 AQP4 isoforms 

using Pichia pastoris as a recombinant expression host 
 

Differences between the AQP4 M1 and M23 isoforms are well understood, and their behaviour 

has been characterised in whole cells. The ability to purify MPs with solubilisation tools such 

as SMA offers a different perspective. Characterising proteins in a purified form allows 

investigation away from other in vivo components and offers a deeper understanding of 

structural roles independent of the whole cell. 

 

Before purification and characterisation, it is first necessary to express proteins to a 

reasonable level using a suitable recombinant expression system that allows purification to a 

sufficient yield. As previously discussed, P. pastoris is an excellent expression system for the 

production of recombinant human proteins. AQP4 has previously been successfully expressed 

in P. pastoris (Ho et al., 2009). As P. pastoris is a eukaryotic organism, using it as a 

recombinant expression system can increase the likelihood of replicating protein folding and 

post-translational modifications similar to mammalian expression systems (Daly and Hearn, 

2005; Karbalaei, Rezaee and Farsiani, 2020). This is desirable for this project, as a key 

functional difference between the M1 and M23 AQP4 isoforms is a post-translational 

modification (PTM). The M1 AQP4 isoform typically features S-palmitoylation of cysteine 

residues in the N-terminal region that the M23 isoform lacks (Suzuki et al., 2008). 

 

This chapter describes how P. pastoris clones were established and selected for high yields 

of recombinant hAQP4, in forms representing both the M1 and M23 isoforms of AQP4. 

Following selection of high expressing clones, AQP4 was solubilised from P. pastoris 

membrane fragments using SMA, followed by Ni-NTA IMAC targeting the AQP4 recombinant 

6× His-tag to purify the resultant AQP4-SMALPs. Methods of protein production and yields of 

the IMAC purified AQP4 isoforms were compared. 

 

 

3.1. Expression and purification of AQP4 from existing M1 and M23 P. pastoris 

clones 
 

At the start of this project, two separate P. pastoris clones expressing either the M1 or M23 

isoform of AQP4 were already available in our research group library. The respective AQP4 

isoform plasmid constructs, as described in Section 2.2, had previously been transfected into 
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E. coli DH10B for amplification. The M1 AQP4 construct had been transformed into the GS115 

strain of P. pastoris and established for high yields of purified AQP4 by Drs Phil Kitchen and 

Lucas Unger of our research group. The M23 AQP4 construct had been transformed into the 

X33 strain of P. pastoris, but this clone had not yet been investigated for expression and pure 

protein yield. The established M1 AQP4 clone was used as a benchmark to investigate the 

available M23 AQP4 clone for expression and purification yield. 

 

The predicted monomer weights for the M1 and M23 AQP4 isoforms expressed by these P. 

pastoris clones were ~35.6 kDa and ~33.1 kDa, respectively. This was based on the full 

hAQP4 sequence of each isoform, plus the weight of the recombinant 6× His-tag (~0.8 kDa) 

(see appendix Figure A.1). 

 

3.1.1. Comparing AQP4 expression between the M1 and original M23 P. pastoris clones 

 

With P. pastoris clones for M1 and M23 AQP4 already available, the first step was to compare 

the relative levels of AQP4 expression between the clones to assess whether the original M23 

AQP4 clone could provide levels of expression comparable to the M1 AQP4 clone. Ultimately, 

levels of protein expression will have an influence on the yield of purified protein. 

 

Glycerol stocks of P. pastoris clones for the M1 and original M23 AQP4 isoforms were streaked 

on to YPD agar plates containing 100 µg/mL zeocin and the plates were incubated (72 h, 30 

°C). Both M1 and M23 AQP4 pPICZ plasmid constructs featured the Sh ble (BleoR) gene from 

Streptoalloteichus hindustanus that encodes for bleomycin resistance protein. This allowed 

for antibiotic selective pressure using zeocin antibiotic. Single colonies of the M1 and M23 

AQP4 isoform clones were picked and grown according to the small-scale growth and 

expression protocol (Section 2.4.3). Briefly, 5 mL BMGY was inoculated per selected colony 

and cultured for 24 h (30 °C, 200 rpm). Cells were collected by centrifugation and washed with 

BMMY, before resuspension at OD600 = 1, in 5 mL BMMY. This helped to ensure expression 

comparison from relatively even culture densities. Cultures were induced for 48 h (30 °C, 200 

rpm), with addition of MeOH (1% v/v) at the 24 h midpoint. Both M1 and M23 plasmid 

constructs utilise the AOX1 MeOH-inducible promoter for recombinant gene expression. After 

induction, cells were collected (4,000 × g, 4 °C, 10 min), washed and resuspended in 5 mL 

cold dH2O, and immediately broken by glass bead homogenisation (Section 2.5.1). Whole cell 

lysates were incubated with Laemmli buffer (10 min, room temperature (RT)), separated by 

4–16% gradient SDS-PAGE, followed by western blotting (Section 2.7.3). AQP4 in the 
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samples was probed with a rabbit anti-AQP4 Ab (1:5,000, 16 h, 4 °C), followed by a secondary 

anti-rabbit-HRP Ab (1:2,500, 1 h, RT), and visualised by chemiluminescence. 

The resulting western blot of whole cell lysates is shown in Figure 3.1. Bands for the AQP4 

monomer (~35.6 kDa for M1 AQP4, ~33.1 kDa for M23 AQP4) and dimer are clearly present 

for both isoform clones, with the M1 clone also showing bands at molecular masses for trimers 

and tetramers of AQP4. MW differences between the two isoforms are clear, with this being 

particularly apparent at the dimer band. The M23 AQP4 clone showed relatively low 

expression compared to the established M1 isoform clone. Analysis of the AQP4 band 

intensities by densitometry (Section 2.7.4) revealed that this original M23 AQP4 clone showed 

~10% relative intensity to the established M1 AQP4 isoform clone. An AQP4 degradation band 

is also visible between 10–15 kDa for the M1 clone. 

Figure 3.1. Western blot targeting AQP4 of whole cell lysates from M1 and original M23 AQP4 P. 
pastoris clones.  
5 mL cultures of P. pastoris clones expressing either the M1 or original M23 isoforms of AQP4 were 
grown, induced, and broken by glass bead homogenisation. Cell lysates were separated by 4–16% 
gradient SDS-PAGE, followed by western blotting. AQP4 was probed with a rabbit anti-AQP4 Ab 
(1:5,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot was imaged using 
chemiluminescence. The blot lanes are labelled according to clone name, where; ‘M1 AQP4’ is the 
established M1 AQP4 clone, and ‘Original M23 AQP4’ is the original M23 AQP4 clone. Positions of 
monomer, dimer and degradation bands of AQP4 are labelled with arrows. MW markers are shown 
under ‘M’ with mass labels in kDa shown on the left of the blot. 
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3.1.2. Purification of AQP4 from the M1 and original M23 P. pastoris clone membranes 

 

Having assessed the comparative expression of the AQP4 isoforms from small-scale cell 

culture of the two P. pastoris clones, an IMAC purification of AQP4 from both clones was used 

to assess pure AQP4 yield. This was to investigate whether M23 AQP4 could be purified from 

P. pastoris but also confirm that low expression of AQP4 from this clone was likely to have a 

negative impact on purified M23 AQP4-SMALP yield. The M1 AQP4 clone had already been 

established as providing a high yield of purified AQP4 after SMA solubilisation, so provided a 

good comparative benchmark. 

 

Single colonies of the M1 and M23 AQP4 isoform clones were picked from YPD agar plates 

and grown according to the large-scale growth and expression protocol (Section 2.4.4). Briefly, 

colonies were grown as starter cultures for 24 h in BMGY (30 °C, 200 rpm), before inoculating 

into larger shake flask cultures of 250 mL BMGY (30 °C, 200 rpm). Cultures were spun down 

and washed with BMMY, before resuspending in BMMY at OD600 = 1. Cultures were induced 

for 48 h (30 °C, 200 rpm), with addition of 1% MeOH (final concentration) at the 24 h midpoint. 

After induction, cells were spun down (4,000 × g, 4 °C, 20 min) and frozen at - 80 °C. Cells 

were defrosted and broken using high pressure homogenisation (Section 2.5.2). Cell debris 

and unbroken cells were removed by centrifugation (4,000 × g, 4 °C, 10 min), and cell lysate 

was spun via ultracentrifugation (150,000 × g, 4 °C, 90 min) to pellet the cell membrane. 

Membrane pellets were homogenised and resuspended, before freezing in aliquots at -80 °C. 

 

SMA solubilisation and purification conditions had been optimised for M1 AQP4 by Drs Philip 

Kitchen and Lucas Unger. As such, these optimised conditions were used for M23 AQP4 to 

create comparable preparations of purified AQP4-SMALPs. 

 

Resuspended membranes were defrosted and solubilised with 2.5% w/v SMA (1 h, RT) 

followed by ultracentrifugation (100,000 × g, 4 °C, 45 min) to remove the insoluble fraction 

(Section 2.6.2). From the M1 AQP4 clone, 1.8 g membranes were solubilised, whereas 6.1 g 

membranes were solubilised for the M23 AQP4 clone. A high quantity of M23 AQP4 clone 

membranes was used to account for the expected low purification yield. Compared to standard 

methods, SMA solubilisation was performed at a higher membrane concentration of 90 mg/mL 

to reduce solubilisation volume.  

 

Soluble AQP4-SMALPs were purified by Ni-NTA IMAC targeting the AQP4 recombinant 6× 

His-tag (Section 2.6.3). After washing the Ni-NTA agarose resin with 50× resin bed-volumes 

of both 20 mM and 75 mM imidazole, AQP4-SMALPs were eluted in fractions of ½ resin bed-
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volumes of 300 mM imidazole. Fractions were incubated with Laemmli buffer (10 min, RT) 

before separation by 4–16% gradient SDS-PAGE and staining with Coomassie. Figure 3.2A 

and B show the elution fractions from this IMAC purification of M1 and M23 AQP4. M1 AQP4 

shows a higher band intensity per fraction from a lower quantity of membranes. Bands for the 

monomer to tetramer forms of AQP4 appear to be visible. 

 

A separate purification was used to quantify the protein yield per weight of membranes (Figure 

3.2C). This purification was performed as described for Figure 3.2A and B, with 0.4 g and 1.8 

g of membranes solubilised for the M1 and M23 AQP4 clones, respectively. Elutions were 

pooled and concentrated to 1 mL with a MW cut-off of 100 kDa. Samples were separated by 

SDS-PAGE and stained with Coomassie as already described. AQP4 concentration was 

estimated, using densitometry analysis (Section 2.7.4), against a serial dilution of a BSA. The 

purified AQP4 samples and BSA serial dilution were run on the same gel to ensure 

comparative staining for densitometry analysis. The total protein yield was ~0.11 mg of M1 

AQP4 and ~0.02 mg of M23 AQP4. This equates to ~0.28 mg protein per g of membranes 

from the M1 AQP4 clone, and ~0.01 mg protein per g of membranes from the M23 AQP4 

clone. 
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Figure 3.2. SDS-PAGE of purified M1 and M23 AQP4 isoforms from P. pastoris clones.  
Resuspended membranes of the M1 and original M23 AQP4 isoform clones were solubilised at 90 
mg/mL with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation (100,000 × g, 45 
min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC. Ni-NTA agarose resin was washed with 
20 mM and 75 mM imidazole before elutions at 300 mM imidazole. Samples were separated by 4–16% 
gradient SDS-PAGE and stained with Coomassie blue. A, B) elution fractions from IMAC purification of 
M1 AQP4 (A) purified from 1.8 g membranes and M23 AQP4 (B) purified from 6.1 g membranes. For 
both A and B, E1–6 represents consecutive elutions of ½ resin bed-volumes, and E7–9 represents 
consecutive elutions of 2 × resin bed-volumes. C) 1 mL concentrates of M1 and M23 AQP4 IMAC 
purifications from 0.4 g and 1.8 g membranes, respectively. Positions of monomer, dimer, trimer and 
tetramer bands of AQP4 are labelled with arrows. For all gels, MW markers are shown under ‘M’, with 
mass labels in kDa shown on the right of gel A and B, and left of gel C. 
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3.2. Transformation to generate a new M23 AQP4 P. pastoris clone 
 

The whole cell lysate and purification yield of the original M23 AQP4 P. pastoris clone showed 

a significantly lower AQP4 yield compared to the M1 clone. A large quantity of membrane 

material was required to provide a small fraction of protein relative to what the M1 AQP4 P. 

pastoris clone could produce. Producing this amount of membrane fragment required a high 

quantity of cell culture, which is undesirable in terms of time and cost of materials. This 

provided justification for transformation of P. pastoris to generate a new M23 AQP4 clone with 

improved levels of expression, comparable with that of the M1 AQP4 P. pastoris clone. 
 

3.2.1. Plasmid amplification, maxi-prep, and linearisation 

 

The M23 AQP4 pPICZ plasmid construct had previously been transfected into E. coli DH10B 

for amplification. Before transformation, this plasmid construct had to be amplified and purified. 

LB agar plates with 100 µg/mL zeocin were streaked with a glycerol stock of E. coli DH10B 

transfected with the M23 plasmid construct, and incubated (24 h, 37 °C). A random colony 

was picked and grown in a starter culture of 5 mL LB medium (6 h, 37 °C, 220 rpm), which 

was used to inoculate 200 mL LB medium for an overnight culture (~16 h, 37 °C, 220 rpm). 

The cells were harvested by centrifugation (4,000 × g, 10 min, RT) and the M23 AQP4 pPICZ 

plasmid construct was purified using a maxiprep kit (Section 2.3.1). Plasmid concentration 

after maxiprep was estimated using a NanoDrop spectrophotometer (Figure 3.3A). DNA 

concentration was measured as 3.4 µg/mL, and the A260 / A280 and A260 / A230 ratios were 

measured as 1.89 and 2.32, respectively. 

 

The purified plasmid was linearised using the PmeI restriction enzyme, targeting the plasmid 

PmeI restriction site to create a single digestion in the AOX1 promoter region (Section 2.3.2.1). 

Some of the purified whole plasmid was also used for a non-linearisation control reaction 

(lineariation conditions without PmeI). After linearisation, half of the linearised plasmid was 

further purified using a gel-extraction kit (Section 2.3.2.1). Figure 3.3B shows the three plasmid 

conditions analysed using 1% agarose DNA-gel electrophoresis (Section 2.7.1). The pPICZ-

AQP4 plasmid construct is ~4200 bp, thus, the lowest band in the agarose gel most likely 

represented the plasmid construct in its linear form. There was a downward shift in plasmid 

weight for the linearised plasmid that had been further purified using the gel-extraction kit 

compared to the plasmid that had only been linearised. 
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Figure 3.3. Maxi-prep of M23 hAQP4 pPICZ plasmid DNA construct.  
Plasmids were isolated from E. coli transfected with a pPICZ plasmid construct expressing the M23 
isoform of hAQP4. A) NanoDrop spectrophotometer absorbance trace of the maxi-prepped M23 AQP4 
pPICZ plasmid DNA, showing 10 mm absorbance against wavelength (nm). DNA concentration was 
measured as 3.37 mg/mL. B) Agarose gel of the M23 pPICZ plasmid. Samples were mixed with purple 
loading dye (NEB) and visualised with a UV illuminator. Lane ‘M’ shows the DNA ladder with bands 
labelled with corresponding size in base pairs (bp). The ‘Whole’ lane shows the purified plasmid from 
the non-linearisation control reaction (whole plasmid). The ‘Linearised’ lane shows plasmid that has 
been linearised at the plasmid restriction site using PmeI. The ‘Linearised + Purified’ lane shows plasmid 
that has been linearised and further purified using a gel extraction kit. A red arrow is used to indicate 
the expected plasmid mass (bp). 
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3.2.2.  Transformation of P. pastoris with the M23 AQP4 plasmid construct 

 

YPD agar plates were streaked with the P. pastoris GS115 wild type strain and incubated (72 

h, 30 °C). A chemical method of generating competent P. pastoris cells and transforming them 

with plasmid DNA was performed following an adapted protocol from Kumar, Mannil and 

Mutturi, 2020 (Section 2.3.2.2). Four different plasmid conditions were used for transformation: 

A) plasmid that had been linearised and further purified with a gel extraction (DNA clean-up) 

kit, B) plasmid that had only been linearised, C) circular plasmid (from the non-linearisation 

control reaction), and D) no plasmid (negative control). All other conditions for the 

transformation cultures remained the same. Transformation cultures were spread and 

incubated (72 h, 30 °C) on YPD agar plates containing 100 µg/mL zeocin, allowing for selective 

pressure of plasmid expression (Figure 3.4). Colony numbers were counted (Section 2.4.1.1) 

and are reported in Table 3.1. Control YPD agar plates with no zeocin were used to confirm 

cell survival after transformation. The transformation condition using the plasmid additionally 

purified after linearisation (condition A) showed a much higher number of colonies than the 

linearised-only condition (Figure 3.4 and Table 3.1). 

 

 

 

 
Figure 3.4. Example YPD agar plates spread with transformation colonies with different plasmid 
conditions.  
LiCl transformation of P. pastoris wild type cells incubated with hAQP4 M23 pPICZ plasmid construct 
containing the BleoR gene, with different conditions of plasmid preparation. Transformation cultures 
were spread onto YPD agar plates containing 100 µg/mL zeocin. A) plasmid that had been linearised 
and further purified using a DNA clean-up kit, B) plasmid that had only been linearised, C) circular 
plasmid that had not been linearised (from the non-linearisation control reaction), and D) no plasmid 
(negative control). All other transformation conditions were the same for each condition. 
 

 

 

 

 

A) Linearised + purified B) Linearised only C) Circular plasmid D) No plasmid
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Table 3.1. Colony numbers from YPD agar plates spread with transformation colonies with 
different plasmid conditions.  
LiCl transformation of P. pastoris wild type cells incubated with a hAQP4 M23 pPICZ plasmid construct 
containing the BleoR gene, with different conditions of plasmid preparation. Transformation cultures 
were spread onto YPD agar plates containing 100 µg/mL zeocin. A) plasmid that had been linearised 
and further purified using a DNA clean-up kit, B) plasmid that had only been linearised, C) circular 
plasmid that had not been linearised (linearisation control), and D) no plasmid. Condition A and B are 
rounded means over 3 plates spread from one transformation culture per condition. Results for condition 
C and D are taken from one plate per condition. Colonies were counted by analysing particles after 
thresholding in ImageJ. 
 
 
 

 

 

 

3.2.3. Screening transformation clones for antibiotic resistance 

 

After successful transformation of P. pastoris GS115 strain with the M23 AQP4-pPICZ 

construct to generate zeocin resistance, colonies were selected at random to screen for high 

resistance to zeocin. As mentioned, the M23 AQP4 plasmid construct contains the BleoR 

gene, allowing for selective pressure using zeocin. Kumar et al. and others have described 

how increased resistance to selective pressure can indicate integration of multiple copy 

numbers of the recombinant plasmid by homologous recombination (Scorer et al., 1994; 

Kumar, Mannil and Mutturi, 2020). A high plasmid copy number has been reported to result in 

increased expression of the recombinant protein (Scorer et al., 1994; Athmaram et al., 2012). 

This method of expression screening was used, assuming that clones expressing the highest 

resistance to zeocin were also highly expressing the M23 AQP4 isoform. 

 

15 colonies were randomly selected from the ‘condition A’ YPD agar plates, and 5 colonies 

from the ‘condition B’ YPD agar plates. These colonies were made into YPD glycerol stocks 

(Section 2.4.2), streaked onto YPD agar plates containing 500 µg/mL zeocin (5´ normal 

concentration used for selective pressure on YPD agar plates), and incubated for 72 h at 30 

°C. Clones that grew to a high density on 500 µg/mL zeocin agar were presumed to have high 

Average number of colonies (from n plates)Condition

96 (n=3)A) Linearised + purified

2 (n=3)B) Linearised only

1 (n=1)C) Circular plasmid

0 (n=1)D) No plasmid
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copy numbers of the M23 AQP4-plasmid construct. Figure 3.5 shows the 500 µg/mL zeocin 

colony screening, where T1 are the 15 clones selected from plasmid condition A (T1 C1–15), 

and T2 are the 5 clones selected from plasmid condition B (T2 C1–5). From this screen, the 

following clones were selected as those with highest resistance to zeocin; T1C2, T1C3, T1C6, 

T1C7, T1C8, T1C12, and T1C14. These clones were selected for AQP4 expression screening 

via western blot.  

 

 

 

 
Figure 3.5. Increasing selective pressure to screen for P. pastoris transformation clones with 
highest resistance to zeocin.  
LiCl transformation of P. pastoris wild type cells incubated with an hAQP4 M23 pPICZ plasmid construct 
containing the BleoR gene. Transformation colonies were selected at random and made into glycerol 
stocks. Glycerol stocks were used for streaking onto YPD agar plates containing 500 µg/mL zeocin. T1 
C1–15 (A – D) are colonies transformed with plasmid that had been linearised and further purified using 
a DNA clean-up kit. T2 C1–5 (D – E) are colonies transformed with a plasmid that had only been 
linearised. 
 

 

 

3.2.4. Screening transformation clones for AQP4 expression 

 

The selected clones from the high zeocin resistance screen were streaked from their glycerol 

stocks and incubated (72 h, 30 °C) on YPD agar plates containing 100 µg/mL zeocin. The M1 

AQP4 clone and original M23 AQP4 clone were also streaked onto YPD agar plates so that 

the new transformants could be compared for their relative expression. Single colonies for 

each clone were picked for small-scale cell growth and expression as described in Section 
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2.4.3. After resuspension of cultures in 5 mL dH2O for cell breaking, OD600 was measured to 

check for similar cell density across the different clones. All cultures were within 10% variation 

of optical density. Cells were broken by glass bead homogenisation as described in Section 

2.5.1. SDS-PAGE separation of cell lysates and western blotting were performed as described 

in Section 2.7.2 and 2.7.3. Figure 3.6A shows the resulting western blot, where the M1 AQP4 

clone and original M23 clone were compared to the new M23 AQP4 transformants. The T1C3 

clone appeared to be the best performing new clone for AQP4 expression. Densitometry 

analysis (Section 2.7.4) for band intensity revealed that this clone had 83% band intensity 

relative to the M1 clone (Figure 3.6B). This was calculated using the band intensity of the 

monomer and dimer AQP4 bands. This meant that T1C3 was the preferred new clone for 

adaptation to large-scale production of M23 AQP4. 
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Figure 3.6. Screening the newly transformed P. pastoris clones for AQP4 expression.  
New M23 AQP4 isoform P. pastoris clones were generated using LiCl transformation with a hAQP4 M23 
pPICZ plasmid construct containing the BleoR gene. Clones were selected based on a high resistance 
to zeocin. 5 mL cultures of the M1 AQP4 clone, the original M23 AQP4 clone, and the new M23 AQP4 
transformants, were grown, induced, and broken by glass bead homogenisation. Cell lysates were 
separated by 4–16% gradient SDS-PAGE, followed by western blotting. A) Western blot of cell lysates 
probing AQP4 with a rabbit anti-APQ4 Ab (1:5,000). An anti-rabbit-HRP Ab was used as secondary 
(1:2,500) and the blot was imaged using chemiluminescence. The blot lanes are labelled according to 
clone name, where; ‘M1’ is the established M1 AQP4 clone, ‘Original M23’ is the original M23 AQP4 
clone, and the remaining labels are new M23 AQP4 transformants. Positions of monomer and dimer 
bands of AQP4 are labelled with arrows. MW markers are shown under ‘M’ with mass labels in kDa 
shown on the left of the blot. B) Bar chart quantifying AQP4 band intensity from the western blot in A, 
relative to the M1 clone. Intensity was calculated as the sum of intensity from both AQP4 monomer and 
dimer bands present for each clone. Bands were quantified using densitometry analysis. 
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With the T1C3 M23 AQP4 transformant established as the favourable clone for high 

expression, it was directly compared to the established M1 AQP4 clone in a separate small-

scale growth and expression. This was done to perform a second repeat of growth and 

expression for the M1 and T1C3 M23 clones alongside each other. This meant that 

comparable AQP4 expression levels could be confirmed with the inclusion of non-induction 

controls for both of these clones. This was also used as an opportunity to test two different 

acrylamide concentrations for SDS-PAGE separation of AQP4. 

 

The small-scale growth and expression (Section 2.4.3) were repeated as described for the M1 

AQP4 clone and T1C3 M23 AQP4 clone. The non-induction control cultures were prepared 

using BMGY media throughout the entire growth process (no MeOH added at any stage). 

Cells were mechanically disrupted (Section 2.5.1), with lysates separated by SDS-PAGE and 

analysed by western blot probing AQP4 (Section 2.7.2 and 2.7.3).  

 

Figure 3.7 shows the resulting western blots of the M1 and T1C3 M23 clone lysates alongside 

the non-induction controls. The non-induction controls do not give a signal, confirming that the 

signal is coming from MeOH induced production of AQP4 in both clones. M1 and M23 induced 

clones were loaded in adjacent lanes on the right for close comparison of the differences in 

MW between the AQP4 isoforms. Figure 3.7A and B represent 4–16% gradient and 8% 

acrylamide SDS-PAGE, respectively. 4–16% gradient SDS-PAGE was confirmed as the 

preferred choice of acrylamide concentration as it best demonstrated the mass difference 

between the M1 and M23 isoform (~35.6 vs ~33.1 kDa, respectively) and allowed even 

separation of AQP4 quaternary structures whilst still being able to visualise breakdown 

products below 30 kDa. As seen previously with the M1 clone, an AQP4 degradation band is 

now visible for both clones between 10 and15 kDa (Figure 3.7A). 
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Figure 3.7. Screening the T1C3 M23 AQP4 clone against the M1 AQP4 clone.  
A new M23 AQP4 isoform P. pastoris clone (T1C3) was generated using LiCl transformation with a 
hAQP4 M23 pPICZ plasmid construct and selected for highest expression of AQP4. 5 mL cultures of 
the M1 AQP4 clone and the new T1C3 M23 AQP4 clone were grown and split into induced and non-
induced (NI) control conditions, and broken by glass bead homogenisation. Cell lysates were separated 
by SDS-PAGE, followed by western blotting. A) 4–16% acrylamide SDS-PAGE western blot targeting 
AQP4 of P. pastoris lysates from the M1 AQP4 clone and the T1C3 M23 AQP4 clone. NI represents 
lysates from non-induced control cultures that have not been induced for AQP4 expression with MeOH. 
B) 8% acrylamide SDS-PAGE western blot of samples specified in A. For both blots, AQP4 was probed
with a rabbit anti-APQ4 Ab (1:5,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the
blot was imaged using chemiluminescence. Positions of monomer, dimer and degradation bands of
AQP4 are labelled with arrows. MW markers are shown under ‘M’ with mass labels in kDa shown on
the left of each blot.
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3.2.4. Light microscopy of the P. pastoris AQP4 clones 

Throughout the growth and expression protocols, cell cultures were routinely examined by 

light microscopy to check for density at different growth stages and signs of contamination. 

The M1 and T1C3 M23 AQP4 P. pastoris clones were compared to each other after 48 h 

induction, to check that expression of AQP4 was not abnormally affecting cell morphology or 

cell survival (Figure 3.7). No apparent morphological differences between the M1 and M23 

isoform P. pastoris clones was observed after AQP4 induction.  

Figure 3.8. Light microscopy of P. pastoris M1 and T1C3 M23 AQP4 clones after induction.  
Images are of cultures after 48 h of induction in BMMY, with MeOH added to cultures at 1% final 
concentration at 24 h. Phase contrast images were captured at 20´ magnification using an Invitrogen 
EVOS M5000 microscope. Scale bars represent 150 µm. Images of the cultures are labelled according 
to the P. pastoris clone – M1 AQP4 (A) and M23 AQP4 (T1C3) (B). 

M1 AQP4A

M23 AQP4B
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3.3. Purification of AQP4 from the M1 and T1C3 M23 P. pastoris clones 
 

Having confirmed that the newly transformed M23 AQP4 P. pastoris clone, T1C3, had an 

improved level expression compared to the original, the next step was to assess whether this 

clone would provide an improvement in purified AQP4 yield. As previously stated, the M1 

AQP4 clone was already established as giving a high yield of pure protein and provided a 

good benchmark. The M1 AQP4 clone and T1C3 M23 AQP4 clone were cultured in shake-

flasks for large-scale growth and expression, and cells were broken by high-pressure 

homogenisation for membrane fragment preparation (Section 2.4.4, 2.5.2, and 2.5.3). 

 

3.3.1. Solubilisation efficiency of M1 and M23 AQP4 with SMA 

 

Before purification of the M1 and M23 AQP4 isoforms, both were assessed for solubilisation 

efficiency at 2.5% w/v SMA. As previously mentioned, this concentration of SMA was 

optimised for purification of M1 AQP4 by Drs Philip Kitchen and Lucas Unger, and was used 

for solubilisation of M23 AQP4 to create comparable preparations of purified AQP4-SMALPs 

in downstream analyses. 

 

Aliquots of resuspended membranes were defrosted and solubilised at 45 mg/mL with 2.5% 

w/v SMA for 1 h at RT followed by ultracentrifugation (100,000 ´ g, 4 °C, 45 min) to remove 

the insoluble fraction (Section 2.6.2). After separation of the soluble fraction, the insoluble 

fraction was resuspended in a volume of buffer equal to the total solubilisation volume. The 

soluble and insoluble fractions were incubated with Laemmli buffer (10 min, RT), before 

separation by 4–16% SDS-PAGE and western blotting. AQP4 in the samples was probed with 

a rabbit anti-AQP4 Ab (1:5,000, 16 h, 4 °C), followed by a secondary anti-rabbit-HRP linked 

Ab (1:2,500, 1 h, RT), and visualised by chemiluminescence. 

 

Figure 3.9A shows a resulting western blot from an SMA solubilisation trial, with Figure 3.9B 

showing the results from four trial repeats analysed by densitometry (Section 2.7.4). 

Comparison of the isoform solubilisations by eye would suggest that M23 AQP4 appeared to 

show a lower solubilisation efficiency. M1 AQP4 demonstrated a solubilisation efficiency of 

50.6 ± 4.0%, whereas M23 AQP4 demonstrated a solubilisation efficiency of 44.7 ± 4.7%. 

However, a Welch’s unpaired t-test found no significant difference (p = 0.107) in solubilisation 

efficiency between M1 and M23 AQP4. This provided confidence to proceed to large-scale 

purification with 2.5% w/v SMA for both AQP4 isoforms. It is important to note the variability in 
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solubilisation efficiency, which may have resulted from insufficient re-homogenisation of the 

insoluble membrane fraction after ultracentrifugation of the SMA solubilised membranes. 

Figure 3.9. Solubilisation efficiency of M1 and M23 AQP4 with 2.5% w/v SMA.  
Resuspended membranes of the M1 or T1C3 M23 AQP4 isoform P. pastoris clones were solubilised at 
45 mg/mL with 2.5% w/v SMA. The soluble and insoluble fractions were separated by ultracentrifugation 
(100,000 ´ g, 45 min, 4 °C), with the insoluble fraction resuspended in a volume of buffer equal to the 
solubilisation volume after separation. Soluble and insoluble samples were separated by SDS-PAGE 
(4–16% gradient), followed by western blotting. A) Representative western blot of soluble and insoluble 
fractions for M1 and M23 AQP4 P. pastoris membranes after SMA solubilisation, where ’S’ and ‘I’ 
represent soluble and insoluble fractions, respectively. AQP4 was probed with a rabbit anti-APQ4 Ab 
(1:5,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot was imaged using 
chemiluminescence. Positions of monomer and dimer bands of AQP4 are labelled with arrows. MW 
markers are shown under ‘M’ with mass labels in kDa shown on the left of the blot. B) Bar chart of 
solubilisation efficiency for M1 and M23 AQP4 at 2.5% SMA. Densitometry analysis of western blots 
(such as A) was used to calculate solubilisation efficiency (Soluble Intensity / Soluble + Insoluble 
Intensity). Data are shown as mean ± SD (n = 4 per AQP4 isoform clone). Statistical analysis was 
performed with a Welch’s unpaired t-test (ns – p > 0.05 (not significant)). 

3.3.2. Purification of M1 and M23 AQP4 from P. pastoris membranes for improved M23 AQP4 

yield 

Purification of AQP4 from the M1 and T1C3 M23 P. pastoris clones was performed similar to 

the that described in Section 3.1.2. Resuspended membranes were defrosted and solubilised 

with 2.5% w/v SMA followed by ultracentrifugation (100,000 ´ g, 4 °C, 45 min) to remove the 

insoluble fraction. 1.8 g membranes were solubilised for each clone. Membranes were 

solubilised at 45 mg/mL as stated in Section 2.6.2. Soluble AQP4-SMALPs were purified by 

Ni-NTA IMAC and separated by SDS-PAGE as previously described (Section 2.6.3 and 2.7.2). 
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Figure 3.10A and C show purification stages and elution fractions from IMAC purification of 

M1 AQP4, and Figure 3.10B and D show the same for M23 AQP4. A small amount of AQP4 

appears to be lost during the 75 mM imidazole wash (collected from the second resin bed-

volume), but the majority of the protein was eluted during the 300 mM imidazole elution. 

Monomer to tetramer quaternary structures are visible for both AQP4 isoforms. A contaminant 

band is present at ~40 kDa for the purified samples of both M1 and M23 AQP4. 

 

As before, a separate purification was used to quantify the purified protein yield (Figure 3.10E). 

This purification was performed using 1.8 g membranes for both M1 and M23 AQP4 isoforms. 

Elution fractions were pooled and concentrated to 1 mL using a centrifugal concentrator with 

MW cut-off of 100 kDa. Samples were separated by SDS-PAGE and stained with Coomassie 

as already described. AQP4 concentration was estimated using densitometry analysis 

(Section 2.7.4.1), with a serial dilution of BSA to be used as a densitometry standard curve 

(as shown in Figure 3.10E). The total protein yield was ~1.15 mg M1 AQP4 and ~0.7 mg M23 

AQP4. This equates to approximately ~0.64 mg protein per g of membranes from the M1 

AQP4 clone, and ~0.39 mg protein per g of membranes from the M23 AQP4 clone. 

 

Improved expression of M23 AQP4 from the new T1C3 P. pastoris clone appeared to have 

greatly improved the yield of purified M23 AQP4-SMALPs. Measuring by mg of purified protein 

per gram of membrane, the original M23 AQP4 clone provided less than !
"#
 of pure protein 

compared to the M1 AQP4 clone. By comparison, the T1C3 M23 AQP4 clone gave ~ $
#
 of pure 

protein relative to the M1 AQP4 clone. There was also an improvement on the previous M1 

AQP4 purification yield. 
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Figure 3.10. SDS-PAGE of IMAC 
purified M1 and M23 AQP4. 
Resuspended membranes of the M1 
and T1C3 M23 AQP4 isoform P. 
pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. 1.8 g of 
membranes were solubilised for both 
the M1 and M23 isoform clones. Soluble 
fractions were separated by 
ultracentrifugation (100,000 ́  g, 45 min, 
4 °C) and AQP4-SMALPs were purified 
by Ni-NTA IMAC. Samples were 
separated by 4–16% gradient SDS-
PAGE and stained with Coomassie 
blue. A, B) Stages of purification of M1 
(A) and M23 (B) AQP4, where ‘S’ is the 
soluble fraction after SMA solubilisation, ‘FT’ is the flowthrough from the affinity chromatography column 
(unbound protein), ‘W1’ is the second resin bed-volume of the imidazole wash at 20 mM, ‘W2’ is the 
second resin bed-volume of the imidazole wash at 75 mM, and E1–4 are consecutive elutions of ½ 
resin bed-volumes at 300 mM imidazole. C, D) 300 mM imidazole elution fractions from the same IMAC 
purification shown in A and B, where E1–6 represent consecutive elutions of ½ resin bed-volumes, and 
E7 represents the remaining elution of 9´ resin bed-volumes. E) SDS-PAGE for protein concentration 
estimation where BSA was used as a standard in serial dilution. BSA concentrations are labelled for 
each lane. Samples labelled as ‘conc.’are IMAC purified AQP4-SMALPs concentrated to 1 mL with 100 
kDa MW cut-off, where samples labelled ‘1/5’ are 5-fold dilutions of these concentrates. For gels C, D 
and E, positions of monomer, dimer, trimer and tetramer bands of AQP4 are labelled with black arrows. 
A contaminant band is labelled with a red arrow. For all gels, MW markers are shown under ‘M’ with 
mass labels in kDa shown on the left of each gel.   
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3.3.3. Comparing protein stability between IMAC elution and centrifugal concentration 

 

During initial purification optimisation, a lower-than-expected band intensity was frequently 

observed for M1 AQP4 IMAC purifications that were left for 24 h at 4 °C overnight before 

centrifugal concentration using MW cut-off filters. This was unexpected, as AQP4-SMALPs 

appeared stable based on SDS-PAGE run immediately after IMAC purification. SMALPs are 

also reported to retain functional stability at 4 °C for multiple weeks (Jamshad, Charlton, et al., 

2015). 

 

In order to assess whether protein degradation was taking place after IMAC purification, the 

two separate purifications of M1 and M23 AQP4 discussed above (Section 3.3.2. and Figure 

3.10) were compared as they had been concentrated and preserved in Laemmli buffer at two 

different time points. The AQP4 IMAC purifications shown in Figure 3.10E were concentrated 

to 1 mL immediately after Ni-NTA IMAC elution, whereas the AQP4 IMAC elutions shown in 

Figure 3.10C and D were pooled and concentrated to 1 mL after 24 h at 4 °C. In both cases, 

the purified protein samples were incubated with Laemmli buffer (10 min, RT) and frozen 

immediately after concentration. All of the purified protein samples were prepared following 

the same SMA solubilisation and IMAC purification protocol (Section 2.6.2 and 2.6.3). The M1 

and M23 P. pastoris membranes used for these two separate purifications were from the same 

cell batch preparations and the same quantity of membranes had been used for each 

solubilisation. 

 

Figure 3.11 shows the resulting 4–16% SDS-PAGE of these samples. The M1 AQP4 band 

intensity was much lower after 24 h when compared to the M1 AQP4 concentrated 

immediately after Ni-NTA IMAC elution. By comparison, the M23 AQP4 showed increased 

intensity at high MW after 24 h when compared to M23 AQP4 concentrated immediately after 

Ni-NTA IMAC elution. After 24 h, the purified M23 AQP4 sample also appeared to have 

increased intensity of the contaminant band. Some AQP4 is present in the MW cut-off 

flowthrough for the M1 and M23 AQP4 samples concentrated immediately after Ni-NTA IMAC 

elution. 
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Figure 3.11. SDS-PAGE of IMAC purified and concentrated M1 and M23 AQP4.  
Resuspended membranes of the M1 or M23 AQP4 isoform P. pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. 1.8 g membranes were solubilised for both the M1 and M23 isoforms. 
Soluble fractions were separated by ultracentrifugation (100,000 ´ g, 45 min, 4 °C) and AQP4-SMALPs 
were purified by Ni-NTA IMAC. Purified AQP4 isoforms were concentrated to 1 mL with 100 kDa MW 
cut-off, separated by 4–16% gradient SDS-PAGE, and stained with Coomassie blue. Samples labelled 
‘conc.’ are the AQP4 concentrates, where ‘MWCO FT’ represents the flowthrough from centrifugal 
concentrators. Samples labelled ‘+ 24 h’ were concentrated 24 h after elution from the Ni-NTA agarose 
resin. Positions of monomer, dimer, trimer and tetramer bands of AQP4 are labelled with black arrows. 
A contaminant band is labelled with a red arrow. MW markers are shown under ‘M’ with mass labels in 
kDa shown on the left of each gel. 
 

 

 

3.4. Increasing protein production using bioreactors 
 

Up to this point, large-scale cell growth and membrane preparation had been done in 2.5 L 

baffled shake flasks. For adequate aeration and optimal growth of P. pastoris cultures, the 

volume of media used was 10% of the flask volume (i.e. 250 mL BMGY in 2.5 L flasks). This 

was maintained for all shake-flask growth protocols used in this project. For multiple litres of 

culture, this required multiple flasks and extra preparation time. 

 

Cell culture in bioreactors allows for continuous monitoring of culture conditions in a closed 

system. This means that automatic adjustments can be made for conditions such as pH, 

temperature, and dissolved oxygen concentration (DO; by adjusting stirrer speed or gas flow). 

This maintains suitable conditions for cell cultures to grow quickly and to a high density. By 

comparison, cell culture in shake flasks can be difficult to monitor at frequent time-steps, 
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resulting in lower sensitivity to culture changes and adequate adjustments. In additions to this, 

shake flasks are not normally considered a closed system – frequent opening and closing of 

flasks to add required materials such as MeOH increases the risk of culture contamination. 

 

3.4.1. Growth of M1 and M23 AQP4 P. pastoris clones in bioreactors 

 

To make production of P. pastoris membranes easier and more efficient, bioreactor vessels 

were used for growth of M1 and M23 AQP4 P. pastoris clones (Section 2.4.5). The bioreactor 

growth profiles for these clones are shown in Figure 3.12 and Figure 3.13. Briefly, starter 

cultures for M1 or M23 AQP4 P. pastoris clones were used to inoculate BMGY in equilibrated 

bioreactor vessels with added chloramphenicol to prevent contamination. Vessels were set-

up to monitor temperature (maintained at 30 °C), pH (maintained at pH 6), DO (maintained 

above 30%), and off-gases. After batch phase glycerol from the starting BMGY media had 

been used up (indicated by DO spike 1 in Figure 3.12 and 3.13), a glycerol fed-batch phase 

at a rate of 14 mL L-1 h-1 of 50% v/v glycerol was provided for 4 h. Cultures were then grown 

and starved until another DO spike (DO spike 2 in Figure 3.12 and 3.13). This was used an 

indicator to begin MeOH induction. A DO spike in the culture medium indicates decreased 

oxygen demand by the culture as a result of decreased aerobic metabolism due to the primary 

carbon source (glycerol) being depleted. It is important to ensure that glycerol in the medium 

has been used up, as it represses the AOX1 promoter (Inan and Meagher, 2001; Ahmad et 

al., 2014). After 48 h induction with MeOH at a rate of 4.8 mL L-1 h-1 50% v/v MeOH, cultures 

were harvested by centrifugation (4,000 ´ g, 20 min, 4 °C) to pellet the cells. Cell pellets were 

frozen at -80 °C. 

 

Due to sensitivity issues with the DO sensor in the later stages of this project, it became difficult 

to distinguish DO spikes in culture bioreactor profiles. Figure 3.11 was provided by Dr Philip 

Kitchen for this thesis in order to demonstrate a desirable culture trace for the M1 AQP4 P. 

pastoris clone. Despite issues with DO sensor sensitivity, cultures were still grown according 

to approximate time stages for batch and glycerol depletion (starvation) phases. The duration 

of these phases was based on DO spike time points in previous successful cultures – the 

glycerol fed-batch phase was started approximately 20 h after vessel inoculation, with MeOH 

induction started approximately 44 h after inoculation (~20 h after the end of the 4 h glycerol 

feed). These cultures produced comparable levels of AQP4 expression to previous cell 

batches relying on the DO sensor (refer to measured expression from bioreactor culture 

repeats shown in Figure 3.16B). 
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Figure 3.12. Bioreactor growth profile of the P. pastoris M1 AQP4 clone.  
Blue: dissolved oxygen (%). Purple: MeOH off-gas (%). Yellow: Optical density of culture (AU). Red: Stirrer speed (rpm).  Phases of culture feeding conditions 
are separated by dotted lines. Batch phase indicates the growth phase relying on the glycerol in the growth medium only. Fed-batch phase indicates the glycerol 
fed-batch stage with a feed rate of 14 mL L-1 h-1 of 50% v/v glycerol. Glycerol depletion phase indicates the growth and starvation phase (no feeding). Induction 
phase indicates MeOH induction with a feed rate of 4.8 mL L-1 h-1 50% v/v MeOH. Time points of DO spikes used to determine the start of the fed-batch and 
induction phases are indicated by DO spike arrows 1 and 2, respectively. Data collected by Dr Philip Kitchen. 
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Figure 3.13. Bioreactor growth profile of the T1C3 M23 AQP4 P. pastoris clone.  
Blue: dissolved oxygen (%). Purple: MeOH off-gas (%). Yellow: Optical density of culture (AU). Red: Stirrer speed (rpm).  Phases of culture feeding conditions 
are separated by dotted lines. Batch phase indicates the growth phase relying on the glycerol in the growth medium only. Fed-batch phase indicates the glycerol 
fed-batch stage with a feed rate of 14 mL L-1 h-1 of 50% v/v glycerol. Glycerol depletion phase indicates the growth and starvation phase (no feeding). Induction 
phase indicates MeOH induction with a feed rate of 4.8 mL L-1 h-1 50% v/v MeOH. Time points of DO spikes used to determine the start of the fed-batch and 
induction phases are indicated by DO spike arrows 1 and 2, respectively.  
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3.4.2. Expression of AQP4 in P. pastoris membranes produced in bioreactors 

As with the large-scale shake flask preparations, cells from bioreactor cultures were defrosted 

and broken using high pressure homogenisation (Section 2.5.2). Cell debris and unbroken 

cells were removed by centrifugation (4,000 ´ g, 4 °C, 10 min), and cell lysate was spun via 

ultracentrifugation (150,000 ´ g, 4 °C, 90 min) to pellet the cell membrane. Membrane pellets 

were homogenised and resuspended (Section 2.5.3), before freezing in aliquots at - 80 °C. 

Firstly, it was important to check that AQP4 had been adequately expressed using bioreactors 

as a growth and induction method and confirm that the M1 and T1C3 M23 AQP4 P. pastoris 

clones were showing comparable AQP4 expression. Defrosted membrane fragments were 

incubated with Laemmli buffer (10 min, RT), separated by 4–16% gradient SDS-PAGE at a 

concentration of 36 mg/mL, before analysis by western blot (Section 2.7.3). AQP4 in the 

samples was probed with a mouse anti-His Ab (1:2,500, 16 h, 4 °C), followed by a secondary 

anti-rabbit-HRP linked Ab (1:2,500, 1 h, RT), and visualised by chemiluminescence. 

Figure 3.14 shows the resulting western blot. Probing with an anti-His Ab showed that AQP4 

could be targeted using the recombinant 6´ His-tag. Expression between the two AQP4 

isoform clones appears comparable and at a reasonably high level, as observed with small-

scale preparations. The previously seen AQP4 degradation band at 10–15 kDa is visible for 

both clones. As the 6´ His-tag is on the AQP4 C-terminus, this degradation product must be 

part of the C-terminal end of the AQP4 sequence. 
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Figure 3.14. Western blot targeting expression of AQP4 in membrane fragments isolated from 
P. pastoris clones cultured in bioreactors.
Cultures of the M1 AQP4 clone and the T1C3 M23 AQP4 clone were grown and induced in bioreactors,
followed by high pressure cell homogenisation. Membrane fragments were separated from cell lysates
by ultracentrifugation (150,000 ´ g, 90 min, 4 °C). Resuspended membrane fragments were separated
by 4–16% gradient SDS-PAGE at a concentration of 36 mg/mL, followed by western blotting. AQP4
was probed with a mouse anti-His Ab (1:2,500). An anti-mouse-HRP Ab was used as secondary
(1:2,500) and the blot was imaged using chemiluminescence. Lanes are labelled according to the
membranes loaded. Positions of monomer, dimer and degradation bands of AQP4 are labelled with
arrows. MW markers are shown under ‘M’ with mass labels in kDa shown on the left of the blot.

3.5. Comparing culture production in shake flasks and bioreactors 

To establish bioreactors as a production method for M1 and M23 AQP4, it was important to 

compare them to shake flasks for their efficiency in cell production for membrane fragment 

extraction, and AQP4 expression for purification yield. 

3.5.1. Comparison of cell pellet yield from shake flasks and bioreactors 

To demonstrate the ability of bioreactor cultures to reach a higher culture density than shake 

flask cultures, culture yields after growth and induction were compared between shake flask 

and bioreactor cultures. Wet cell pellet weights were measured after cultures were centrifuged 

(4,000 ´ g, 20 min, 4 °C) and the growth medium was discarded. As the M1 and T1C3 M23 

AQP4 P. pastoris clones grew to comparable culture densities and gave consistent wet cell 

pellet yields, yield weights for the clones were pooled together per condition (shake flask or 

bioreactor culture).  

Figure 3.15 compares the wet cell pellet yields in g/L of culture. Bioreactor cultures clearly 

grew to a higher density per litre of culture and, as a result, could provide a higher cell pellet 
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yield for a given volume of growth medium. A Welch’s unpaired t-test found a significant 

difference between shake flask and bioreactor wet pellet yields (g/L). 

 

 

 
Figure 3.15. P. pastoris wet cell pellet yields from cultures grown in baffled shake flasks and 
bioreactors.  
P. pastoris cultures were grown and induced in baffled shake flasks or bioreactors. Bar chart shows wet 
cell pellet yields (g/L) from each growth method after centrifugation of culture (4,000 ´ g, 20 min, 4 °C). 
Wet cell pellet yields from M1 and M23 AQP4 P. pastoris clones were used together as replicates for 
each condition (shake flask or bioreactor). Data are shown as mean ± SD (n = 5 per culture method). 
Statistical analysis was performed with a Welch’s unpaired t-test (***p ≤ 0.001). 
 

 

 

3.5.2. Comparison of AQP4 expression in membranes produced in shake flasks or bioreactors 

 

Although the culture density and resulting cell pellet yield were significantly higher from 

bioreactor cultures, it was important to ascertain whether AQP4 expression in the extracted 

membrane fragments could match that observed for shake flask cultures. This would confirm 

whether bioreactors were going to provide a more efficient production system for membranes 

from which to purify the AQP4 isoforms. 

 

Membrane fragments from shake flask and bioreactor cultures were prepared as discussed 

previously (Section 2.5.2 and 2.5.3) and were frozen as aliquots at -80 °C. Membrane aliquots 

for the M1 and M23 AQP4 clones were defrosted and incubated with Laemmli buffer (10 min, 

RT), separated by 4–16% gradient SDS-PAGE at a concentration of 36 mg/mL, followed by 

western blotting. AQP4 in the samples was probed with a rabbit anti-AQP4 Ab (1:5,000, 16 h, 

4 °C), followed by a secondary anti-rabbit-HRP linked Ab (1:2,500, 1 h, RT), and visualised by 

chemiluminescence. 
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Figure 3.16A shows the resulting western blot. There aren’t any large visual differences in 

AQP4 membrane fragment expression between shake flask and bioreactor cultures for either 

the M1 or T1C3 M23 clones. Similar degradation products are visible for both isoforms for both 

growth methods. This includes the AQP4 degradation band at 10–15 kDa seen previously. In 

total, two repeats per culturing method per isoform clone were analysed by western blot 

(Figure 3.16A shows one representative example). Figure 3.16B shows the AQP4 band 

intensity calculated from these western blots. Intensity was calculated by densitometry 

(Section 2.7.4) and reported relative to the mean of the M1 AQP4 bioreactor band intensity. It 

is clear that membrane expression of AQP4 can vary between batches, but there are no 

obvious outliers, and there are no clear differences in expression between shake flask and 

bioreactor cultures. 

Figure 3.16. Comparing expression of AQP4 in membrane fragments isolated from P. pastoris 
clones cultured in baffled shake flasks or bioreactors.  
Cultures of the M1 AQP4 clone and the T1C3 M23 AQP4 clone were grown and induced in baffled 
shake flasks or bioreactors, followed by high pressure cell homogenisation. Membrane fragments were 
separated from cell lysates by ultracentrifugation (150,000 ´ g, 90 min, 4 °C). Resuspended membrane 
fragments were separated by 4–16% gradient SDS-PAGE at a concentration of 36 mg/mL, followed by 
western blotting. A) Representative western blot of membrane fragments, with lanes labelled according 
to the AQP4 isoform P. pastoris clone and growth method. AQP4 was probed with a rabbit anti-APQ4 
Ab (1:5,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot was imaged using 
chemiluminescence. Positions of monomer, dimer and degradation bands of AQP4 are labelled with 
arrows. MW markers are shown under ‘M’ with mass labels in kDa shown on the left of the blot. B) Bar 
chart quantifying AQP4 band intensity from western blots such as A. Bands were quantified using 
densitometry analysis. Intensity was calculated as the sum of intensity from both AQP4 monomer and 
dimer bands present for each condition. Values are relative to the M1 AQP4 Bioreactor mean intensity. 
Data are shown as the mean with error bars representing the range (n = 2 per condition). 
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3.6. Chapter Summary 
 

This chapter has described how two existing clones of P. pastoris expressing recombinant 

constructs of either the M1 or M23 isoform of AQP4 were grown and induced to compare their 

levels of AQP4 expression and protein yield after purification. With the original M23 clone 

showing comparatively poor levels of expression and pure protein yield compared to the M1 

clone, P. pastoris was chemically transformed with the recombinant hAQP4-M23-plasmid 

construct to generate a new clones. A clone, T1C3, showing higher levels of M23 AQP4 

expression was selected, and shown to give a pure protein yield comparable to yields from 

the M1 AQP4 clone. Both AQP4 isoform clones were cultured in bioreactors to establish a 

more efficient and higher-yielding way of producing membrane fragments for AQP4 

purification and downstream analysis. 
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4. Biophysical characterisation of M1 and M23 AQP4-SMALPs 
 

Having shown that M1 and M23 isoforms of AQP4 can be purified in SMALPs to comparative 

yields, and cultured in bioreactors to provide a more efficient way of producing membranes for 

solubilisation, the purified AQP4-SMALPs were next biophysically characterised. 

 

This chapter describes how IMAC purified AQP4-SMALPs were characterised by SMA-PAGE, 

mass photometry, and SEC. SEC purified AQP4-SMALPs were then further characterised by 

flow-induced dispersion analysis (FIDA) and a thermal stability assay. Following this, AQP4-

SMALPS were probed in solution using an anti-AQP4 Ab to investigate whether AQP4 could 

be identified within SMALPs using mass photometry. Mass photometry, SEC, and SMA-PAGE 

were then compared as mass estimation techniques for AQP4-SMALPs. 

 

Apart from initial SMA-PAGE optimisation (Figure 4.1 and 2) and SEC with the Superdex 200 

column (Figure 4.6), all analyses in this chapter were performed with M1 and M23 AQP4-

SMALPs solubilised from membrane fragments extracted from bioreactor cultures, as 

described in Section 3.4.2. For Figures 4.1, 4.2, and 4.6, SMALPs were solubilised from 

membrane fragments extracted from shake flasks (Section 3.3). 

 

 

4.1. Initial characterisation of IMAC purified AQP4-SMALPs 
 

Having shown with SDS-PAGE analysis that M1 and M23 isoforms of AQP4 could be efficiently 

purified using SMA solubilisation and Ni-NTA IMAC, the next step was to characterise the 

IMAC purified SMALP particles using SMA-PAGE and mass photometry, before further 

purification by SEC.  

 

4.1.1. SMA-PAGE optimisation and visualising AQP4-SMALP degradation 

 

SMA-PAGE was developed as a native PAGE technique for MP-SMALPs by Pollock et al., 

essentially utilising native PAGE with conditions optimised for separation of SMALPs, such as 

using loading buffers and running gels at pH ≥ 8. At this pH, SMA is soluble and negatively 

charged, which is thought to allow it to migrate during PAGE, regardless of charge associated 

with the encapsulated MP (Pollock et al., 2019). 
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For this project, SMA-PAGE was intended for analysis and comparison of native AQP4-

SMALPs after IMAC purification and after further separation by SEC. At this optimisation 

stage, a suitable M23 AQP4 P. pastoris clone had not been established for M23 AQP4 high-

yield purification alongside M1 AQP4. Therefore, results show optimisation of SMA-PAGE 

using M1 AQP4 alone. For initial optimisation, the technique was first tested using only IMAC 

purified AQP4-SMALPs. SMA-PAGE was performed using an adapted method from Pollock 

et al., 2019 (Section 2.7.5). 

 

Resuspended membranes of the M1 AQP4 isoform P. pastoris clone were solubilised at 45 
mg/mL with 2.5% w/v SMA. The soluble fraction was separated by ultracentrifugation and 

AQP4-SMALPs were purified by Ni-NTA IMAC (Section 2.6). IMAC purified AQP4-SMALPs 

were concentrated with 100 kDa MW cut-off, separated by SMA-PAGE, and stained with 

Coomassie blue (Section 2.7.5). Crucially, non-denaturing and non-reducing loading buffers 

and running gels were used to preserve AQP4-SMALP complexes. Two concentrations of 

acrylamide were tested for the SMA-PAGE gels (10% and a 3–20% gradient). AQP4-SMALPs 

were also loaded onto gels at full and half concentration after MW cut-off concentration to 

assess a suitable total protein load. 

 

Figure 4.1 shows the resulting SMA-PAGE gels for optimisation. At full concentration, AQP4-

SMALPs show better visibility than at half concentration, demonstrating that a high quantity of 

pure protein is needed to visualise with Coomassie. The predicted position of the AQP4-

SMALP band (~300 kDa relative to the MW markers) is indicated on the gels. The 3–20% 

acrylamide gradient gel provided better separation of the AQP4-SMALPs. This gel presented 

further bands at higher MWs compared to those visualised by the 10% gel. Therefore, this gel 

concentration was chosen for future SMA-PAGE analysis. There was also indication of 

unmigrated protein, suggesting the existence of even larger SMALP particles or potential 

aggregates. 
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Figure 4.1. Comparing acrylamide concentrations for SMA-PAGE analysis of IMAC purified 
AQP4-SMALPs.  
Resuspended membranes of the M1 AQP4 isoform P. pastoris clone were solubilised at 45 mg/mL with 
2.5% w/v SMA. The soluble fraction was separated by ultracentrifugation (100,000 ´ g, 45 min, 4 °C) 
and AQP4-SMALPs were purified by Ni-NTA IMAC. IMAC purified AQP4-SMALPs were concentrated 
with 100 kDa MW cut-off, separated by SMA-PAGE (non-denaturing conditions) and stained with 
Coomassie blue.  A) 10% acrylamide SMA-PAGE of purified and concentrated M1 AQP4-SMALPs. B) 
3–20% acrylamide gradient SMA-PAGE of purified and concentrated M1 AQP4-SMALPs. For both gels, 
’AP’ represents Ni-NTA IMAC purified and concentrated AQP4-SMALPs, with ‘½ conc.’ representing 
the same sample diluted twofold in purification buffer. An arrow indicates the position of the predicted 
M1 AQP4-SMALP band. NativeMark and BSA markers are shown under ‘M’ and ‘BSA’ (with loaded 
quantity in ng), respectively, with mass labels in kDa shown on the left. 
 

 

 

Two Ni-NTA IMAC purifications of M1 AQP4 were performed ~1.5 months apart, as described 

for the previous experiment, with both preparations being stored at 4 °C after purification and 

concentration. This was used as an opportunity to assess SMALP degradation over time. 

SMALP stability is reported to be very good, with complexes being stable for multiple weeks 

(Jamshad, Charlton, et al., 2015). However, as seen in Section 3.3.3, AQP4-SMALPs (and 

M1 AQP4) appear to degrade after IMAC elution. Pollock et al. were also able to demonstrate 

that SMA-PAGE could be followed by immunoblotting (Pollock et al., 2019). This method was 

used here alongside Coomassie staining to provide a more sensitive detection method for 

degradation products. 

 

The two preparations of IMAC purified M1 AQP4-SMALPs, one newly purified and another 

purified and stored for ~1.5 months at 4 °C, were separated by 3–20% SMA-PAGE. One gel 

was stained with Coomassie, and another was used for western blotting (Section 2.7.3). For  

the SMA-PAGE western blot, the newly purified AQP4-SMALPs were loaded at a 20-fold 

dilution, whereas the ~1.5 month old sample was diluted 5-fold. This was to ensure that bands 
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could be visualised, as degradation was expected to result in a lower band intensity. AQP4 in 

the samples was probed with a rabbit anti-AQP4 Ab (1:5,000, 16 h, 4 °C), followed by a 

secondary anti-rabbit-HRP linked Ab (1:2,500, 1 h, RT), and visualised by chemiluminescence. 

Figure 4.2 shows the resulting SMA-PAGE stained with Coomassie (Figure 4.2A) and SMA-

PAGE western blot (Figure 4.2B). The M1 AQP4-SMALP stored for ~1.5 months after IMAC 

purification and concentration appeared to show the predicted AQP4-SMALP band at lower 

MW relative to the newly purified sample. The older sample also appeared to show 

degradation products below the predicted AQP4-SMALP band (Figure 4.2B). 

Figure 4.2. Investigating AQP4-SMALP degradation by SMA-PAGE analysis.  
Resuspended membranes of the M1 AQP4 isoform P. pastoris clone were solubilised at 45 mg/mL with 
2.5% w/v SMA. The soluble fraction was separated by ultracentrifugation (100,000 ´ g, 45 min, 4 °C) 
and AQP4-SMALPs were purified by Ni-NTA IMAC. IMAC purified AQP4-SMALPs were concentrated 
with 100 kDa MW cut-off. This was performed for two separate purifications ~1.5 months apart. Purified 
and concentrated AQP4-SMALPs were kept at 4 °C before separation by 3–20% acrylamide SMA-
PAGE (non-denaturing conditions). A) SMA-PAGE of purified and concentrated M1 AQP4-SMALPs 
stained with Coomassie blue. B) SMA-PAGE western blot of purified and concentrated M1 AQP4-
SMALPs. AQP4 was probed with a rabbit anti-AQP4 Ab (1:5,000). An anti-rabbit-HRP Ab was used as 
secondary (1:2,500) and the blot was imaged using chemiluminescence.  For both A and B, ‘M1 AQP4 
+1 month’ represents AQP4-SMALPs kept at 4 °C for 1.5 months after purification, and ‘M1 AQP4 +5
days’ represents AQP4-SMALPs kept at 4 °C for 5 days after purification. An arrow indicates the
position of the predicted M1 AQP4-SMALP band. NativeMark and BSA markers are shown under ‘M’
and ‘BSA’, respectively, with mass labels in kDa shown on the left. NativeMark and BSA markers for
the western blot (B) were stained with Ponceau S and marked with pen for imaging.
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4.1.2. Mass photometry characterisation of IMAC purified AQP4-SMALPs 

 

As discussed in Section 1, mass photometry has been developed as a label-free method to 

quantify the mass of biological molecules. Molecules in solution can be detected as binding 

events to a glass slide. Measured contrast is proportional to molecule mass and the mass of 

unknown molecules can be estimated by calibrating contrast to masses of known standards 

(Young et al., 2018; Asor et al., 2025). Mass photometry has already been used for analysis 

of MP-SMALPs, and was able to characterise these particles after SEC purification 

(Olerinyova et al., 2021). Mass photometry offers a novel approach to quantify the mass of 

MP-SMALPs, which can be difficult due to the innate heterogeneity of these complexes 

containing protein, lipids, and SMA. 

 

As shown in Section 3, M23 AQP4 had been IMAC purified with conditions optimised for M1 

AQP4 by Drs Philip Kitchen and Lucas Unger. This allowed preparation of the two AQP4-

SMALP isoforms using comparable conditions, with M23 AQP4 showing purification results 

comparable to that of M1 AQP4 (Section 3.3). Due to the ability of mass photometry to quickly 

analyse samples of low concentration, it lends itself as a technique for rapid assessment of 

IMAC purification fractions. Therefore, mass photometry was used to investigate M23 elution 

fractions at increasing concentrations of imidazole, to confirm that IMAC purification conditions 

optimised for M1 AQP4-SMALPs were equally applicable to M23 AQP4-SMALPs. 

 

Resuspended membranes (1.8 g) of the M23 AQP4 isoform P. pastoris clone were solubilised 
at 45 mg/mL with 2.5% w/v SMA. The soluble fraction was separated by ultracentrifugation 

and AQP4-SMALPs were purified by Ni-NTA IMAC (Section 2.6). Instead of elution at 300 mM 

imidazole as per standard protocol, M23 AQP4-SMALPs were eluted with increasing imidazole 

concentrations: 100 mM, 150 mM, 200 mM, 250 mM, 300 mM and 600 mM. Two consecutive 

fractions of 300 mM imidazole were used to ensure protein had been eluted at the standard 

concentration used for elution. All elution fractions were 2.5× resin bed-volumes, as the 

majority of M23 AQP4 had eluted by this volume at 300 mM imidazole according to purification 

results shown in Figure 3.10. Elution fractions were immediately analysed by mass photometry 

(Section 2.8.2), droplet diluting by half into sample well cassettes. 

 

Figure 4.3 shows the resulting mass photometry analysis of the elution fractions. Counts were 

normalised to compare relative proportion of sample components in each fraction. Peaks 

predicted to represent the M23 AQP4-SMALPs were fitted with Gaussian distributions (red). 

These peaks appear at ~300 kDa, similar to SMA-PAGE mass predictions for M1 AQP4-

SMALPs. Wash fractions (20 mM and 75 mM imidazole) show removal of low MW 
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contaminants, with the first indication of M23 AQP4-SMALPs appearing at the 100 mM 

imidazole elution (indicated by the fitted Gaussian distribution red line). The highest proportion 

of M23 AQP4-SMALPs appear in the 200 mM imidazole elution, after which proportions 

diminish. A small proportion, relative to low MW contaminants, is also evident in the 600 mM 

imidazole elution. 

 

Ni-NTA IMAC purifications of M1 and M23 AQP4-SMALPs were compared using mass 

photometry. This was done to characterise the AQP4-SMALP IMAC purifications and assess 

sample heterogeneity before SEC purification. Resuspended membranes of the M1 and M23 
AQP4 isoform P. pastoris clones were solubilised at 45 mg/mL with 2.5% w/v SMA. The soluble 

fractions were separated by ultracentrifugation (100,000 ́  g, 45 min, 4 °C) and AQP4-SMALPs 

were purified by Ni-NTA IMAC (Section 2.6). IMAC purified AQP4-SMALPs were concentrated 

with 100 kDa MW cut-off. The IMAC purified AQP4-SMALPs were analysed by mass 

photometry (Section 2.8.2) at a final concentration of ~5 µg/mL. This equates to a monomer 

concentration of ~140 nM and ~151 nM for M1 and M23 AQP4, respectively. 
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Figure 4.3. Investigating increasing imidazole elution concentration during Ni-NTA IMAC 
purification of M23 AQP4-SMALPs.  
Resuspended membranes of the M23 AQP4 isoform P. pastoris clone were solubilised at 45 mg/mL 
with 2.5% w/v SMA. The soluble fraction was separated by ultracentrifugation (100,000 ´ g, 45 min, 4 
°C) and AQP4-SMALPs were purified by Ni-NTA IMAC. This consisted of 20 mM and 75 mM imidazole 
wash fractions of 50´ resin bed-volumes (the first 2.5´ resin bed-volumes were collected as samples 
for analysis), followed by elution in 2.5´ resin bed-volume fractions of increasing imidazole 
concentration (100 mM, 150 mM, 200 mM, 250 mM, 300 mM and 600 mM). Two consecutive fractions 
of 300 mM imidazole were used and are indicated as [1] and [2]. Each fraction was analysed by mass 
photometry (n = 1 per fraction). NativeMark was used for mass calibration. The figure shows a mass 
photometry 3D histogram of each fraction with normalised sample counts plotted against calibrated 
mass (kDa). The z-axis shows the imidazole concentration of each elution fraction: 20 mM (grey), 75 
mM (brown), 100 mM (blue), 150 mM (cyan), 200 mM (turquoise), 250 mM (green), 300 mM [1] 
(chartreuse), 300 mM [2] (yellow), and 600 mM (purple). The histogram peak in each sample predicted 
to represent M23 AQP4-SMALPs is fitted with a Gaussian distribution (red). A) 3D histogram side view. 
B) 3D histogram front view. 
 

A

B
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Figure 4.4. Mass photometry of Ni-NTA IMAC purified and concentrated M1 and M23 AQP4-
SMALPs.  
Resuspended membranes of the M1 and M23 AQP4 isoform P. pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. The soluble fractions were separated by ultracentrifugation (100,000 ´ g, 
45 min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC. IMAC purified AQP4-SMALPs were 
concentrated with 100 kDa MW cut-off and each purified sample analysed by mass photometry (n = 1 
per sample). MS1000 was used for mass calibration. The figure shows overlayed mass photometry 
histograms of the purified M1 (blue) and M23 (red) AQP4-SMALP samples with normalised counts 
plotted against calibrated mass (kDa). The histogram peaks in each sample are fitted with Gaussian 
distributions (M1,blue; M23, red). Gaussian distributions are labelled with the mean, SD, and distribution 
counts (and percentage of total sample counts).  
 

 

 

Figure 4.4 shows overlayed mass photometry histograms for IMAC purified M1 and M23 

AQP4-SMALPs. Counts were normalised to show relative proportions of sample components. 

Three predominant peaks are visible for both AQP4-SMALP samples. These are fitted with 

Gaussian distributions and masses estimated. The small peak on the far-left of the histogram 

was not fitted with a Gaussian distribution as this represented either purification contaminant 

or low MW noise. A difference in mass between M1 and M23 is evident in all peaks, with the 

M23 AQP4-SMALP peaks estimated to be lower mass than those for M1 AQP4-SMALPs. This 

multiple peak pattern is consistent with the multiple band pattern observed for SMA-PAGE of 

M1 AQP4-SMALPs (Figure 4.1 and 2). No significant unbinding peaks were observed for the 

AQP4-SMALP peaks in the negative kDa region (not shown). 
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Due to this feature of multiple peaks (mass photometry) and multiple bands (SMA-PAGE) for 

the IMAC purified AQP4-SMALPs, the IMAC purified samples were analysed by mass 

photometry for 3 technical replicates, to ascertain whether mass photometry could estimate 

these peak masses with precision (Figure 4.5A and C). The mass estimates were determined 

by fitting Gaussians to the peaks as described (Section 2.8.2.3), and mean estimates were 

calculated from the replicate Gaussian mean values. The mean mass estimates were plotted 

against the identified peak number in order of increasing size and a linear regression line 

calculated (Figure 4.5B and D). Both M1 and M23 AQP4-SMALP IMAC purified samples 

individually demonstrated a strong linear relationship (r2 = 0.9993 for M1 AQP4-SMALPs, r2 = 

0.9999 for M23 AQP4-SMALPs) between peak number and peak mass (Figure 4.5E). 

 

These observed peaks were assumed to be different AQP4-SMALP sizes after solubilisation 

and IMAC purification. Assuming an AQP4 tetramer mass of 142.4 kDa and 132.4 kDa (based 

on monomer mass of 35.6 kDa and 33.1 kDa) for M1 and M23 isoforms, respectively, the 

incremental mass increase between each of the observed peaks would accommodate for the 

addition of one (but not greater than one) AQP4 tetramer unit. As AQP4 is known to form OAPs 

(Yang, Brown and Verkman, 1996; Verbavatz et al., 1997), it was theorised that these particles 

could be different oligomeric forms of AQP4 tetramers in SMALP complexes, with ‘Peak 1’, 

‘Peak 2’, and ‘Peak 3’ representing 1- (1T), 2- (2T), and 3- (3T) tetramer complexes of AQP4 

within SMALPs, respectively (Figure 4.5). As such, visualised SMALP complexes (by SEC, 

SMA-PAGE, and mass photometry) theorised to represent this pattern are labelled in this way 

from here on in this chapter. Although M1 AQP4 is thought to be unable to form OAPs in the 

membrane (Furman et al., 2003; Crane, Bennett and Verkman, 2009), it is possible that it is 

able to do so in P. pastoris, unlike in mammalian expression systems. Palmitoylation is thought 

to play a role in OAP prevention (Suzuki et al., 2008), and lack of this could potentially be a 

factor here. Others have also found that M1 AQP4 tetramers are able to form small oligomers, 

with and without the presence of palmitoylation (Carder et al., 2024). It is also possible that 

SMA forces this AQP4 assembly into particles containing more than one tetramer during AQP4 

encapsulation. These possibilities would explain the similarity in the observed relationship 

between M1 and M23 AQP4 here.   
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Figure 4.5. Linear correlation of mass photometry 
identified peaks in IMAC purified AQP4-SMALPs.  
Further mass photometry analysis of IMAC purified 
AQP4-SMALPs shown in Figure 4.4. A, C) Mass 
photometry histograms of overlayed technical 
replicates (n = 3) for M1 AQP4-SMALPs (A) and M23 
AQP4-SMALPs (C), with counts plotted against 
calibrated mass (kDa). The plots show only Gaussian 
distribution lines that were fitted to histogram peaks, 
colour-coded to individual replicates. Gaussian 
distributions are labelled with the peak number and 
mean mass estimate (Gaussian mean) across 
replicates. 1T, 2T, and 3T represent theorised AQP4 
tetrameric assembly of 1-, 2-, and 3-tetramers in 
SMALPs. B, D) Plots of mean estimated mass 
against peak number for M1 AQP4-SMALPs (B) and 
M23 AQP4-SMALPs (D), corresponding to mass 
photometry histograms A and C, respectively. Plots 
were fitted with a linear regression line, with lines 
labelled with the line equation and r2 value. E) 
Combined plot of B and D.   
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4.2. Further purification of AQP4-SMALPs by SEC 
 

Having observed these different AQP4-SMALP sizes by mass photometry and SMA-PAGE, 

the next step was to further separate the IMAC purified samples by SEC. This would potentially 

allow assessment of the different SMALPs individually.  

 

4.2.1. Optimisation of SEC purification 

 

Resuspended membranes of M1 and M23 AQP4 isoform P. pastoris clones were solubilised 

at 45 mg/mL with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation 

(100,000 ´ g, 45 min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC (Section 2.6). 

IMAC purified samples were concentrated to ~500 µL with 100 kDa MW cut-off and separated 

by SEC using the Superdex 200 column (Section 2.8.1). 

 

Figure 4.6A and B show the resultant 280 nm absorbance (UV) SEC traces for M1 and M23 

AQP4-SMALPs. 600 µL fractions corresponding to the labelled peaks were collected and 

analysed by 3–20% SMA-PAGE alongside samples of the IMAC purified and concentrated 

AQP4-SMALPs, shown in Figure 4.6C. The SMA-PAGE of the IMAC purified AQP4-SMALPs 

showed a similar band-laddering pattern for both the M1 and M23 AQP4-SMALPs. The SEC 

fractions show a clear breakdown of the bands observed in the IMAC purified protein. The 1-

tetramer (1T) AQP4-SMALP appeared to show a prominent peak in the SEC UV trace, 

whereas the 2-tetramer (2T) AQP4-SMALP was mostly present in a shoulder of the void peak. 

The void fraction showed separation of larger IMAC purified species that could not be resolved 

by SMA-PAGE. A peak or shoulder corresponding to the 3-tetramer (3T) SMALP could not be 

identified in the SEC UV trace. The trace shows a large void peak, demonstrating a large 

proportion of protein in the void fraction. This may represent the 3T AQP4-SMALP (observed 

by SMA-PAGE and mass photometry), larger AQP4-SMALP complexes, and aggregates of 

AQP4 or AQP4-SMALPs. The hydrodynamic radii of this fraction determined by flow-induced 

dispersion analysis (FIDA) is investigated in Section 4.3 (Figure 4.13 and Table 4.2). 
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Figure 4.6. SEC of AQP4-SMALPs using the Superdex 200 column and analysis of fractions by 
SMA-PAGE.  
Resuspended membranes of M1 and M23 AQP4 isoform P. pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation (100,000 ´ g, 45 
min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC. Purified samples were concentrated to 
~500 µL and separated by SEC using the Superdex 200 column. A, B) SEC profiles of Ni-NTA IMAC 
purified M1 (A) and M23 (B) AQP4-SMALPs. Profiles show mAU measured at UV 280 nm against the 
buffer retention volume (mL). Peaks are labelled according to the predicted fraction contents, where the 
‘Void’ peak represents the SEC void, and the ‘2T’ shoulder and ‘1T’ peak represent 2- and 1-tetramer 
AQP4-SMALPs. 600 µL fractions were collected at each of these peaks. C) 3–20% gradient SMA-PAGE 
of M1 and M23 AQP4-SMALPs before and after SEC. ‘AP’ represents Ni-NTA IMAC purified and 
concentrated protein. The other AQP4 samples are the void (V), 2T, and 1T fractions collected from 
SEC shown in A and B. Arrows indicate positions of predicted AQP4-SMALP bands. Positions are 
labelled with ‘1T’, ‘2T’, and ‘3T’, representing theorised AQP4 tetrameric assembly of 1-, 2-, and 3-
tetramers in SMALPs. NativeMark and BSA markers are shown under ‘M’ and ‘BSA’, respectively, with 
mass labels in kDa shown on the left. Gel was stained with Coomassie blue. 
 

 

 

 

 

 

A M1 AQP4

Void

2T

1T

5 10 15 20
0

50

100

150

Retention (mL)

U
V 

28
0 

nm
 (m

A
U

)
M1 15-11-23 raw data B M23 AQP4

Void

2T

1T

5 10 15 20
0

20

40

60

80

Retention (mL)

U
V 

28
0 

nm
 (m

A
U

)

M23 15-11-23 raw data

720

242

480

146

66

AP V 2T 1T AP V 2T 1T

M1 AQP4 M23 AQP4

BSAM

C

1T SMALP

2T SMALP
3T SMALP



C. Browne, PhD Thesis, Aston University, 2025 104 

SEC was able to separate these differently sized AQP4-SMALPs visualised by SMA-PAGE 

and mass photometry after IMAC purification. This gave confidence that these SMALP 

complexes were individual particles of different sizes, as opposed to aggregates of the 

smallest visualised SMALP at ~300 kDa. Despite good separation of the ~300 kDa SMALP, 

other SEC trace peaks could not be identified. The larger AQP4-SMALPs appeared to elute 

very close to the void peak, such as with the 2T AQP4-SMALP shoulder peak. The Cytivia 

Superose 6 column offers a broader fractionation range than the Superdex 200 column for 

large molecular sizes. Therefore, it was used to improve separation of the larger AQP4-

SMALPs (that could be visualised by SMA-PAGE and mass photometry) from the SEC void 

peak. 

 

As before, resuspended membranes of M1 and M23 AQP4 isoform P. pastoris clones were 

solubilised at 45 mg/mL with 2.5% w/v SMA. Soluble fractions were separated by 

ultracentrifugation and AQP4-SMALPs were purified by Ni-NTA IMAC (Section 2.6). For this 

purification, samples were concentrated to ~500 µL with 100 kDa MW cut-off and separated 

by SEC using the Superose 6 column (Section 2.8.1).  

 

Figure 4.7 shows the resulting SEC purification by the Superose 6 column. The SEC traces 

for M1 and M23 AQP4-SMALPs show two prominent peaks after the void peak (Figure 4.7A 

and B). Analysis of 600 µL fractions collected at these peaks, and at intermediate regions of 

the SEC fractionation, showed a similar laddering of AQP4-SMALPs as before, when 

observed by SMA-PAGE (Figure 4.7C and D). The 1T and 2T AQP4-SMALPs were confirmed 

to show independent prominent peaks in the SEC UV trace. M1 and M23 1T AQP4-SMALP 

fractions were also directly compared by SMA-PAGE (Figure 4.7E). 
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Figure 4.7. Improved SEC separation of AQP4-SMALPs using the Superose 6 column and 
analysis of fractions by SMA-PAGE.  
Resuspended membranes of M1 and M23 AQP4 isoform P. pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation (100,000 ´ g, 45 
min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC. Purified samples were concentrated to 
~500 µL and separated by SEC using the Superose 6 column. A, B) SEC profiles of Ni-NTA IMAC 
purified M1 (A) and M23 (B) AQP4-SMALPs. Profiles show mAU measured at UV 280 nm against the 
buffer retention volume (mL). Peaks and corresponding collected fractions are labelled and highlighted. 
For A, ‘V’ represents the SEC void peak, and the ‘2T’ and ‘1T’ peaks represent 2- and 1-tetramer M1 
AQP4-SMALPs (all highlighted blue). ‘i’ and ‘ii’ represent first and second peak intermediate fractions 
(both highlighted dashed orange), respectively. For B, ‘V’ represents the SEC void peak, and the ‘2T’ 
and ‘1T’ peak represent 2- and 1-tetramer M23 AQP4-SMALPs (all highlighted red). ‘i’ and ‘ii’ represent 
first and second peak intermediate fractions (both highlighted dashed purple), respectively. C, D) 3–
20% gradient SMA-PAGE of M1 (C) and M23 (D) AQP4-SMALPs before and after SEC. ‘AP’ represents 
Ni-NTA IMAC purified and concentrated protein. The other AQP4 samples are labelled corresponding 
to fractions collected from SEC peaks identified in A and B. E) 3–20% gradient SMA-PAGE of the M1 
and M23 AQP4-SMALP 1T fraction collected from SEC shown in A and B, respectively. For C, D and 
E, arrows indicate positions of predicted AQP4-SMALP bands. Positions are labelled with 1T and 2T, 
representing theorised AQP4 tetrameric assembly of 1- and 2-tetramers in SMALPs. NativeMark 
markers are shown under ‘M’, with mass labels in kDa shown on the left. Gels were stained with 
Coomassie blue.   
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To directly compare SEC profiles for the M1 and M23 AQP4-SMALPs, two normalisation 

techniques were used for the SEC traces shown in Figure 4.7A and B. This would allow overlay 

of the traces and comparison of the relative mAU values at 280 nm for the different peaks 

observed. SEC traces were normalised by using the total area under the curve (AUC) or by 

using the maximum mAU value (max.). The resulting SEC profile overlays are shown in Figure 

4.8. The SEC profile for M23 AQP4 showed a slight shift to the right when compared to the 

M1 AQP4 profile (for the 1T and 2T peaks). This was expected, as M23 AQP4-SMALPs had 

so far shown lower masses compared to the M1 AQP4-SMALPs. Normalisation by AUC gave 

better relative comparison between all SEC peaks. This made sense, as normalisation by AUC 

relied on the 280 nm signal from all protein in the sample, as opposed to one specific peak 

with the highest mAU value (which in this case was the void peak). As such, normalisation by 

AUC was chosen as the preferred method for future SEC profile comparison. 

 

 

 

 

 
Figure 4.8. Comparing normalisation techniques for comparison of M1 and M23 AQP4-SMALP 
SEC profiles.  
Figures show overlay of M1 (blue) and M23 (red) AQP4-SMALP SEC profiles shown in Figure 4.7A and 
B. Profiles show normalised mAU measured at UV 280 nm against the buffer retention volume (mL). A) 
Normalisation of mAU by the total area under the curve (AUC) for each profile. B) Normalisation of mAU 
by the maximum mAU value (max.) for each profile. 
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As observed in Section 3.3.3, degradation of protein appears to take place between IMAC 

elution and centrifugal concentration of AQP4-SMALPs (Figure 3.11). Therefore, two 

subsequent SEC purifications of AQP4-SMALPs were compared where the time between 

IMAC elution and SEC purification was different for each one. As before, resuspended 

membranes of M1 and M23 AQP4 isoform P. pastoris clones were solubilised at 45 mg/mL 

with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation and AQP4-

SMALPs were purified by Ni-NTA IMAC (Section 2.6). For one purification, protein was eluted 

in fractions for analysis before SEC. This meant a brief storage period, before pooling fractions 

together, centrifugal concentration, and separation by SEC, resulting in ~3 h between IMAC 

elution and SEC. A new purification method was used in which protein was eluted in one large 

fraction, immediately concentrated, and separated by SEC, resulting in < 1 h between IMAC 

elution and SEC. In both cases, IMAC purified protein was concentrated to ~500 µL with 100 

kDa MW cut-off before separation with the Superose 6 column. Resuspended membranes for 

both conditions were taken from the same bioreactor cell culture batch and both solubilisations 

and purifications were performed using the same protocol (Section 2.6). 

 

Figure 4.9 shows a comparison of these two different purifications for M1 and M23 AQP4-

SMALPs. For the SEC purification with reduced time between IMAC elution and SEC 

separation, M23 AQP4 appears to show an increased proportion of the 1T AQP4-SMALP, with 

M1 AQP4 showing an increased proportion in the 2T AQP4-SMALP peak and tail. M1 AQP4 

shows a significantly decreased proportion in the void. Both profiles also show the appearance 

of another small peak after the 1T AQP4-SMALP, potentially representing a purification 

contaminant. 
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Figure 4.9. Reducing time between Ni-NTA IMAC purification and SEC separation using the 
Superose 6 column.  
Resuspended membranes of M1 and M23 AQP4 isoform P. pastoris clones were solubilised at 45 
mg/mL with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation (100,000 ´ g, 45 
min, 4 °C) and AQP4-SMALPs were purified by Ni-NTA IMAC. In one condition, protein was eluted in 
fractions, stored, and pooled together before concentration and separation by SEC, resulting in ~3 h 
between IMAC elution and SEC (brown dotted trace). A new purification method was used in which 
protein was eluted in one large fraction and immediately concentrated and separated by SEC, resulting 
in < 1 h between IMAC elution and SEC (solid black trace). Both SEC purifications were performed with 
the Superose 6 column. For M1 (A) and M23 (B) AQP4, the figures show an overlay of SEC profiles 
from this new purification method, with < 1 h between IMAC and SEC (black solid trace), and the SEC 
profiles of the previous purification method (dotted brown trace), resulting in + 3 h between IMAC and 
SEC. Profiles show normalised mAU measured at UV 280 nm against the buffer retention volume (mL). 
 

 

 

Figure 4.10 shows an overlay of M1 and M23 AQP4 SEC profiles for the new purification 

method described with reduced time between IMAC elution and SEC (Figure 4.9, solid black 

trace). Fractions of the identified peaks were collected and analysed by SDS-PAGE (Section 

2.7.2). Monomer, dimer and trimer AQP4 bands were present in the 2T and 1T SEC fractions, 

at expected MW for M1 (~35.6 kDa) and M23 (~33.1 kDa). The monomer and dimer AQP4 

bands were also faintly present in the void peak for both M1 and M23 AQP4. The small peak 

identified after the 1T AQP4-SMALP gave a band matching the purification contaminant seen 

in IMAC purified AQP4 (Figure 3.10), showing good separation of this from the AQP4-SMALPs 

by SEC. 
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Figure 4.10. SDS-PAGE analysis of AQP4-SMALP SEC fractions after separation using the 
Superose 6 column.  
A) Overlay of M1 (blue) and M23 (red) AQP4-SMALP SEC profiles from the new purification method 
shown in Figure 4.9A and B (Figure 4.9A and B solid black trace). Profiles show normalised mAU 
measured at UV 280 nm against the buffer retention volume (mL). Peaks and corresponding collected 
600 µL fractions are labelled with arrows. ‘Void’ represents the SEC void peak, and the ‘2T’ and ‘1T’ 
peaks are predicted to represent 2- and 1-tetramer AQP4-SMALPs. A peak predicted to represent the 
IMAC purification contaminant is labelled with a dotted arrow. B) 4–16% gradient SDS-PAGE of 
fractions collected from SEC (A). Lanes are labelled corresponding to the identified SEC peaks in A. 
C, D) SDS-PAGE for protein concentration estimation of M1 (C) and M23 (D) AQP4 in Void, 2T, and 1T 
fractions collected from SEC (A). Lanes are labelled corresponding to the identified SEC peaks in A. 
BSA was used as a standard in serial dilution. BSA concentrations are labelled for each lane. For gels 
B, C and D, positions of monomer, dimer and trimer bands of AQP4 are labelled with black arrows. A 
contaminant band is labelled with a red arrow. For all gels, MW markers are shown under ‘M’ with mass 
labels in kDa shown on the left of each gel. Gels were all stained with Coomassie blue. 
 

 

 

AQP4 concentration was estimated for the void, 2T and 1T SEC fractions using densitometry 

analysis (Section 2.7.4.1), with a serial dilution of BSA to be used as a concentration standard 

curve. Table 4.1 shows concentration estimates using the SDS-PAGE shown in Figure 4.10C 

and D. Total protein quantity was determined using the volume of the collected SEC fraction. 

The AQP4 monomer concentrations were determined assuming a mass of 35.6 kDa and 33.1 
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kDa for the M1 and M23 isoforms, respectively. This was divided by four to determine the 

tetramer concentration, as this is the expected conformation in the 1T AQP4-SMALPs. The 1T 

AQP4-SMALP fraction contained the highest amount of AQP4 for both M1 and M23, with 

slightly less in the 2T fraction. The void contained much less AQP4 at a relatively even quantity 

for both isoforms. 

 

 
Table 4.1. Protein concentration and quantity estimates after SEC.  
Table shows estimated AQP4 concentration in collected SEC fractions (Figure 4.10). Concentration 
estimates were determined by densitometry analysis of gels shown in Figure 4.10C and D, using BSA 
as a protein concentration standard in serial dilution. This was used to quantity total protein based on 
collected SEC fraction volumes of 600 µL. AQP4 molar concentration was determined based on an 
assumption of 35.6 kDa for the M1 AQP4 monomer and 33.1 kDa for the M23 AQP4 monomer. 
 

 

 

 

4.2.2. Analysis of SEC fractions by mass photometry 

 

The fractions collected as described for Figure 4.10 were analysed by mass photometry 

(Section 2.8.2). Figure 4.11 shows a comparison of SEC fractions for each of the M1 and M23 

AQP4 purifications. 2T and 1T SEC fractions for M1 and M23 were analysed at a final AQP4 

tetramer concentration of ~17.5 nM. Tetramer concentration was used as this represented the 

expected conformation of AQP4 in 1-tetramer SMALPs. The void fraction and contaminant 

peak were analysed at a 20-fold final dilution. The concentration used for these fractions was 

determined as a dilution factor because the fraction contents were not certain and the relative 

protein quantity appeared much lower compared to the 2T and 1T fractions (Figure 4.10B). 

Figure 4.12 shows a comparison of M1 and M23 AQP4-SMALPs for the 2T and 1T SEC 

fractions. Samples for this comparison were analysed at a final AQP4 tetramer concentration 

of ~35 nM. For the reasons stated for Figure 4.11, tetramer concentration was used to 

determine final analysed concentration. For Figures 4.11 and 4.12, sample counts were 

AQP4 tetramer 
concentration (µM)

AQP4 monomer 
concentration (µM)

Total protein 
quantity (µg)

Concentration 
(mg/mL)

AQP4 isoform
SEC fraction

0.281.12240.04M1 Void (Void)

1.977.871680.28M1 2-tetramer (2T)

2.6710.672280.38M1 1-tetramer (1T)

0.301.21240.04M23 Void (Void)

1.897.551500.25M23 2-tetramer (2T)

2.499.971980.33M23 1-tetramer (1T)
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normalised for the overlayed histograms so that proportions of fraction components could be 

more accurately compared, regardless of the total number of recorded events.  

 

For both the M1 and M23 AQP4 samples, the overlayed SEC fractions show a breakdown of 

species that match the appearance of peaks observed for IMAC purified AQP4-SMALPs. The 

relative proportions of each peak suggest that, as expected, 1- and 2-tetramer AQP4-SMALPs 

are most predominant in the 1T and 2T SEC fractions, respectively. Good separation of the 

contaminant can be seen, although this contaminant fraction appears to contain a small peak 

representing the 1-tetramer AQP4-SMALP. The mass prediction of the contaminant does not 

match that seen by SDS-PAGE. This could be because the contaminant forms a dimer, or 

exists within SMALP complexes, or due to the observed MW by SDS-PAGE being close to the 

lower detection (and prediction) limit for mass photometry (~30 kDa). No predominant peaks 

could be observed for the void fraction other than binding events at a low MW. This is likely 

due to it being a heterogenous mix of large particle sizes.  

 

The 1T SEC fractions for both M1 and M23 AQP4 show a relatively homogeneous peak for 

the predicted 1-tetramer AQP4-SMALP. This SEC fraction also shows some evidence of 2-

tetramer AQP4-SMALPs, as also observed by SMA-PAGE analysis (Figure 4.7). Particles 

predicted to be 1-, 2-, and 3-tetramer AQP4-SMALPs appear in the 2T SEC fraction. This 

fraction is much more heterogenous than the 1T fraction, but the 2-tetramer AQP4-SMALP 

appears to be the predominant peak for both M1 and M23 AQP4 samples. The mass estimate 

for the 1-tetramer AQP4-SMALP differs in the 1T and 2T SEC fractions, with the 2T SEC 

fraction having slightly higher estimates. This may be due to the 2T SEC fraction containing 

the larger particles of the 1-tetramer AQP4-SMALP distribution. M1 and M23 AQP4 samples 

show a different proportion of the 1-tetramer AQP4-SMALP in the 2T SEC fraction (higher 

proportion for M23 AQP4). This is similar to the relative proportions of the 1T and 2T SEC 

peaks observed for  M1 and M23 AQP4 (Figure 4.10). Despite good separation of the 

contaminant and void, this analysis shows that there is some overlap of predicted 1- and 2- 

tetramer AQP4-SMALPs in the SEC fractionation contents. There is a very shallow peak above 

the mass of the predicted 3-tetramer peak, which could represent 4-tetramer AQP4-SMALPs. 

However, this is hard to distinguish above the background noise of binding events, thus, these 

counts have not been fitted with a Gaussian distribution.  
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Figure 4.11. Mass photometry of fractions from SEC purified M1 and M23 AQP4-SMALPs.  
Identified M1 and M23 AQP4-SMALP SEC fractions (Figure 4.10) were analysed by mass photometry 
(n = 1 per sample). MS1000 was used for mass calibration. The figures show overlayed mass 
photometry histograms of SEC fractions collected for M1 (A) and M23 (B) AQP4-SMALPs, with 
normalised counts plotted against calibrated mass (kDa). Samples for A and B correspond to identified 
peaks from the SEC profiles in Figure 4.10A, where ‘Void’ represents the collected void fraction (yellow), 
‘2T’ represents the fraction predicted to contain 2-tetramer AQP4-SMALPs (green), ‘1T’ represents the 
fraction predicted to contain 1-tetramer AQP4-SMALPs (blue), and ’contaminant’ represents the fraction 
containing the IMAC purification contaminant (red). The histogram peaks in each sample are fitted with 
Gaussian distributions. Gaussian distributions are labelled with the mean (mass prediction), SD, and 
distribution counts (and percentage of total sample counts). 
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Figure 4.12. Comparison of SEC purified M1 and M23 AQP4-SMALPs using mass photometry.  
Identified M1 and M23 AQP4-SMALP SEC fractions (Figure 4.10) were analysed for comparison of M1 
and M23 by mass photometry (n = 1 per sample). MS1000 was used for mass calibration. A) Overlayed 
mass photometry histograms of the ‘2T’ SEC fraction for M1 (blue) and M23 (red) AQP4, predicted to 
contain 2-tetramer AQP4-SMALPs. B) Overlayed mass photometry histogram of the ‘1T’ SEC fraction 
for M1 (blue) and M23 (red) AQP4, predicted to contain 1-tetramer AQP4-SMALPs. For A and B, 
histograms show normalised counts plotted against calibrated mass (kDa). The histogram peaks in 
each sample are fitted with Gaussian distributions. Gaussian distributions are labelled with the mean 
(mass prediction), SD, and distribution counts (and percentage of total sample counts). Peaks and 
corresponding mass labels are identified as 1T, 2T, and 3T, indicating peaks thought to represent 1-, 
2-, and 3-termamer AQP4-SMALPs, respectively. 
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4.3. Flow-induced dispersion analysis (FIDA) of M1 and M23 AQP4-SMALPs 
 

Having used SEC to separate AQP4-SMALPs of different sizes, the hydrodynamic radius (Rh) 

of the particles was measured using flow-induced dispersion analysis (FIDA). FIDA uses 

fluorescence (in this case the intrinsic fluorescence of protein tryptophan residues) to measure 

the particle dispersion under laminar flow through a capillary. Particle size influences its  radial 

diffusion and thereby the dispersion, so that by measuring dispersion, Rh of the particle can 

be calculated (Pedersen, Østergaard and Jensen, 2019). 

 

The 1T, 2T, and void SEC fractions for M1 and M23 AQP4-SMALPs were analysed by FIDA 

(Section 2.8.3). As indicated by SDS-PAGE, M1 and M23 AQP4 were present in the SEC void 

fractions (Figure 4.10B), so it was theorised that this fraction could contain large AQP4-SMALP 

particles. As FIDA offers a way to calculate Rh and polydispersity index (PDI), the void fractions 

were also investigated for uniformly sized SMALPs. 

 

Figure 4.13 shows plots of the Rh mean ± SD determined from technical replicates for each of 

the AQP4-SMALP SEC fractions. Table 4.2 shows the Rh means ± SD plotted in Figure 4.13 

and estimated PDI ± SD for each fraction. The SEC fraction containing the theorised 1-

tetramer AQP4-SMALPs (1T) showed no significant difference between the M1 and M23 

AQP4-SMALPs. The SEC fraction containing the 2-tetramer AQP4-SMALPs (2T) also showed 

a very similar Rh for M1 and M23 AQP4. The void fractions demonstrated a very large Rh 

compared to the other fractions, with M23 AQP4 having a larger calculated Rh than M1 AQP4 

(~ 5 nm larger). A one-way ANOVA with Tukey’s post hoc test found a significant difference 

between Rh means of the SEC 1T, 2T, and void fractions for M1 and M23 AQP4. A significant 

difference was found between M1 and M23 AQP4 in the void SEC fraction, but there was no 

significant difference between M1 and M23 AQP4 in the 1T and 2T fractions. 

 

Generally, higher PDI values indicate higher heterogeneity of particle sizes in a sample, 

whereas values closer to 0 indicate homogeneity. According to Fidabio’s quality control 

guidelines, PDI values > 0.05 indicate polydispersity in the sample (Fidabio, 2025). This 

suggests that 1T and 2T SEC fractions are homogenous, whereas the void fractions show 

higher variability in particle sizes (Table 4.2). 
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Figure 4.13. Flow-induced dispersion analysis (FIDA) of fractions from SEC purified M1 and M23 
AQP4-SMALPs.  
Identified M1 and M23 AQP4-SMALP SEC fractions (Figure 4.10) were analysed by FIDA. Plots show 
the mean hydrodynamic radius (Rh) ± SD determined for each sample (n ≥ 3, technical replicates). 
Samples correspond to identified peaks from the M1 and M23 SEC profiles in Figure 4.10A, where 
‘Void’ represents the collected void fraction, ‘2T’ represents the fraction predicted to contain 2-tetramer 
AQP4-SMALPs, and ‘1T’ represents the fraction predicted to contain 1-tetramer AQP4-SMALPs. 
Statistical analysis was performed with a one-way ANOVA with Tukey’s multiple comparisons post hoc 
test (ns – p > 0.05 (not significant), ****p ≤ 0.0001). A) Plot showing all fractions. B) Plot showing 2T 
and 1T fractions only. 
 
Table 4.2. Hydrodynamic radius (Rh) and polydispersity index (PDI) calculated from FIDA of 
fractions from SEC purified M1 and M23 AQP4-SMALPs.  
Table shows mean Rh ± SD and mean PDI ± SD (n ≥ 3, technical replicates) of SEC fractons analysed 
by FIDA shown in Figure 4.13. Samples correspond to identified peaks from the M1 and M23 SEC 
profiles in Figure 4.10A, where ‘Void’ represents the collected void fraction, ‘2T’ represents the fraction 
predicted to contain 2-tetramer AQP4-SMALPs, and ‘1T’ represents the fraction predicted to contain 1-
tetramer AQP4-SMALPs. 
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4.4. Thermal stability of M1 and M23 AQP4-SMALPs 
 

With the AQP4-SMALP sizes separated by SEC, they were investigated for thermal stability 

to determine if AQP4-SMALPs of different sizes showed differences or similarity in thermal 

stability. MP-SMALPs have previously shown very good thermal stability when compared to 

alternatives such as detergent solubilisations of MPs (Jamshad, Charlton, et al., 2015; 

Gulamhussein et al., 2019), so thermal stability of the 1-tetramer AQP4-SMALPs was 

expected to be a high benchmark for comparison. 

 

To measure thermal stability, an assay using CPM dye was used. CPM reacts with free thiols 

and fluoresces upon binding. The assay works on the principle of protein denaturation and 

unfolding with increasing temperature, causing the exposure of cysteine residues which bind 

to the CPM compound, resulting in fluorescence (Alexandrov et al., 2008; Sampson et al., 

2021). The 1T, 2T and void SEC fractions for M1 and M23 AQP4 were subjected to the CPM 

dye thermal shift assay (Section 2.9.1). Protein samples were incubated with CPM dye and 

then subjected to increasing temperature from 20 °C to 100 °C with fluorescence measured 

over this temperature increase.  

 

Figure 4.14A shows the resulting mean fluorescence profiles (n = 3, technical replicates) for 

each of the SEC fractions of M1 and M23 AQP4. Buffer blank and CPM only (no protein) 

samples were used for controls. Data was processed as described in Section 2.9.1.2. The 

mean fluorescence signal of the CPM control sample was used as a baseline subtraction to 

give a corrected fluorescence profile for the AQP4-SMALP samples (Figure 4.14B). The 

corrected fluorescence profiles of the AQP4-SMALP SEC samples were normalised and 

normalised profiles are shown in Figure 4.14C. Some of the samples (particularly M23 2T) 

showed a drop in fluorescence signal from the start of the profile. This was attributed to 

potential issues and variability of the assay. However, all samples showed a sharp increase in 

fluorescence and the beginning of a plateau approaching 100 °C. 
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Figure 4.14. Thermal stability comparison of M1 and M23 AQP4-SMALP SEC fractions.  
A CMP dye assay was used to measure protein thermal stability in identified M1 and M23 AQP4-SMALP 
SEC fractions (Figure 4.10) . Samples correspond to peaks from the SEC profiles in Figure 4.10A, 
where ‘Void’ represents the collected void fraction, ‘2T’ represents the fraction predicted to contain 2-
tetramer AQP4-SMALPs, and ‘1T’ represents the fraction predicted to contain 1-tetramer AQP4-
SMALPs. Samples were incubated with CPM dye and subjected to increasing temperature, and 
fluorescence signal measured to determine a melting curve. A) The mean fluorescence signal from 
each SEC fraction against temperature (°C), alongside CPM and blank controls (n = 3, technical 
replicates). B) Correction of the mean raw fluorescence values using the CPM control mean as baseline 
subtraction. C) Normalised baseline-corrected fluorescence signal. 
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To estimate the melting points (Tm), the first derivative of the normalised thermal profiles was 

calculated to determine the maximum rate of change (dF/dTmax). The resulting profiles are 

shown in Figure 4.15. Despite some fluorescence variability from the start of the assay, all 

samples appear to demonstrate a bell-shaped curve approaching 100 °C. A Lorentzian curve 

was fitted to each of the profiles, using the curve centre to estimate Tm. The curve was only 

fitted to x-values up to 97.5 °C to avoid the sharp increase of derivative values at the end of 

the melting curve (such as that seen for M1 1T and M23 2T). All samples show a very high 

Tm, suggesting they all contain very stable SMALPs. The largest difference in stability is 

between the M1 and M23 void fractions. However, without biological replicates, it is difficult to 

ascertain the significance of this. It is also important to note that the Lorentzian function does 

not give an optimal curve-fit to all of the samples, with the first derivatives of the M1 AQP4-

SMALP 2T and 1T SEC fractions having a particularly poor fit (Figure 4.15.C and E). This 

lowers the validity of these Tm estimates. 
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Figure 4.15. Estimation of the AQP4-SMALP melting points (Tm) from the protein thermal shift 
assay.  
For each sample shown in Figure 4.14C, the first derivative of the melting curve was calculated (dF/dT). 
Figures show the dF/dT against temperature (°C). A) 1st derivative of the M1 SEC void. B) 1st derivative 
of the M23 SEC void. C) 1st derivative of M1 2T. D) 1st derivative of M23 2T. E) 1st derivative of M1 1T. 
F) 1st derivative M23 1T. The Lorentzian function was used to fit a curve to the 1st derivative profiles, 
using the curve centre to identify the dF/dTmax and estimate the melting point (Tm). Tm values are 
indicated for each profile, with arrows identifying the fitted Lorentzian curve centre. 
 

 

 

  

40 60 80 100

-0.04

0.00

0.04

0.08

0.12

Temperature (°C)

dF
 / 

dT

M1 Void

40 60 80 100

-0.02

0.00

0.02

0.04

0.06

Temperature (°C)

dF
 / 

dT

M1 2T

40 60 80 100

-0.02

0.00

0.02

0.04

0.06

Temperature (°C)

dF
 / 

dT

M1 1T

40 60 80 100

-0.02

0.00

0.02

0.04

0.06

Temperature (°C)

dF
 / 

dT

M23 Void

40 60 80 100

-0.04

0.00

0.04

0.08

0.12

Temperature (°C)

dF
 / 

dT

M23 2T

40 60 80 100

-0.03

0.00

0.03

0.06

0.09

Temperature (°C)

dF
 / 

dT

M23 1T

Tm = 85.28

Tm = 89.50

Tm = 86.96

Tm = 90.76

Tm = 88.75

Tm = 88.27

A B

C D

E F



C. Browne, PhD Thesis, Aston University, 2025 120 

4.5. Mass photometry identification of AQP4-SMALPs using a commercial anti-
AQP4 Ab 
 

With different AQP4-SMALP sizes identified, mass photometry was investigated as a method 

to identify AQP4 within the SMALPs using commercial anti-AQP4 Abs that are routinely used 

for techniques such as western blotting. 

 

4.5.1. Characterisation of commercial Abs 

 

Two Abs were being routinely used by our group for identification of AQP4 via techniques such 

as western blotting. These were both IgG rabbit monoclonal Abs (mAbs); one supplied by 

Abcam, and the other from Cell Signalling Technology. Firstly, these were compared by mass 

photometry (Section 2.8.2) to assess their homogeneity and predicted IgG mass (~150 kDa). 

 

Figure 4.16 shows mass photometry histograms for these Abs, both analysed at a final 

concentration of 3 nM. Counts were normalised for the comparison to assess relative 

proportions of different peaks. Both present a peak at ~140 kDa, presumed to be the IgG Ab. 

Another peak is present in both samples at ~65 kDa. This was presumed to be BSA used in 

the storage buffers of these Abs. The Abcam Ab showed a very high proportion of BSA 

compared to the number of events detected for the IgG molecule. Therefore, the CST Ab was 

chosen for further assays. 

 

Having chosen the CST Ab for assays probing AQP4, it was characterised at two 

concentrations alongside an anti-GFP Ab to be used as a negative control. The anti-GFP Ab 

is a polyclonal rabbit IgG Ab from Abcam, also routinely used by our group. As with previous 

mass photometry experiments, the concentrations used for these antibodies was determined 

by adjusting to a desired number of events detected by the mass photometer. If counts are 

too high and binding events are overlapping, this creates a noisy ratiometric image due to 

surface saturation, lowering the reliability of contrast measurements for single molecules. 

Often, for a sample otherwise showing a low amount of unbinding at low concentration, an 

increase in unbinding events, due to surface saturation, indicates measurement at too-high 

concentration (Kratochvíl et al., 2024). This unbinding appears as positive contrast values (or 

negative kDa). 
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Figure 4.16. Characterising two commercial anti-AQP4 Abs with mass photometry.  
The figure shows an overlayed mass photometry histogram of the CST (turquoise) and Abcam (pink) 
anti-AQP4 Abs. MS1000 was used for mass calibration. Both Abs were tested at a final concentration 
of 3 nM. Histograms show normalised counts plotted against calibrated mass (kDa). The histogram 
peaks in each sample are fitted with Gaussian distributions. Gaussian distributions are labelled with the 
mean (mass prediction), SD, and distribution counts (and percentage of total sample counts).  
 

 

 

Figure 4.17. shows mass photometry histograms for these antibodies in vertical series, tested 

at two concentrations. The negative kDa region is shown to identify unbinding. The profiles 

appear very similar at very different final concentrations (anti-AQP4 Ab at 3 nM vs. anti-GFP 

at 33 nM). As the nM concentrations shown for the Abs were calculated based on the supplier 

information and an approximate MW of 150 kDa, this difference could be attributed to incorrect 

concentration estimates form the supplier. The far left peaks are not estimated for mass as 

these are presumed to be BSA or low MW noise.  
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Figure 4.17. Mass photometry characterisation of an anti-AQP4 and anti-GFP Ab at different 
concentrations.  
A) Mass photometry histograms of an anti-AQP4 Ab, analysed at two final concentrations – 13 nM and 
3 nM (n = 1 per concentration). B) Mass photometry histograms of an anti-GFP Ab, analysed at two 
final concentrations – 67 nM and 33 nM (n = 1 per concentration). For both A and B, the negative x-
axis is shown to identify molecule unbinding. The positive-mass histogram peaks in each sample are 
fitted with Gaussian distributions. Gaussian distributions are labelled with the mean, SD, and distribution 
counts (and percentage of total sample counts). MS1000 was used for mass calibration. 
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4.5.2. Anti-AQP4 Ab binding to AQP4-SMALPs at different concentrations 

 

Having assessed the Abs individually, AQP4-SMALPs were incubated with the anti-AQP4 Ab 

to investigate binding. Given that the stoichiometry between this anti-AQP4 Ab and AQP4-

SMALPs was unknown, assays were performed on the basis of being able to visualise either 

the Ab peak (Ab in excess), or the 1-tetramer AQP4-SMALP peak (AQP4 in excess). 

Stoichiometry would be difficult to determine due to the heterogeneity of the AQP4-SMALP 

samples, in particular with the 2T SEC fraction. Each anti-AQP4 IgG Ab has two antigen 

binding sites, and each 1-tetramer AQP4-SMALP most likely contained four AQP4 monomers. 

This means a range of binding stoichiometries were theoretically possible. The Ab was known 

to bind AQP4 monomers, as this Ab is used routinely by our group for observation of AQP4 

monomers by western blot. However, it was also possible that these Abs would not be able to 

bind in close proximity due to steric hindrance. AQP4 tetramer concentration was used for 

assay optimisation and is specified here, as this is the theorised conformation in 1-tetramer 

AQP4-SMALPs. As there is no certainty around the contents of the ‘2T’ SEC fraction, and 

considering that this fraction is very heterogeneous, AQP4 tetramer concentration was also 

used and specified for these reactions. Assay concentrations also had to be optimised so that 

there were not too many or too few detected events (counts). 

 

The 1T and 2T SEC fractions for M1 and M23 AQP4-SMALPs were incubated (10 min, RT) at 

a concentration of 175 nM alone, with an anti-AQP4 Ab at 15 nM, or anti-AQP4 Ab at 65 nM. 

Reactions were droplet-diluted 5-fold into sample cassette wells and analysed by mass 

photometry (Section 2.8.2). The final concertation of AQP4 tetramers was 35 nM, analysed 

alone, with anti-AQP4 Ab at 3 nM, or anti-AQP4 at 13 nM. This allowed comparison to the 

concentrations of anti-AQP4 Ab visualised alone in Figure 4.17A. 

 

Figure 4.18 shows the resulting mass photometry analysis for anti-AQP4 Ab incubations with 

the M1 (Figure 4.18A) and M23 (Figure 4.18B) AQP4-SMALPs in the 1T SEC fraction (Figure 

4.10). For the reaction with 3 nM anti-AQP4 Ab, no Ab peak could be seen, suggesting it had 

all bound to AQP4. This was in contrast to when analysed alone, where a peak was clearly 

visible (Figure 4.17A). For both M1 and M23 AQP4, new peaks at ~440 kDa (M1, Figure 4.18A) 

and ~425 kDa (M23, Figure 4.18B) emerged, which most likely represented one anti-AQP4 

Ab (~140 kDa, as observed alone), binding to the 1-tetramer AQP4-SMALP (~300 kDa for M1, 

~285 kDa for M23). At 13 nM, the anti-AQP4 Ab peak became visible and the ~440 kDa (M1) 

and ~425 kDa (M23) peaks became more prominent. This profile did not present with an 

oversaturated ratiometric image (and unbinding), which is very different to that seen for the Ab 

alone at 13 nM (Figure 3.17A). This is likely explained by binding between the AQP4-SMALP 
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and Ab reducing the number of whole particle events, and would also suggest that multiple 

Abs were binding to individual AQP4-SMALPs. The peaks representing the 1-tetramer AQP4-

SMALPs became almost indiscernible. Interestingly, peaks at ~585 kDa (M1) and ~565 kDa 

(M23), thought to represent the 2-tetramer AQP4-SMALPs, also became more prominent. It 

is possible that these represent two anti-AQP4 Abs binding to the 1-tetramer AQP4-SMALP, 

with this complex and the 2-tetramer SMALP contributing to this observed peak. No other 

peaks at a higher mass could be observed in these reactions. As before, the far left peaks are 

not estimated for mass as these are presumed to be BSA or low MW noise. 

 

Figure 4.19 shows the resulting mass photometry analysis for anti-AQP4 Ab incubations with 

M1 (Figure 4.19A) and M23 (Figure 4.19B) AQP4-SMALPs in the 2T SEC fraction (Figure 

4.10). For the reaction with 3 nM anti-AQP4 Ab, there was little change in the peak profile 

compared to the AQP4-SMALPs alone. As with the 1T SEC fractions, no Ab peak could be 

distinguished, suggesting it had all bound to AQP4. There was some reduction in the relative 

proportion of counts from the AQP4-SMALP peaks, which might be explained by Ab binding 

in multiple stoichiometries and creating a heterogenous mix of different particle sizes that 

cannot be individually distinguished. At 13 nM, the anti-AQP4 Ab peak became visible, and 

the AQP4-SMALP peaks reduced to a similar proportion of counts to a number of intermediate 

peaks appearing between the theorised 1-, 2-, and 3- tetramer AQP4-SMALP peaks. 

Appearance of peaks at 716 kDa (M1) and 682 kDa (M23) suggest binding of one anti-AQP4 

Ab to the 2-tetramer AQP4-SMALPs. However, these are lower masses than expected for the 

given stoichiometry. Peaks at 1013 kDa (M1) and 985 kDa (M23) also appear, which could 

represent (as approximate values) two Abs binding to the theorised 2-tetramer AQP4-SMALP, 

or one Ab binding to the theorised 3-tetramer AQP4-SMALP. Interestingly, the 1-tetramer M1 

AQP4-SMALP peak disappeared at this Ab concertation, whereas the 1-tetramer M23 AQP4-

SMALP remained. As before, the far left peaks are not estimated for mass as these are 

presumed to be BSA or low MW noise. 

 

This evidence suggests that there is a binding interaction between the anti-AQP4 Ab and the 

AQP4-SMALPs present in both the 1T and 2T SEC fractions. However, it is important to note 

that mass estimates of AQP4-SMALP peaks were not always consistent between the analysed 

reactions of the same sample. Some of the peak Gaussian fits are very broad, lowering the 

validity of estimated mass. This is likely a product of sample heterogeneity, particularly with 

the 2T AQP4-SMALP SEC fractions. This heterogeneity was further increased with the added 

anti-AQP4 Ab.  
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Figure 4.18. Mass photometry of 1-tetramer AQP4-SMALPs probed with an anti-AQP4 Ab at two 
different concentrations.  
M1 and M23 1-tetramer (1T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were incubated (10 min, RT) at a concentration of 175 nM 
alone, with an anti-AQP4 Ab at 15 nM, or anti-AQP4 Ab at 65 nM. Reactions were droplet-diluted 5-fold 
into cassette wells (final concentrations: AQP4 tetramer, 35 nM; anti-AQP4 Ab, 3 nM or 13 nM) and 
analysed by mass photometry (n = 1 per reaction). MS1000 was used for mass calibration. Figures 
show histograms of the Ab reactions for M1 (A) and M23 (B) 1T AQP4-SMALPs, with counts plotted 
against calibrated mass (kDa). Reactions and final Ab concentrations are identified in the top-right of 
each histogram. The histogram peaks in each sample are fitted with Gaussian distributions. Gaussian 
distributions are labelled with the mean (mass prediction), SD, and distribution counts (and percentage 
of total sample counts). Ab peaks in the relevant samples are indicated with a red Gaussian distribution 
line and mass label.  

A

B
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Figure 4.19. Mass photometry of 2-tetramer AQP4-SMALPs probed with an anti-AQP4 Ab at two 
different concentrations.  
M1 and M23 2-tetramer (2T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were incubated (10 min, RT) at a concentration of 175 nM 
alone, with an anti-AQP4 Ab at 15 nM, or anti-AQP4 Ab at 65 nM. Reactions were droplet-diluted 5-fold 
into cassette wells (final concentrations: AQP4 tetramer, 35 nM; anti-AQP4 Ab, 3 nM or 13 nM) and 
analysed by mass photometry (n = 1 per reaction). MS1000 was used for mass calibration. Figures 
show histograms of the Ab reactions for M1 (A) and M23 (B) 2T AQP4-SMALPs, with counts plotted 
against calibrated mass (kDa). Reactions and final Ab concentrations are identified in the top-right of 
each histogram. The histogram peaks in each sample are fitted with Gaussian distributions. Gaussian 
distributions are labelled with the mean (mass prediction), SD, and distribution counts (and percentage 
of total sample counts). Ab peaks in the relevant samples are indicated with a red Gaussian distribution 
line and mass label.  
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4.5.2. Testing an anti-GFP Ab as a negative control 

 

Having shown that there is an interaction between the AQP4-SMALPs and the anti-AQP4 Ab, 

the next step was to confirm that the observed interactions were facilitated by binding to AQP4, 

as opposed to non-specific binding to SMALPs. The characterised anti-GFP Ab (Figure 4.17B) 

was used in a similar assay as described for the anti-AQP4 Ab. As before, assay 

concentrations had to be optimised to prevent measurements that had too many or too few 

events (counts). 

 

The 1T and 2T SEC fractions for M1 and M23 AQP4-SMALPs were incubated (10 min, RT) at 

a concentration of 175 nM alone, or with the anti-GFP Ab at 165 nM. Reactions were droplet-

diluted 5-fold into sample cassette wells and analysed by mass photometry (Section 2.8.2). 

The final concertation of AQP4 tetramers was 35 nM, analysed alone, or with anti-GFP Ab at 

33 nM. This allowed comparison to the 33 nM concentration of anti-GFP Ab visualised alone 

in Figure 4.17B.  

 

Figure 4.18 shows the resulting mass photometry analysis for anti-GFP Ab incubations with 

the M1 (Figure 4.20A) and M23 (Figure 4.20B) AQP4-SMALPs in the 1T SEC fraction (Figure 

4.10). Figure 4.19 shows the resulting mass photometry analysis for anti-GFP Ab incubations 

with M1 (Figure 4.21A) and M23 (Figure 4.21B) AQP4-SMALPs in the 2T SEC fraction (Figure 

4.10). The mass photometry profiles for AQP4-SMALPs alone and AQP4-SMALPs incubated 

with 13 nM anti-AQP4 Ab are reproduced from Figures 4.18 and 4.19. These are added to the 

histogram vertical series for comparison to the anti-GFP Ab profile. A peak representing the 

anti-GFP Ab is visible in all incubations and no AQP4-SMALP peak shift can be identified. A 

change in the relative proportion of AQP4-SMALP counts can be seen with the anti-GFP Ab 

added, but this is explained by the presence of the anti-GFP Ab reducing the proportion of 

total binding events coming from AQP4-SMALPs. As before, the far left peaks are not 

estimated for mass as these are presumed to be BSA or low MW noise. 

 

These data suggest that there is no binding interaction between the anti-GFP Ab and AQP4-

SMALPs. Increasing the anti-GFP Ab to a final concentration of 67 nM resulted in an over-

saturated ratiometric image, further supporting that no interaction was happening between the 

AQP4-SMALPs and the anti-GFP Ab. If binding was taking place, the total number of particles 

would likely have been reduced, resulting in fewer binding events, as seen with the anti-AQP4 

Ab at high concentration. 
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Figure 4.20. Mass photometry of 1-tetramer AQP4-SMALPs probed with an anti-AQP4 Ab and 
anti-GFP Ab negative control.  
M1 and M23 1-tetramer (1T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were incubated (10 min, RT) at a concentration of 175 nM 
alone, with an anti-GFP Ab (165 nM), or anti-AQP4 Ab (65 nM). Reactions were droplet-diluted 5-fold 
into cassette wells (final concentrations: AQP4 tetramer, 35 nM; anti-GFP Ab, 33 nM; anti-AQP4 Ab, 
13 nM) and analysed by mass photometry (n = 1 per reaction). MS1000 was used for mass calibration. 
Figures show histograms of the Ab reactions for M1 (A) and M23 (B) 1T AQP4-SMALPs, with counts 
plotted against calibrated mass (kDa). Reactions and final Ab concentrations are identified in the top-
right of each histogram. The histogram peaks in each sample are fitted with Gaussian distributions and 
labelled with the mean (mass prediction). Ab peaks in the relevant samples are indicated with a red 
Gaussian distribution line and mass label. Blue and green profiles are reproduced from Figure 4.18 for 
comparison.  

A

B
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Figure 4.21. Mass photometry of 2-tetramer AQP4-SMALPs probed with an anti-AQP4 Ab and 
anti-GFP Ab negative control.  
M1 and M23 2-tetramer (2T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were incubated (10 min, RT) at a concentration of 175 nM 
alone, with an anti-GFP Ab (165 nM), or anti-AQP4 Ab (65 nM). Reactions were droplet-diluted 5-fold 
into cassette wells (final concentrations: AQP4 tetramer, 35 nM; anti-GFP Ab, 33 nM; anti-AQP4 Ab, 
13 nM) and analysed by mass photometry (n = 1 per reaction). MS1000 was used for mass calibration. 
Figures show histograms of the Ab reactions for M1 (A) and M23 (B) 2T AQP4-SMALPs, with counts 
plotted against calibrated mass (kDa). Reactions and final Ab concentrations are identified in the top-
right of each histogram. The histogram peaks in each sample are fitted with Gaussian distributions and 
labelled with the mean (mass prediction). Ab peaks in the relevant samples are indicated with a red 
Gaussian distribution line and mass label. Blue and green profiles are reproduced from Figure 4.19 for 
comparison.  

A

B



C. Browne, PhD Thesis, Aston University, 2025 130 

4.6. Comparing mass estimates for AQP4-SMALPs 
 

Accurate mass measurement of MP-SMALPs can be challenging, due to the inherent 

heterogeneity of these particles (containing lipids, protein, and SMA). AQP4-SMALPs had now 

been characterised by mass photometry, SEC, and SMA-PAGE. These methods had all shown 

the presence of multiple SMALP sizes, and all offered a way to estimate mass relatively quickly 

and easily. Therefore, these techniques were assessed for their ability to precisely estimate 

the mass of these AQP4-SMALPs over multiple replicate measurements, and these estimates 

were compared for similarity between each method. Three AQP4-SMALP sizes had been 

consistently observed and identified by their theorised AQP4 tetrameric assembly; 1-tetramer 

(1T), 2-tetramer (2T), and 3-tetramer (3T). Mass estimates were calculated for each of these 

particles. 

 

4.6.1. Mass estimation by mass photometry 

 

Mass photometry works on the principle of molecule contrast being proportional to molecule 

mass. Therefore, a calibration curve can be made by measuring calibrant samples of known 

masses. Measured contrast is directly proportional to mass (kDa). Calibrations were routinely 

performed before each data acquisition session. In normal procedure, the user measures 

mass calibrants, fits Gaussian distributions to the histogram peaks, and assigns masses to 

the identified peaks. Mass standard curves and curve-fit accuracy values are then calculated 

automatically by Refeyn DMP software. 

 

Two mass calibrants were used routinely during this project: MS1000 (Section 2.8.2) and 

NativeMark (Invitrogen). Figure 4.22A and C show example mass photometry measurements 

for these calibrants. The histograms show the measured contrast values before applied mass 

calibration. Figure 4.22B and D demonstrate the principle in which calibration curves are 

determined using these calibrants. The mass of each protein contributing to each peak in the 

mass photometry histogram is plotted against its measured contrast value.  

 

Estimated masses from mass photometry (Section 2.8.2) of AQP4-SMALPs were compared 

across biological replicates (from different purifications) and technical replicates (of the same 

IMAC purification in one measurement session). AQP4-SMALP peaks were identified as ‘1T’, 

‘2T’, and ‘3T’, representing theorised 1-, 2-, and 3-tetramers in SMALPs. Figure 4.23A shows 

an example mass photometry histogram for AQP4-SMALPs to demonstrate peak 
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identification. For each replicate, Gaussian distributions were fitted to the 1T, 2T, and 3T 

peaks. Gaussian means were taken as the mass estimate. 

 

Figure 4.23B shows a plot of the mean ± SD estimated mass for each of the 1T, 2T, and 3T 

peaks for M1 and M23 AQP4-SMALPs. Means were calculated from biological replicates of 

three different expressions and purifications for M1 and M23 AQP4. For two of the repeats, 

masses were calibrated using NativeMark, and one repeat was calibrated using MS1000. 

MS1000 became available later in the project and gave a higher mass accuracy than 

NativeMark, as indicated by DMP software. Therefore, this was preferred for mass calibration 

of later experiments. Two repeats represent mass photometry of IMAC purified AQP4-

SMALPs (including Figure 4.23A). One repeat represents mass photometry of IMAC and SEC 

purified AQP4-SMALPs. In this instance, the 1T peak from the 1T SEC fraction was used for 

estimation of 1T AQP4-SMALPs, and 2T and 3T peaks from the 2T SEC fraction were used 

for estimation of 2T and 3T AQP4-SMALPs. A one-way ANOVA with Tukey’s post hoc test 

found a significant difference between mean mass estimates of the 1T, 2T, and 3T AQP4-

SMALPs, for M1 and M23 AQP4. However, no significance was found between M1 and M23 

AQP4 mass estimates when comparing each of the relative SMALP sizes (e.g. 1T M1 AQP4-

SMALP vs. 1T M23 AQP4-SMALP). 

 

Mass photometry was also assessed for its reliability and precision measuring AQP4-SMALPs 

in one measurement session. Figure 4.23C shows a plot of the mean ± SD estimated mass 

for each of the 1T, 2T, and 3T peaks for M1 and M23 AQP4-SMALPs, calculated from 

technical replicates of the IMAC purified samples shown in Figure 4.23A. A one-way ANOVA 

with Tukey’s post hoc test found a significant difference between mean mass estimates of the 

1T, 2T, and 3T AQP4-SMALPs, for M1 and M23 AQP4. For these technical replicates, 

significance was also found between M1 and M23 AQP4 mass estimates when comparing 

each of the relative SMALP sizes (e.g. 1T M1 AQP4-SMALP vs. 1T M23 AQP4-SMALP). 
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Figure 4.22. Principle of mass calibration for mass photometry.  
A, C) Mass photometry histograms of MS1000 (A) and NativeMark (C) mass calibrants. Calibrant 
sample counts are plotted against ratiometric contrast. Peaks are fitted with Gaussian distributions and 
labelled with the distribution mean and SD. B, D) Known masses of MS1000 (B) and NativeMark (D) 
plotted against ratiometric contrast of corresponding identified peaks in A and C, respectively. A linear 
regression was calculated, and the line is shown on the graph to represent a standard curve. This figure 
serves as a demonstration of mass photometry mass calibration. In normal procedure, mass calibrants 
are measured, fitted with Gaussian distributions, and masses assigned to distribution peaks by the user. 
Standard curves for mass calibration of samples are then calculated automatically by Refeyn DMP 
software.  
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Figure 4.23. Estimation of AQP4-SMALP mass using mass photometry.  
‘1T’, ‘2T’, and ‘3T’ peaks, representing theorised 1-, 2-, and 3-tetramer AQP4-SMALPs, were identified 
by mass photometry of purified AQP4-SMALPs. A) Mass photometry histogram demonstrating 
identification of AQP4-SMALP peaks for mass estimates, reproduced from Figure 4.4. The figure shows 
overlayed histograms of IMAC purified M1 (blue) and M23 (red) AQP4-SMALPs with normalised counts 
plotted against calibrated mass (kDa). The histogram peaks in each sample are fitted with Gaussian 
distributions (M1, blue; M23, red). Gaussian distributions are labelled according to peaks predicted to 
represent 1- (1T), 2- (2T), and 3- (3T) tetramer AQP4-SMALPs. Gaussian means were used as mass 
estimates for each peak in each sample. B) Mean mass estimates ± SD for each identified AQP4-
SMALP peak from mass photometry biological replicates (n = 3), including the sample shown in A. 
NativeMark and MS1000 were used for mass calibration. C) Mean mass estimates ± SD for each 
identified AQP4-SMALP peak from technical replicates (n = 3) of the sample shown in A. MS1000 was 
used for mass calibration. Statistical analysis of each data set was performed with a one-way ANOVA 
with Tukey’s multiple comparisons post hoc test (ns – p > 0.05 (not significant), **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001).  
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4.6.2. Mass estimation by SEC 

 

SEC can be used to estimate mass by running mass standards through the desired SEC 

column, identifying the proteins using the 280 nm trace, and using the protein retention volume 

to generate a mass standard curve. Retention values of samples of unknown masses can then 

be interpolated to estimate sample mass. Retention values for each protein were determined 

by finding the apex of the UV trace peak for that protein.  

 

A mass standard curve was determined using the Sigma SEC Protein Standard Mix (15 – 600 

kDa) through the Superose 6 column, as this was the favoured column for separation of AQP4-

SMALPs. Figure 4.24A shows the SEC profile for the Sigma SEC standards, with the peaks 

labelled with the corresponding mass standard protein. Retention (mL) values for each of 

these peaks was plotted against the corresponding protein mass (Figure 4.24B), and a log 

transform of MW (kDa) was calculated in order to fit a linear standard curve (Figure 4.24C). 

 

Estimated masses from SEC (Section 2.8.1) of AQP4-SMALPs were compared across 

biological replicates (from different purifications). AQP4-SMALP peaks were identified as ‘1T’ 

and ‘2T’, representing theorised 1- and 2-tetramers in SMALPs. Figure 4.25A shows an 

example SEC profile for AQP4-SMALPs to demonstrate peak identification. A peak 

representing the 3-tetramer (3T) AQP4-SMALP could not be identified from the AQP4-SMALP 

Superose 6 SEC profiles, and thus, a mass estimate for this SMALP was not calculated using 

SEC. The standard curve described in Figure 4.24 was used to calculate mass estimates for 

the 1T and 2T AQP4-SMALPs by interpolating peak retention volumes from the AQP4-SMALP 

Superose 6 SEC profiles. 

 

Figure 4.25B shows a plot of the mean ± SD estimated mass for the 1T and 2T AQP4-SMALP 

SEC peaks for M1 and M23 AQP4. Means were calculated from three biological replicates of 

SEC from different M1 and M23 AQP4 purifications (including that shown in Figure 4.25A). A 

one-way ANOVA with Tukey’s post hoc test found a significant difference between mean mass 

estimates of the 1T and 2T AQP4-SMALPs, for M1 and M23 AQP4. However, no significance 

was found between M1 and M23 AQP4 mass estimates when comparing each of the relative 

SMALP sizes (e.g. 1T M1 AQP4-SMALP vs. 1T M23 AQP4-SMALP). 
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Figure 4.24. SEC mass standard curve using mass standards.  
A) SEC profile of Sigma SEC Protein Standard Mix (15 – 600 kDa) separated using the Superose 6 
column. Profiles show mAU measured at UV 280nm against the buffer retention volume (mL). Peaks 
are labelled to indicate the protein standards, where ‘TG’ is Thyroglobulin, ‘GG’ is 𝛾-globulin, ‘OVA’ is 
Ovalbumin, ‘RNAse A’ is Ribonuclease A, and ‘PABA’ is para-aminobenzoic acid. PABA is used as a 
low molecular size marker. B) MW (kDa) of mass standards against their buffer retention volume (mL). 
C) Log10MW (kDa) of mass standards against their buffer retention volume (mL). A linear regression 
was calculated, and the line is shown on the graph. The line equation and r2 value are shown on the top 
right of the plot. 
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Figure 4.25. Estimation of AQP4-SMALP mass using SEC.  
‘1T’ and ‘2T’ peaks, representing theorised 1-, and 2-tetramer AQP4-SMALPs, were identified in SEC 
analysis of purified AQP4-SMALPs. Estimated masses were calculated for peak retention values using 
the standard curve shown in Figure 4.24. Calculated masses were compared across biological 
replicates from different purification samples. All samples were separated using the Superose 6 column. 
A) Overlay of M1 (blue) and M23 (red) AQP4-SMALP SEC profiles. Profiles show normalised mAU 
measured at UV 280 nm against the buffer retention volume (mL). Peaks predicted to represent 1- (1T) 
and 2- (2T) tetramer AQP4-SMALPs are labelled. This figure is one of three replicates and is used to 
demonstrate identification of peaks for mass estimates. B) Mean mass estimate ± SD for each identified 
AQP4-SMALP peak from SEC biological replicates (n = 3), including the sample shown in A. Statistical 
analysis was performed with a one-way ANOVA with Tukey’s multiple comparisons post hoc test (ns – 
p > 0.05 (not significant), *p ≤ 0.05, **p ≤ 0.01). 
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4.6.3. Mass estimation by SMA-PAGE 

 

SMA-PAGE can be used to estimate mass by separating mass standards alongside samples 

of unknown mass. The relative migration distance (Rf) can be calculated for each band 

representing each mass standard protein. Rf values can be plotted against mass to generate 

a standard curve. Unknown masses can be estimated by interpolating Rf values calculated for 

sample bands. Rf values were determined from gels by dividing band distance by dye-front 

distance. 

 

Mass standard curves were determined for SMA-PAGE gels using Invitrogen NativeMark. BSA 

was routinely loaded adjacent on the same gel to identify the ~66 kDa band. Figure 4.26A 

shows an example SMA-PAGE separation of NativeMark alongside BSA, with the mass 

labelled for each protein standard representing each band. Masses corresponding to each 

band were plotted against the band Rf value (Figure 4.26B). A log transform of the MW (kDa) 

was calculated in order to fit a linear standard curve (Figure 4.26C). Figure 4.26 demonstrates 

an example mass standard curve for SMA-PAGE. A standard curve was calculated for each 

individual SMA-PAGE gel analysed for mass estimation of AQP4-SMALPs. 

 

Estimated masses from SMA-PAGE (Section 2.7.5) of AQP4-SMALPs were compared across 

biological replicates (from different purifications). AQP4-SMALP bands were identified as ‘1T’, 

‘2T’, and 3T representing theorised 1-, 2-, and 3-tetramers in SMALPs. Figure 4.27A shows 

an example SMA-PAGE gel of AQP4-SMALPs to demonstrate band identification. Standard 

curves were calculated as described (Figure 4.26) for each SMA-PAGE gel analysed. AQP4-

SMALP mass estimates were calculated by interpolating AQP4-SMALP band Rf values into 

these standard curves. 

 

Figure 4.27B shows a plot of the mean ± SD estimated mass for the 1T, 2T, and 3T AQP4-

SMALP SMA-PAGE bands for M1 and M23 AQP4. Means were calculated from three 

biological replicates from different M1 and M23 AQP4 purifications. Two repeats represent 

SMA-PAGE of IMAC purified AQP4-SMALPs (including Figure 4.27A). One repeat represents 

SMA-PAGE of IMAC and SEC purified AQP4-SMALPs. In this instance, the 1T band from the 

1T SEC fraction was used for estimation of 1T AQP4-SMALPs, and 2T and 3T bands from the 

2T SEC fraction were used for estimation of 2T and 3T AQP4-SMALPs. A one-way ANOVA 

with Tukey’s post hoc test found a significant difference between mean mass estimates of the 

1T, 2T, and 3T AQP4-SMALPs, for M1 and M23 AQP4. However, no significance was found 

between M1 and M23 AQP4 mass estimates when comparing each of the relative SMALP 

sizes (e.g. 1T M1 AQP4-SMALP vs. 1T M23 AQP4-SMALP). 
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Figure 4.26. Example mass standard curve for SMA-PAGE.  
A) 3–20% SMA-PAGE (native-PAGE) of NativeMark mass standards alongside BSA. MW (kDa) is 
labelled on the left of the gel. B) MW (kDa) of mass standards against their relative migration distance 
(Rf). C) Log10MW (kDa) of mass standards against their relative migration distance (Rf). A linear 
regression was calculated, and the line is shown on the graph. The line equation and r2 value are shown 
on the top right of the plot. Mass standard curves were determined for each SMA-PAGE gel. This figure 
serves as an example. 
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Figure 4.27. Estimation of AQP4-SMALP mass using SMA-PAGE.  
‘1T’, ‘2T’, and ‘3T’ peaks, representing theorised 1-, 2-, and 3-tetramer AQP4-SMALPs, were identified 
in SMA-PAGE of purified AQP4-SMALPs. Estimated masses were calculated for AQP4-SMALP band 
Rf values using standard curves calculated for each gel, as demonstrated in Figure 4.26. Calculated 
masses were compared across biological replicates from different purification samples. A) 3–20% 
acrylamide gradient SMA-PAGE of Ni-NTA IMAC purified and concentrated M1 and M23 AQP4-
SMALPs. Arrows indicate positions of predicted AQP4-SMALP bands. Positions are labelled with ‘1T’, 
‘2T’, and ‘3T’, representing theorised AQP4 tetrameric assembly of 1-, 2-, and 3-tetramers in SMALPs. 
NativeMark and BSA markers are shown under ‘M’ and ‘BSA’, respectively, with mass labels in kDa 
shown on the left. The gel was stained with Coomassie blue. This SMA-PAGE gel is one of three 
replicates and is used to demonstrate identification of bands for mass estimation. B) Mean mass 
estimate ± SD for each identified AQP4-SMALP band from SMA-PAGE biological replicates (n = 3), 
including the sample shown in A. Statistical analysis was performed with a one-way ANOVA with 
Tukey’s multiple comparisons post hoc test (ns – p > 0.05 (not significant), ***p ≤ 0.001, ****p ≤ 0.0001). 
 

 

 

 

 

 

 

 

 

 

 

242

480

146

66

720

BSAM M1 M2
3

1T

2T

3T

A

M1 3
T
M1 2

T
M1 1

T

M23
 3T

M23
 2T

M23
 1T

0

200

400

600

800

1000

AQP4 Band

M
as

s 
(k

D
a)

✱✱✱

✱✱✱✱

ns

✱✱✱✱

ns

ns

✱✱✱

✱✱✱✱

✱✱✱✱

B



C. Browne, PhD Thesis, Aston University, 2025 140 

4.6.4. Comparison of mass estimates 

 

With mean mass estimates for AQP4-SMALPs now determined from biological repeats of 

each of mass photometry, SEC, and SMA-PAGE, the next step was to compare these 

estimates. Table 4.3 shows mean ± SD mass estimates of AQP4-SMALP sizes from mass 

photometry, SEC, and SMA-PAGE, for M1 and M23 AQP4. As demonstrated, all means were 

determined from biological replicates consisting of different AQP4-SMALP purifications.  

AQP4-SMALPs are identified by their theorised tetrameric assembly of AQP4 in SMALPs, with 

values shown corresponding to the method used for mass estimation – mass photometry 

(Figure 4.23), SEC (Figure 4.25), and SMA-PAGE (Figure 4.27). No 3-tetramer (3T) AQP4-
SMALP peak was identified in SEC analysis of AQP4-SMALPs, and so this value was not 

estimated. 

 

Although no significance was found between the means for M1 and M23 AQP4-SMALPs in 

any statistical analysis of the three methods, all methods demonstrated a mass difference 

between M1 and M23, with M23-AQP4 SMALPs always being estimated lower mass than M1 

AQP4-SMALPs. It is important to note that mass photometry technical replicates (of the same 

purification samples) did find significance between M1 and M23 AQP4-SMALP estimated 

masses. In all cases, estimates became less reliable with increasing AQP4-SMALP mass 

(based on SD). Comparing across methods, SEC was the least reproducible method for mass 

estimation (based on SD). 

 

Mass estimates between each method vary, but the pattern of size increase is similar for each 

one. When averaging all values for M1 AQP4-SMALPs, the 1T AQP4-SMALPs were estimated 

to be ~303 kDa, the 2T AQP4-SMALPs were estimated to be ~631 kDa, and the 3T AQP4-

SMALPs were estimated to be ~877 kDa. When averaging all values for M23 AQP4-SMALPs, 

the 1T AQP4-SMALPs were estimated to be ~288 kDa, the 2T AQP4-SMALPs were estimated 

to be ~588 kDa, and the 3T AQP4-SMALPs were estimated to be ~830 kDa. Based on 

assumed masses of 35.6 kDa and 33.1 kDa for AQP4 monomers, AQP4 tetramer masses 

would be 142.4 kDa and 132.4 kDa for M1 and M23 AQP4, respectively. This gives a tetramer 

mass difference of 10 kDa, which is quite consistent with the estimated mass difference 

between 1-tetramer AQP4-SMALPs for M1 and M23 AQP4 when considering all estimation 

methods (~303 kDa and ~288 kDa). 

 

 

 



C. Browne, PhD Thesis, Aston University, 2025 141 

 
Table 4.3. AQP4-SMALP mass estimates from mass photometry, SEC, and SMA-PAGE.  
Table shows mean mass ± SD (n = 3, biological replicates) for AQP4-SMALPs according to theorised 
tetrameric assembly of AQP4 tetramers within SMALPs. For each AQP4-SMALP, values are shown 
corresponding to the method used for mass estimation – mass photometry (Figure 4.23), SEC (Figure 
4.25), and SMA-PAGE (Figure 4.27). No 3-tetramer (3T) AQP4-SMALP peak was identified in SEC 
analysis – values for these samples are shown as ‘not applicable’ (N/A). 
 

 

 

4.7. Chapter Summary 
 

This chapter has described how Ni-NTA IMAC purified M1 and M23 AQP4-SMALPs were 

characterised by mass photometry, SEC, and SMA-PAGE, to discover that multiple SMALP 

sizes exist for both AQP4 isoforms. Three SMALP sizes of increasing size were most 

prominently observed by mass photometry and SMA-PAGE. Considering the relationship 

between these SMALP sizes was observed as being individually linear for M1 and M23 AQP4, 

these SMALPs were theorised to contain different tetrameric forms of AQP4, and were 

identified as such – 1-tetramer (1T), 2-tetramer (2T), and 3-tetramer (3T) AQP4 SMALPs. SEC 

fractions were further characterised by FIDA to show a significant difference in hydrodynamic 

radius between the 1T and 2T SEC fractions. Thermal stability assays also indicated that these 

collected fractions demonstrated similar melting points. Ab binding assays were performed in 

solution and analysed by mass photometry to confirm the presence of AQP4 in these SMALP 

complexes. Mass estimates from mass photometry, SEC, and SMA-PAGE were then 

compared. When considering all mass estimation methods, the approximate difference in 

mass between the 1T AQP4-SMALP for M1 and M23 AQP4 was found to be consistent with 

the difference in tetramer mass between these isoforms. 

 

  

SMA-PAGE
mean mass (kDa) ± SD

SEC
mean mass (kDa) ± SD

Mass photometry 
mean mass (kDa) ± SDAQP4-SMALP

828.9 ± 66.7N/A925.7 ± 65.0 M1 AQP4
3-tetramer SMALP

617.6 ± 37.9646.9 ± 156.7628.7 ± 37.1M1 AQP4
2-tetramer SMALP

299.2 ± 13.1279.3 ± 54.9329.0 ± 15.7M1 AQP4
1-tetramer SMALP

790.5 ± 54.8N/A868.7 ± 67.1M23 AQP4
3-tetramer SMALP

589.6 ± 35.1575.1 ± 68.2598.7 ± 51.2M23 AQP4
2-tetramer SMALP

285.5 ± 13.4265.7 ± 40.6312.0 ± 21.0M23 AQP4
1-tetramer SMALP
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5. NMO Ab binding to purified AQP4-SMALPs 
 

Characterisation of purified AQP4-SMALPs in Chapter 4 demonstrated a series of particles 

likely corresponding to 1- (1T), 2- (2T), and 3- (3T) tetramers of AQP4 in SMALPs. These were 

clearly resolved by mass photometry and SMA-PAGE, but it is possible that higher-order AQP4 

oligomers (above three tetramers) in SMALPs also exist. Some mass photometry profiles 

showed evidence of shallow peaks above the mass of the 3T AQP4-SMALP, and SMA-PAGE 

analysis of AQP4-SMALPs often showed unresolved protein at the top of gels. The SEC void 

peak also demonstrated the presence of AQP4 when analysed by SDS-PAGE. FIDA 

determined that the void fractions were relatively polydisperse (based on PDI), but contained 

particles of well-defined hydrodynamic radius, with M1 and M23 AQP4-SMALP void fractions 

giving significantly different radii (19.9 nm for M1, 25.3 nm for M23). 

 

As discussed in Chapter 1, in the majority of cases, neuromyelitis optica spectrum disorders 

(NMOSDs) are characterised by pathogenic antibodies targeting AQP4 (NMO Abs) (Paul et 

al., 2007; Jarius et al., 2020). NMO Abs derived from NMOSD patient sera have been reported 

to bind to both M1 and M23 isoforms of AQP4 (Hinson et al., 2007; Bennett et al., 2009; Crane, 

Bennett and Verkman, 2009; Verkman et al., 2011). However, multiple studies have observed 

a higher binding affinity of NMO Abs to M23 AQP4, thought to be facilitated by the formation 

of OAPs (Nicchia et al., 2009; Mader et al., 2010; Crane et al., 2011; Pisani et al., 2011, 2013; 

Soltys et al., 2019). 

 

This chapter describes how the purified AQP4-SMALPs characterised in the previous chapter 

were probed with NMO Abs to investigate binding interactions. As these AQP4-SMALPs were 

potentially encapsulating OAP fragments, it was theorised that the NMO Abs may show 

preferential binding to the larger SMALPs. 

 

NMO Abs were kindly provided by Professor Sarosh R Irani’s research group, Nuffield 

Department of Clinical Neurosciences, University of Oxford. These were prepared as 

recombinant Abs, as described by Damato et al., 2022, and Sun et al., 2025. Briefly, blood 

samples were taken from NMOSD patients. B cells were single-cell sorted and cultured. 

Culture supernatants were harvested and analysed for AQP4-IgGs using live cell-based 

assays. For wells with detectable AQP4-IgGs, RNA transcripts were preserved and reverse 

transcribed into cDNA. Genes for heavy- and light-chain Ig variable regions were amplified, 

and validated genes cloned into expression vectors. Human embryonic kidney (HEK) 293F 

cells were transfected with the expression vectors and cultured, the supernatant was 
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harvested, and IgGs were purified from the culture supernatant (Damato et al., 2022; Sun et 

al., 2025). The NMO Abs used here are identified as F3, D3, and F2. These identifiers refer to 

the well numbers in which cells were cultured and identified for production of AQP4 (NMO) 

IgGs. 

 

 

5.1. Dot blots of purified AQP4-SMALPs 
 

Dot blots were chosen to test for binding interactions between NMO Abs, as this is a relatively 

basic and high-throughput screening method for testing Ab binding to protein. If AQP4-

SMALPs could successfully be immobilised on nitrocellulose (or similar) membranes, and 

show binding specificity for NMO Abs, this could provide a new and simple diagnostic method 

for NMOSD using patient sera.  

 

5.1.1. Initial dot blot testing 

 

Firstly, AQP4-SMALPs were tested against three NMO Abs to select for antibodies with 

favourable binding for further analysis. IMAC and SEC purified M1 and M23 AQP4-SMALPs 

were prepared as described (Section 2.6  and 2.8.1). The samples shown in Figure 5.1 were 

SEC purified using the Superdex 200 column, and correspond to the fractions described in 

Figure 4.6. 1 µL of each of the purified AQP4-SMALP samples was dot blotted onto 

nitrocellulose membranes. This was done in the same layout for five different blots to be 

probed with five different Abs: a commercial anti-AQP4 routinely used for western blotting in 

our laboratory (Figure 5.1A), an anti-His routinely used for western blotting (Figure 5.1B), NMO 

Ab F3 (Figure 5.1C), NMO Ab D3 (Figure 5.1D), and NMO Ab F2 (Figure 5.1E). Dot blot 

immunoassays were performed as described in Section 2.7.6. 

 

Figure 5.1 shows the resulting dot blots. As expected, the commercial anti-AQP4 and anti-His 

Abs showed binding to all analysed AQP4-SMALP purification samples. By comparison, the 

NMO Abs only showed prominent intensity for the IMAC purified and SEC void AQP4-SMALP 

samples. This was observed for M1 and M23 AQP4. The intensity seen for the IMAC samples 

was likely due to the fact that it contained the contents of the SEC void, as it represents purified 

AQP4-SMALPs prior to SEC separation. Some intensity was also observed for the 2T AQP4-

SMALP SEC fractions for NMO F3 and D3, but this intensity was very low compared to the 

IMAC and SEC void samples. The NMO F3 and D3 Abs presented comparably bold 
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intensities, whereas the intensity seen for the NMO F2 Ab appeared much lower. Therefore, 

the NMO F3 and D3 were chosen for further dot blotting. 

 

 

 
Figure 5.1. Dot blots of purified AQP4-SMALPs probed with commercial and NMO Abs.  
IMAC and SEC purified M1 and M23 AQP4-SMALPs were dot blotted onto nitrocellulose membranes 
for Ab probing. Dot blots were probed with the following Abs: A) Rabbit anti-AQP4 Ab (1:5,000), followed 
by an anti-rabbit-HRP Ab secondary (1:2,500). B) Mouse anti-His Ab (1:2,500), followed by an anti-
mouse-HRP Ab secondary (1:2,500). C) NMO F3 Ab (1:1,000), followed by an anti-human-HRP Ab 
secondary (1:5,000). D) NMO D3 Ab (1:1,000), followed by an anti-human-HRP Ab secondary 
(1:5,000). E) NMO F2 Ab (1:1,000), followed by an anti-human-HRP Ab secondary (1:5,000). All blots 
were imaged using chemiluminescence. M1 and M23 AQP4-SMALP dots are labelled according to 
purification sample (Figure 4.6), where; ‘AP’ is IMAC purified only, ‘Void’ is the SEC void, ‘2T’ is the 
SEC fraction predicted to contain 2-tetramer AQP4-SMALPs, and ‘1T’ is the SEC fraction predicted to 
contain 1-tetramer AQP4-SMALPs. 
 

 

 

Having shown that NMO Abs were binding to certain purified AQP4-SMALP samples, further 

dot blots were performed for purified AQP4, with and without denaturing conditions prior to 

blotting. Dot blots were performed as before (with the NMO F2 Ab excluded), but each purified 

AQP4-SMALP sample was also incubated (10 min, RT) with denaturing buffer (2% w/v SDS, 

5% v/v βME, 50 mM Tris-HCl pH 6.8) prior to blotting, and blotted in the same layout as shown 

in Figure 5.1 alongside the non-denatured samples. IMAC purified M1 and M23 AQP4-
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SMALPs were prepared as before. The SEC samples shown in Figure 5.2 were SEC purified 

using the Superose 6 column, and correspond to the fractions described in Figure 4.7. 1 µL of 

the non-denatured samples were blotted, with 2 µL of the denatured samples blotted after 

mixing 1:1 with 2× denaturing buffer. This was to give the same total protein for both non-

denatured and denatured conditions for each individual purification sample. Dot blot 

immunoassays were performed as described in Section 2.7.6. 

 

Figure 5.2 shows the resulting dot blots of the purified AQP4-SMALP samples with and without 

denaturation. The commercial anti-AQP4 and anti-His generally demonstrated a higher 

intensity for denatured samples. This may be a result of denaturation allowing the Abs better 

access to their binding epitopes. By comparison, the NMO Abs were unable to bind to the 

denatured AQP4-SMALPs, whereas they clearly demonstrated binding to the IMAC purified 

and SEC void fractions that were not denatured. This suggested that the NMO Abs were 

exclusively recognising a binding epitope created by the three-dimensional structure of AQP4. 
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Figure 5.2. Dot blots to assess the effect of AQP4-SMALP denaturation on NMO Ab binding.  
IMAC and SEC purified M1 and M23 AQP4-SMALPs were incubated in non-denaturing or denaturing 
conditions, before dot blotting onto nitrocellulose membranes for Ab probing. Dot blots were probed 
with the following Abs: A) Rabbit anti-AQP4 Ab (1:5,000), followed by an anti-rabbit-HRP Ab secondary 
(1:2,500). B) Mouse anti-His Ab (1:2,500), followed by an anti-mouse-HRP Ab secondary (1:2,500). C) 
NMO F3 Ab (1:1,000), followed by an anti-human-HRP Ab secondary (1:5,000). D) NMO D3 Ab 
(1:1,000), followed by an anti-human-HRP Ab secondary (1:5,000). All blots were imaged using 
chemiluminescence. M1 and M23 AQP4-SMALP dots are labelled according to purification sample 
(Figure 4.7), where; ‘AP’ is IMAC purified only, ‘Void’ is the SEC void, ‘2T’ is the SEC fraction predicted 
to contain 2-tetramer AQP4-SMALPs, and ‘1T’ is the SEC fraction predicted to contain 1-tetramer 
AQP4-SMALPs. Denatured samples were incubated (10 min, RT) in denaturing buffer (2% w/v SDS, 
5% v/v βME, 50 mM Tris-HCl pH 6.8) prior to blotting.  
 

 

 

5.1.2. Generation of an MP-SMALP control for dot blotting 

 

In order to confirm that NMO Ab binding was specific to AQP4, as opposed to non-specific 

binding to SMALP complexes or protein aggregation, it was important to generate another 

MP-SMALP control for dot blotting.  

 

An adenosine A2A receptor (A2AR) P. pastoris clone was available in our library. This clone was 

optimised for expression and purification of A2AR by Dr Zharain Bawa (Bawa, 2014). This clone 

was cultured in bioreactors as described Section 2.4.5. For the induction phase, DMSO was 

added to a final concentration of 2% v/v and vessel temperature was lowered to 22 °C. Figure 

5.3 shows the resulting bioreactor growth profile for the A2AR P. pastoris clone. 

 

After harvesting cells from the bioreactor culture, they were stored at -80 °C and subsequently 

defrosted and broken using high pressure homogenisation, and the membrane fragment was 
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prepared as previously described (Sections 2.5.2 and 2.5.3). Resuspended A2AR membranes 

were separated by 4–16% SDS-PAGE at a concentration of 36 mg/mL and analysed by 

western blot (Section 2.7.3). A2AR expression in the membranes was probed using a mouse 

anti-His primary Ab (1:2,500, 16 h, 4 °C) to target the recombinant 6× His-tag, followed by a 

secondary anti-rabbit-HRP linked Ab (1:2,500, 1 h, RT), and visualisation by 

chemiluminescence. Figure 5.4A shows the resulting western blot. 

 

Resuspended membranes of the A2AR P. pastoris clone were then solubilised at 45 mg/mL 

with 2.5% w/v SMA. Soluble fractions were separated by ultracentrifugation and A2AR-

SMALPs were purified by Ni-NTA IMAC (Section 2.6). Purified samples were concentrated to 

~500 µL with 50 kDa MW cut-off and separated by SEC using the Superose 6 column. This 

column was chosen to match the favourable SEC column for AQP4-SMALP purifications. 

Figure 5.3B shows the resulting SEC profile for IMAC purified A2AR-SMALPs. Peaks were 

identified by number in order of retention volume after the void peak. 600 µL samples were 

collected at the corresponding peak fractions. These collected SEC fractions were analysed 

by 3–20% gradient SMA-PAGE (Figure 5.4C). Positions of predicted A2AR-SMALPs are 

labelled.  

 

The A2AR IMAC purified only (AP), SEC void fraction (V), Peak 2 fraction (P2), and Peak 3 

fraction (P3), were chosen as samples to be used in dot blot comparison with the four purified 

AQP4-SMALP samples (AP, Void, 2T, and 1T). As an A2AR-SMALP band could not be identified 

by SMA-PAGE in the Peak 1 (P1) fraction (Figure 5.4C), and the Void and AP samples were 

desired as two of four comparisons to the AQP4-SMALPs, the P1 fraction was excluded from 

A2AR-SMALP samples selected for dot blotting. The selected A2AR samples were analysed by 

4–16% gradient SDS-PAGE (Figure 5.4D) for protein concentration estimation, using BSA as 

a standard in serial dilution, as described in Section 2.7.4.1. The intensity of the band present 

at ~40 kDa was used to estimate concentration of purified A2AR. An A2AR band in the void 

fraction could not be identified, so the total intensity (above the background) of this lane was 

used to estimate protein concentration. 
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Figure 5.3. Bioreactor growth profile of the A2AR P. pastoris clone.  
Blue: dissolved oxygen (%). Purple: MeOH off-gas (%). Yellow: Optical density of culture (AU). Red: Stirrer speed (rpm).  Phases of culture feeding conditions 
are separated by dotted lines. Batch phase indicates the growth phase relying on the glycerol in the growth medium only. Fed-batch phase indicates the glycerol 
fed-batch stage with a feed rate of 14 mL L-1 h-1 of 50% v/v glycerol. Glycerol depletion phase indicates the growth and starvation phase (no feeding). Induction 
phase indicates MeOH induction with a feed rate of feed rate of 4.8 mL L-1 h-1 50% v/v MeOH. At the start of induction, DMSO was added to a final concentration 
of 2% v/v and vessel temperature was lowered to 22 °C. Time points of DO spikes used to determine the start of the fed-batch and induction phases are 
indicated by DO spike arrows 1 and 2, respectively. 
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Figure 5.4 Purification of A2AR-SMALPs from the A2AR P. pastoris clone. 
A) Western blot targeting expression of A2AR in the membrane fragment. The A2AR P. pastoris clone
was grown and induced in bioreactors, followed by high pressure cell homogenisation. Membrane
fragments were separated from cell lysates by ultracentrifugation. Resuspended membrane fragments
were separated by 4–16% gradient SDS-PAGE at a concentration of 36 mg/mL, followed by western
blotting. A2AR was probed with a mouse anti-His Ab (1:2,500). An anti-mouse-HRP Ab was used as
secondary (1:2,500) and the blot was imaged using chemiluminescence. The band predicted to
represent A2AR is labelled with an arrow. MW markers are shown under ‘M’ with mass labels in kDa
shown on the left of the blot. B) SEC profile of IMAC purified A2AR-SMALPs. Resuspended membranes
of the A2AR P. pastoris clone were solubilised at 45 mg/mL with 2.5% w/v SMA. Soluble fractions were
separated by ultracentrifugation and A2AR-SMALPs were purified by Ni-NTA IMAC. Purified samples
were concentrated to ~500 µL and separated by SEC using the Superose 6 column. Profile shows mAU
measured at UV 280 nm against the buffer retention volume (mL). Peaks are labelled corresponding to
collected 600uL fractions: ‘V’, SEC void; ‘P1’, Peak 1; ‘P2’, Peak 2; ‘P3’, Peak 3. C) 3–20% gradient
SMA-PAGE of A2AR-SMALPs. ‘AP’ represents Ni-NTA IMAC purified and concentrated protein prior to
SEC. The other samples are the void (V), and Peaks 1–3 (P1–3) fractions identified by SEC (B).
Positions of bands predicted to represent A2AR-SMALPs are labelled with arrows. NativeMark and BSA
markers are shown under ‘M’ and ‘BSA’, respectively, with mass labels in kDa shown on the left of the
gel. The gel was stained with Coomassie blue. D) SDS-PAGE for protein concentration estimation of
A2AR-SMALPs. ‘AP’ represents Ni-NTA IMAC purified and concentrated protein prior to SEC. The other
samples are the void (V), and Peaks 2 and 3 (P2 and 3) fractions identified by SEC (B). The band
predicted to represent A2AR is labelled with an arrow. BSA was used as a standard in serial dilution.
BSA concentrations are labelled for each lane. MW markers are shown under ‘M’ with mass labels in
kDa shown on the left of the gel. The gel was stained with Coomassie blue.
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5.1.3. Dot blotting of AQP4-SMALPs alongside the A2AR-SMALP control 

 

With A2AR-SMALPs now purified as an MP-SMALP control, they were dot blotted alongside 

purified AQP4-SMALPs to be probed with the antibodies shown in Figure 5.2. Blotted 

concentrations for purified samples were normalised to 1 µM, based on estimated 

concentrations from SDS-PAGE alongside BSA standards (Section 2.7.4.1). Although AQP4 

is presumed to be a tetramer in the 1T AQP4-SMALPs, conformations and oligomeric states 

in the void fractions and IMAC purified samples are unknown. Also, binding stoichiometries to 

NMO Abs is uncertain. For these reasons, concentration estimates for AQP4 were based on 

the monomer mass for M1 (35.6 kDa) and M23 (33.1 kDa) AQP4. A2AR concentrations were 

estimated based on an estimated monomer mass of ~40 kDa, based on western blotting and 

SDS-PAGE analysis (Figure 5.4). As an A2AR band could not be identified in its SEC void 

fraction, it was blotted at a mg/mL concentration equivalent to the A2AR-SMALP Peak 3 SEC 

fraction. 

 

For samples shown in Figure 5.5, IMAC purified samples were prepared as previously 

described (Section 2.6). AQP4-SMALPs were SEC purified using the Superose 6 column and 

correspond to the fractions described in Figure 4.7. A2AR-SMALP samples were SEC purified 

using the Superose 6 column and correspond to samples shown in Figure 5.4. The purified 

MP-SMALPs were dot blotted as previously described (Section 2.7.6). 1 µL of each sample 

was dot blot blotted onto nitrocellulose membranes and this was done in the same layout for 

four different blots to be probed with four different Abs. Dot blot immunoassays were performed 

as described in Section 2.7.6. An SDS soak (2% w/v, 10 min) was used for blots to be probed 

with the commercial anti-AQP4 and anti-His Abs. Based on dot blot optimisation without SDS 

soak, the anti-His Ab had shown a lower intensity (binding affinity) for A2AR than for AQP4, 

potentially due to a lower accessibility of the His-tag in A2AR-SMALPs. The SDS soak and an 

increased anti-His Ab concentration (1:1250 instead of 1:2500) were used to improve binding 

to the A2AR 6× His-tag. 

 

Figure 5.5 shows the resulting dot blots. As expected, the commercial anti-AQP4 Ab only 

demonstrated binding to AQP4-SMALP samples, with the anti-His Ab binding to all purified 

samples for both AQP4- and A2AR-SMALPs. A lower intensity was observed for the anti-His 

Ab binding to the A2AR void, but this was expected, as an A2AR band could not be identified by 

SDS-PAGE analysis of this fraction. For M1 and M23 AQP4, the NMO Abs presented the 

binding characteristics for AQP4-SMALPs as observed in Figures 5.1 and 5.2 (high intensity 

for the AP and Void samples). By comparison, a very low intensity was observed for the A2AR-
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SMALPs in the AP, SEC Void and SEC P2 samples, similar to that observed the 2T AQP4-

SMALP SEC fractions. This was presumed to be non-specific binding of the NMO Abs. 

 

 

 

 
Figure 5.5. Dot blots of purified AQP4-SMALPs alongside purified A2AR-SMALPs as an NMO Ab 
binding control.  
IMAC and SEC purified AQP4-SMALPs (M1 and M23) and A2AR-SMALPs were dot blotted onto 
nitrocellulose membranes for Ab probing. Protein concentration was normalised to 1 µM for blotting 
(based on monomer mass for AQP4 and A2AR). Blots A and B were soaked in SDS (2% w/v, 10 min) 
prior to Ab incubations. Dot blots were probed with the following Abs: A) Rabbit anti-AQP4 Ab (1:5,000), 
followed by an anti-rabbit-HRP Ab secondary (1:2,500). B) Mouse anti-His Ab (1:1,250), followed by an 
anti-mouse-HRP Ab secondary (1:2,500). C) NMO F3 Ab (1:1,000), followed by an anti-human-HRP 
Ab secondary (1:5,000). D) NMO D3 Ab (1:1,000), followed by an anti-human-HRP Ab secondary 
(1:5,000). All blots were imaged using chemiluminescence. M1 and M23 AQP4-SMALP dots are 
labelled (top of blots) according to purification sample (Figure 4.7), where; ‘AP’ is IMAC purified only, 
‘Void’ is the SEC void, ‘2T’ is the SEC fraction predicted to contain 2-tetramer AQP4-SMALPs, and ‘1T’ 
is the SEC fraction predicted to contain 1-tetramer AQP4-SMALPs. A2AR-SMALP dots are labelled 
(bottom of blots) according to purification sample (Figure 5.4): ‘V’, SEC void; ‘P1’, Peak 1; ‘P2’, Peak 2; 
‘P3’, Peak 3.  
 

 

 

As some non-specific binding of the NMO Abs to A2AR-SMALP purification samples was 

observed, the next step was to perform replicates of the dot blots so that the relative 

chemiluminescence intensities could be quantified. Due to limited resources of the NMO D3 

Ab, these replicates were performed with the NMO F3 Ab. 
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Dot blots were performed as described, with replicates performed for probing with the NMO 

F3 Ab (n = 3, including Figure 5.5C). These were technical replicates using the same 

purification samples. For each blot replicate, a new primary Ab solution was made for NMO 

F3. Samples were blotted as described in Section 2.7.6 and as shown in Figure 5.5C. For 

each replicate blot, unprocessed images were used to find the integrated density of a fixed 

area over each sample dot. Integrated density values were normalised to the sum of integrated 

density measured for all samples on the blot. For two replicates, the NMO F3 Ab dilution used 

for primary Ab incubation was as described for Figure 5.5C (1:1,000). For one replicate, the 

NMO F3 Ab dilution used was 1:2,500. As the values for each blot were normalised, it was 

assumed that differences caused by varying Ab concentration would be negligible. 

 

Figure 5.6 shows the resulting plot of quantified blots that were probed with the NMO F3 Ab, 

with mean normalised integrated density ± SD shown for each MP-SMALP sample. A one-way 

ANOVA with Tukey’s post hoc test was performed for statistical analysis. The M1 AQP4 SEC 

void (M1 V), M23 AQP4-SMALP IMAC purified only (M23 AP), and M23 AQP4-SMALP SEC 

void (M23 V) showed the highest measured intensities. No significant difference was found 

between any of the A2AR-SMALP samples, and no significance was found between any of the 

M1 / M23 AQP4-SMALP 2T / 1T SEC fractions and the A2AR P3 / P4 SEC fractions. The other 

most relevant pairwise comparisons are shown on the plot. Most importantly, the M1 and M23 

AQP4-SMALP V samples showed a significant difference to the A2AR-SMALP V sample. 

Interestingly, no significant difference was found between M1 AQP4-SMALP AP and A2AR-

SMALP AP, whereas a significant difference was found between M23 AP and A2AR AP. There 

was also a significant difference between M1 and M23 for the AP and V samples. 

 

Although protein concentration of the samples loaded was normalised and comparable 

fractions compared between AQP4-SMALPs and A2AR-SMALPs, it is important to note that 

the increased binding of NMO Abs to the AQP4-SMALP void fractions could result from non-

specific interactions to aggregates. The conformations in the void fraction that allow for 

significantly higher affinity of NMO Abs are not clear. It is possible that this fraction contains 

aggregates of AQP4 or AQP4-SMALPs, with the NMO Abs having an affinity for non-specific 

interactions with aggregated AQP4. 
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Figure 5.6. Quantification of dot blots probed with NMO F3.  
IMAC and SEC purified AQP4-SMALPs (M1 and M23) and A2AR-SMALPs were dot blotted onto 
nitrocellulose membranes for Ab probing. Protein concentration was normalised to 1 µM for blotting 
(based on monomer mass for AQP4 and A2AR). Dot blots were probed with the NMO F3 Ab (1:1,000), 
followed by an anti-human-HRP Ab secondary (1:5,000). Blots were imaged using chemiluminescence 
and quantified by measuring the integrated density for each sample dot. The plot shows the mean 
normalised integrated density ± SD for each sample (n = 3, dot blot technical replicates using the same 
purification samples). AQP4-SMALP samples are identified by isoform (M1 or M23) and according to 
the purification sample (Figure 4.7), where; ‘AP’ is IMAC purified only, ‘Void’ is the SEC void, ‘2T’ is the 
SEC fraction predicted to contain 2-tetramer AQP4-SMALPs, and ‘1T’ is the SEC fraction predicted to 
contain 1-tetramer AQP4-SMALPs. A2AR-SMALP samples are labelled according to purification sample 
(Figure 5.4): ‘V’, SEC void; ‘P1’, Peak 1; ‘P2’, Peak 2; ‘P3’, Peak 3. Statistical analysis was performed 
with a one-way ANOVA with Tukey’s multiple comparisons post hoc test (ns – p > 0.05 (not significant), 
**p ≤ 0.01, ****p ≤ 0.0001).  
 

 

 

5.2. Mass photometry analysis of AQP4-SMALPs and NMO Abs 
 

Having characterised AQP4-SMALPs by mass photometry in Chapter 4, the logical next step 

was to probe 1T and 2T AQP4-SMALPs with NMO Abs in solution and analyse the reactions 

by mass photometry. There were no prominent peaks observed when the SEC void fractions 

were analysed (Figure 4.11), and thus, this fraction was not tested. As stated for the dot blot 

replicates, due to limited resources of the NMO D3 Ab, only the NMO F3 Ab was used for 

mass photometry analysis. 
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Firstly, the NMO F3 Ab was characterised alone at a final concentration of 7 nM (Figure 5.7). 

This presented a homogeneous peak at the expected mass for an IgG Ab (~150 kDa). 

 

 
Figure 5.7. Mass photometry characterisation of the NMO F3 Ab.  
Mass photometry histogram of the NMO F3 Ab, analysed at a final concentration of 7 nM (n = 1). 
MS1000 was used for mass calibration. The Ab histogram peak is fitted with a Gaussian distribution. 
Gaussian distributions are labelled with the mean, SD, and distribution counts (and percentage of total 
sample counts). 
 

 

 

With NMO F3 Ab now characterised, the next step was to perform Ab binding assays for 

visualisation by mass photometry. As shown in Section 4.5, a commercial anti-AQP4 Ab was 

able to recognise AQP4 within SMALPs in solution, and binding could be visualised by mass 

photometry (Figure 4.18 and 4.19). Assays with the NMO F3 Ab were performed in a similar 

fashion in an attempt to observe a binding profile. As with the assays described in Section 4.5, 

assay concentrations had to be optimised to prevent measurements that had too many or too 

few events (counts). The 1T and 2T SEC fractions for M1 and M23 AQP4-SMALPs used in 

these assays correspond to the fractions collected from Superose 6 purification shown in 

Figure 4.10. For the reasons stated in Section 4.5.2, AQP4 tetramer concentration was used 

for assays and is stated here. 

 

Firstly, the 1T SEC fractions for M1 and M23 AQP4-SMALPs were analysed alone at a final 

tetramer concentration of 35 nM. 1T AQP4-SMALPs were then incubated (10 min, RT) at a 
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concentration of 175 nM with the NMO F3 Ab at a concentration of 30 nM. Reactions were 

droplet-diluted 10-fold into sample cassette wells and analysed by mass photometry (Section 

2.8.2). The final concentrations for the reaction sample were 17.5 nM for the AQP4 tetramers, 

and 3 nM for the NMO F3 Ab. Figure 5.8 shows the resulting mass photometry analysis for 

NMO F3 Ab incubations with the M1 (Figure 5.8A) and M23 (Figure 5.8B) AQP4-SMALPs in 

the 1T SEC fraction (Figure 4.10). Histograms for each AQP4 isoform are shown in vertical 

series for the AQP4-SMALPs alone, and AQP4-SMALPs incubated with the NMO Ab. As the 

final tetramer concentration for AQP4 was different for the analysis alone and analysis with 

the NMO Ab, counts were normalised for the displayed mass photometry histograms. 

 

The 2T SEC fractions for M1 and M23 AQP4-SMALPs were also analysed alone at a final 

tetramer concentration of 35 nM. 2T AQP4-SMALPs were then incubated (10 min, RT) at a 

concentration of 140 nM with the NMO F3 Ab at a concentration of 28 nM. Reactions were 

droplet-diluted 4-fold into sample cassette wells and analysed by mass photometry (Section 

2.8.2). The final concentrations for the reaction sample were 35 nM for the AQP4 tetramers, 

and 7 nM for the NMO F3 Ab. Figure 5.9 shows the resulting mass photometry analysis for 

NMO F3 Ab incubations with the M1 (Figure 5.9A) and M23 (Figure 5.8B) AQP4-SMALPs in 

the 2T SEC fraction (Figure 4.10). Histograms for each AQP4 isoform are shown in vertical 

series for the AQP4-SMALPs alone, and AQP4-SMALPs incubated with the NMO Ab. Although 

the final tetramer concentration for AQP4 was the same for the analysis alone and analysis 

with the NMO Ab, counts were normalised for the displayed mass photometry histograms to 

be consistent with the histograms displayed for 1T AQP4-SMALPs. 

 

A peak representing the NMO F3 Ab is visible in all incubations (indicated with the red 

Gaussian line) and no AQP4-SMALP peak shift can be identified for the 1T and 2T SEC 

fraction contents. As with other mass photometry histograms analysed, the far left peaks are 

not estimated for mass as these are presumed to be low MW noise. Increasing the 

concentration of the NMO F3 Ab or the AQP4-SMALPs led to too high a density of binding 

events, making it impossible to produce trustworthy data at higher concentrations. These data 

suggest that either there is no binding interaction between the NMO F3 Ab and the 1T/2T 

AQP4-SMALPs, or that the binding affinity is too low to observe complex formation by mass 

photometry.  
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Figure 5.8. Mass photometry of 1-tetramer AQP4-SMALPs probed with the NMO F3 Ab.  
M1 and M23 1-tetramer (1T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were first analysed alone at a final concentration of 35 nM 
(AQP4 tetramer concentration). AQP4-SMALPs were then incubated (10 min, RT) at a concentration 
of 175 nM with the NMO F3 Ab (30 nM), before 10-fold droplet-dilution of the reaction into cassette 
wells (final concentrations: AQP4 tetramer, 17.5 nM; NMO F3 Ab, 3 nM) for analysis by mass 
photometry (n = 1 per reaction). MS1000 was used for mass calibration. Figures show histograms of 
the Ab reactions for M1 (A) and M23 (B) 1T AQP4-SMALPs, with normalised counts plotted against 
calibrated mass (kDa). The histogram peaks in each sample are fitted with Gaussian distributions and 
labelled with the mean (mass prediction). Ab peaks in the relevant histograms are indicated with a red 
Gaussian distribution line and mass label. 
  

A

B
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Figure 5.9. Mass photometry of 2-tetramer AQP4-SMALPs probed with the NMO F3 Ab.  
M1 and M23 2-tetramer (2T) AQP4-SMALPs were identified by SEC and corresponding fractions 
collected (Figure 4.10). AQP4-SMALPs were first analysed alone at a final concentration of 35 nM 
(AQP4 tetramer concentration). AQP4-SMALPs were then incubated (10 min, RT) at a concentration 
of 140 nM with the NMO F3 Ab (28 nM), before 4-fold droplet-dilution of the reaction into cassette wells 
(final concentrations: AQP4 tetramer, 35 nM; NMO F3 Ab, 7 nM) for analysis by mass photometry (n = 
1 per reaction). MS1000 was used for mass calibration. Figures show histograms of the Ab reactions 
for M1 (A) and M23 (B) 2T AQP4-SMALPs, with normalised counts plotted against calibrated mass 
(kDa). The histogram peaks in each sample are fitted with Gaussian distributions and labelled with the 
mean (mass prediction). Ab peaks in the relevant histograms are indicated with a red Gaussian 
distribution line and mass label. 
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5.3. Chapter Summary 
 

This chapter has investigated binding of NMO Abs to purified AQP4-SMALPs. Dot blotting 

demonstrated that these NMO Abs preferentially bound to certain fractions of the purified 

AQP4-SMALP preparations. After establishing another purified MP-SMALP with an A2AR P. 

pastoris clone, dot blots were repeated using A2AR-SMALPs as a non-specific binding control. 

Quantification of the dot bot chemiluminescence intensities demonstrated that NMO Abs 

showed a significant binding preference for M1 and M23 AQP4-SMALP SEC void fractions, 

and the IMAC-only purified M23 AQP4-SMALPs. Binding assays of the 1T and 2T AQP4-

SMALP SEC fractions (containing 1T, 2T, and 3T AQP4-SMALPs) with the NMO F3 Ab did not 

present any clear AQP4-SMALP-IgG bound complexes when visualised with mass 

photometry. This lack of binding seen with mass photometry is consistent with that observed 

by dot blot analysis of these samples. 
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6. Investigating AQP4 OAP formation in P. pastoris 
 

AQP4 is known to form OAPs (Yang, Brown and Verkman, 1996; Verbavatz et al., 1997). M1 

AQP4 is thought to be unable to form OAPs in the membrane, with M23 AQP4 being the 

facilitator for the formation of higher-order oligomers (Furman et al., 2003; Crane, Bennett and 

Verkman, 2009). S-palmitoylation of cysteine residues at positions 13 and 17 is thought to 

play a key role in preventing M1 AQP4 from forming OAPs (Suzuki et al., 2008; Carder et al., 

2024). M23 AQP4 lacks these N-terminal residues, and thus palmitoylation, allowing it to 

assemble into higher-order structures of multiple tetramer units. However, it is important to 

note that others have proposed that multiple other residues in the M1 AQP4 N-terminus (that 

M23 AQP4 lacks) are responsible for OAP prevention (Crane and Verkman, 2009), and that 

OAPs are regulated by multiple factors, including palmitoylation, relative expression of M1 and 

M23 isoforms, and phosphorylation state (Crane, Bennett and Verkman, 2009). 

 

As seen in Chapter 4, M1 and M23 AQP4-SMALPs appear as multiple SMALP sizes after 

solubilisation and purification. This size increase was independently linear for both AQP4 

isoforms, and the incremental size increase allowed for the mass of one additional tetramer. 

Therefore, these particles were theorised to contain an increasing number of tetramer units in 

increasing SMALP sizes, based on the ability of AQP4 to form OAPs. 

 

In Chapter 5, NMO Abs appeared to bind to the M1 and M23 AQP4-SMALP SEC void fraction 

(Figure 5.5). Binding to the M23 AQP4-SMALP SEC void did appear to be stronger (Figure 

5.6), but both M1 and M23 SEC void fractions demonstrated significantly increased NMO Ab 

binding compared to other purification fractions and A2AR-SMALP controls. It is possible that 

this observed binding is due to large arrays of AQP4 tetramers being present in the SEC void. 

As previously stated, multiple studies have observed a higher binding affinity of NMO Abs to 

M23 AQP4, thought to be facilitated by the formation of OAPs (Nicchia et al., 2009; Mader et 

al., 2010; Crane et al., 2011; Pisani et al., 2011, 2013; Soltys et al., 2019). 

 

Piecing the evidence in Chapters 4 and 5 together, it appears that M1 AQP4 expressed in P. 

pastoris can form higher-order oligomers of AQP4 tetramers, which is in contrast to what is 

observed in mammalian expression systems (Furman et al., 2003; Crane, Bennett and 

Verkman, 2009). The work presented in this chapter therefore sought to investigate whether 

M1 and M23 AQP4 can form OAPs in the membrane when expressed in P. pastoris. The 

palmitoylation state of AQP4 expressed in P. pastoris was then investigated, to determine 

whether the palmitoylation state of the M1 isoform could provide an explanation for the 



C. Browne, PhD Thesis, Aston University, 2025 160 

presence of higher-order oligomers. The overall aim was to test the theory that SMA is 

encapsulating multiple tetramer units in SMALPs during membrane solubilisation. 

 

 

6.1. BN-PAGE to visualise AQP4 OAPs 
 

Firstly, blue native PAGE (BN-PAGE) was combined with immunoblotting to visualise AQP4 

OAPs. AQP4 tetramers and OAPs have previously been visualised by BN-PAGE (Crane, 

Bennett and Verkman, 2009; Strand et al., 2009; Rossi, Moritz, et al., 2012; Kitchen et al., 

2016) and two-dimensional BN/SDS-PAGE (Sorbo et al., 2008; Nicchia et al., 2010; Rossi, 

Moritz, et al., 2012; de Bellis et al., 2021). 

 

6.1.1. BN-PAGE of AQP4 expressed in P. pastoris 

 

M1 and M23 AQP4 P. pastoris clones were grown and induced according to the small-scale 

growth and expression protocol, as described in Section 2.4.3. Non-induction control cultures 

were prepared for both AQP4 isoform clones, using BMGY media throughout the entire growth 

process (no MeOH added at any stage). Cells pellets were harvested, washed and 

resuspended in 5 mL cold dH2O, and immediately broken by glass bead homogenisation for 

BN-PAGE (Section 2.7.7.1). Cell lysates were incubated with a native lysis buffer (containing 

Triton X-100) and separated by 10% acrylamide BN-PAGE (Section 2.7.7.3), followed by 

western blotting (Section 2.7.3). The blot shown in Figure 6.1 was initially probed with a rabbit 

anti-AQP4 Ab (1:5,000), followed by a secondary anti-rabbit-HRP Ab (1:2,500). However, this 

did not produce any signal – this was presumed to be on account of issues with preparation 

of the primary Ab. The blot was stripped (Section 2.7.3.2) and re-probed with a mouse anti-

His Ab (1:2,500). An anti-mouse-HRP Ab was used as secondary (1:2,500) and the blot was 

imaged using chemiluminescence. 

 

Figure 6.1 shows the resulting BN-PAGE western blot of M1 and M23 AQP4 P. pastoris clone 

lysates. The predicted tetramer band is marked with a red arrow. Both M1 and M23 AQP4 

appear to show higher-order oligomers (marked with a black arrow), but these are not well 

resolved from the top of the gel. 
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Figure 6.1. 10% acrylamide BN-PAGE of P. pastoris whole cell lysates from clones expressing 
M1 or M23 isoforms of AQP4.  
P. pastoris cultures of clones expressing either the M1 or M23 isoform of AQP4 were grown, induced 
or not-induced (NI) for expression of AQP4, and broken by glass bead homogenisation. Cell lysates 
were incubated with a native lysis buffer (containing Triton X-100) and separated by 10% acrylamide 
BN-PAGE, followed by western blotting. AQP4 was probed with a mouse anti-His Ab (1:2,500). An anti-
mouse-HRP Ab was used as secondary (1:2,500) and the blot was imaged using chemiluminescence. 
The red arrow indicates bands predicted to represent AQP4 tetramers. The black arrow indicates bands 
predicted to represent AQP4 higher-order oligomers. Approximate band positions of NativeMark and 
BSA are indicated on the left of the blot with corresponding mass (kDa). 
 

 

 

M1 and M23 AQP4 P. pastoris clones were cultured and analysed by BN-PAGE again, but 

with some alterations for improvement of analysis: small-scale cultures were scaled up by 5× 

volume to provide a higher cell yield; cultures were grown in baffled flasks (as opposed to 

conical centrifuge tubes) with the aim of improving aeration, and thus, AQP4 expression; cell 

homogenisation was done at a higher concentration of resuspended cells to increase the 

lysate concentration; a low concentration gradient acrylamide gel was prepared so that higher-

mass structures could be better resolved; and the anti-AQP4 Ab dilution was decreased to 

1:2,500 to increase detection sensitivity (compared to 1:5,000 used previously). A freeze-thaw 

condition was also investigated for stability of higher-order oligomers after storage at -20 °C 

and defrosting. 

 

M1 and M23 AQP4 P. pastoris clones were grown and induced according to the small-scale 

growth and expression protocol, as described in Section 2.4.3, but 250 mL baffled shake-

flasks were used (instead of 50 mL conical tubes) and culture volume was increased to 25 mL 

(instead of 5 mL) for induction. Cells were harvested by centrifugation in 5 mL culture medium 

fractions and frozen (-80 °C).  Cells were defrosted and broken by glass bead homogenisation 

for BN-PAGE, as described in Section 2.7.7.1, but cell pellets from 5 mL of culture were 

resuspended in 2.5 mL cold dH2O (instead of 5 mL) for bead beating. Cell lysates were 
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incubated with a native lysis buffer (containing Triton X-100) and split into two conditions – 

lysates were either stored at 4 °C for 1 h (Figures 6.2A and C) or subjected to freeze-thaw 

conditions at -20 °C for 1 h, followed by defrosting (Figures 6.2B and D). Samples were then 

separated by 4–8% acrylamide BN-PAGE (Section 2.7.7.3), followed by western blotting 

(Section 2.7.3). AQP4 was probed with a rabbit anti-APQ4 Ab (1:2,500). An anti-rabbit-HRP 

Ab was used as secondary (1:2,500) and the blot was imaged using chemiluminescence 

(Figures 6.2A and B). The blot was then stripped (Section 2.7.3.2) and re-probed with a mouse 

anti-His Ab (1:2,500). An anti-mouse-HRP Ab was used as secondary (1:2,500) and the blot 

was imaged using chemiluminescence (Figures 6.2C and D). The non-freeze-thaw and freeze-

thaw conditions were run on the same gel but were separated for blot chemiluminescence 

imaging due to higher intensity from the freeze-thaw samples. 

 

Figure 6.2 shows the resulting 4–8% gradient BN-PAGE western blot of M1 and M23 AQP4 P. 

pastoris clone lysates. When probed with the anti-AQP4 Ab and anti-His Ab, both M1 and M23 

showed a similar pattern of higher-order oligomers (black arrows) above the predicted 

tetramer band (red arrow). These higher-order oligomers appear to be maintained after freeze-

thawing (Figure 6.2B). Interestingly, the anti-His Ab appeared to show a different pattern of 

intensity. A band just below the ~480 kDa marker appeared with this probe (Figure 6.2C) that 

is not easily visible when probing with the anti-AQP4 Ab. The freeze thaw samples probed 

with anti-His Ab also showed the strongest intensity at the top of the gel (Figure 6.2D). This 

could be attributed to positional differences of the binding epitopes for the anti-AQP4 and anti-

His Abs on the AQP4 tetramer. 
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Figure 6.2. 4–8% acrylamide BN-PAGE of P. pastoris whole cell lysates from clones expressing 
M1 or M23 isoforms of AQP4.  
P. pastoris cultures of clones expressing either the M1 or M23 isoform of AQP4 were grown, induced 
for expression of AQP4, and broken by glass bead homogenisation. Cell lysates were incubated with a 
native lysis buffer (containing Triton X-100) and spilt into two conditions: storage at 4 °C (1 h) or 
subjected to freeze-thaw conditions (-20 °C, 1 h, followed by defrosting). Samples were separated by 
4–8% acrylamide BN-PAGE, followed by western blotting. A, B) AQP4 was probed with a rabbit anti-
APQ4 Ab (1:2,500). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot was imaged 
using chemiluminescence. C, D) The blot was stripped and re-probed with a mouse anti-His Ab 
(1:2,500). An anti-mouse-HRP Ab was used as secondary (1:2,500) and the blot was imaged using 
chemiluminescence. A and C show lysates that were stored at 4 °C before BN-PAGE. B and D show 
lysates subjected to freeze-thaw before BN-PAGE. The red arrows indicate bands predicted to 
represent AQP4 tetramers. The black arrows indicate bands predicted to represent AQP4 higher-order 
oligomers. Approximate band positions of NativeMark and BSA are indicated on the left of the blots with 
corresponding mass (kDa). 
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6.1.2. BN-PAGE of AQP4 expressed in MDCK cells 

 

Having shown that M1 AQP4 expressed in P. pastoris is able to form higher-order oligomers 

(OAPs), mammalian expression of AQP4 was used in order to confirm the typical absence of 

oligomeric formation by M1 AQP4, as observed by others (Crane and Verkman, 2009; Crane, 

Bennett and Verkman, 2009; Rossi, Moritz, et al., 2012). Madin-Darby canine kidney (MDCK) 

cells were cultured and kindly provided by Drs Lucas Unger and Phil Kitchen of our research 

group. The MDCK cells were stably transfected with a construct of either the M1 or M23 

isoform of AQP4, with a C-terminally fused GFP. These cells were lysed and analysed by the 

same BN-PAGE process used for the P. pastoris lysates. The dilution of the anti-AQP4 Ab was 

decreased to 1:1,000 from that used for the P. pastoris lysates (1:2,500) to further increase 

sensitivity of detection. 

 

MDCK lysates were prepared using native lysis buffer (containing Triton X-100) as described 

in Section 2.7.7.2. As with the P. pastoris lysates, the MDCK lysates were split into two 

conditions. Lysates were either stored at 4 °C for 1 h (Figures 6.3A and C) or subjected to 

freeze-thaw conditions at -20 °C for 1 h, followed by defrosting (Figures 6.3B and D). Samples 

were then separated by 4–8% acrylamide BN-PAGE (Section 2.7.7.3), followed by western 

blotting (Section 2.7.3). AQP4 was probed with a rabbit anti-APQ4 Ab (1:1,000). An anti-rabbit-

HRP Ab was used as secondary (1:2,500) and the blot was imaged using chemiluminescence 

(Figures 6.3A and B). The blot was then stripped (Section 2.7.3.2) and re-probed with a rabbit 

anti-GFP Ab (1:1,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot 

was imaged using chemiluminescence (Figures 6.3C and D). The non-freeze-thaw and freeze-

thaw conditions were run on the same gel but were separated for blot chemiluminescence 

imaging due to higher intensity from the freeze-thaw samples. 

 

Figure 6.3 shows the resulting 4–8% gradient BN-PAGE western blot of M1 and M23 AQP4 

from MDCK cell lysates. When probed with the anti-AQP4 Ab and anti-GFP Ab, only M23 

AQP4 showed the presence of higher-order oligomers (black arrows) above the predicted 

AQP4 tetramer band (red arrow). These higher-order oligomers appear to be maintained after 

freeze-thawing (Figures 6.3B and D), demonstrating their stability. The right panel of Figure 

6.3A (6.3A.b) shows the top half of the blot (6.3A.a) imaged separately for improved signal 

detection of the AQP4 higher-order oligomers, as the signal from the M1 AQP4 tetramer 

masked the overall signal. As with the P. pastoris lysates, the non-freeze-thaw and freeze-

thaw conditions were run on the same gel but were separated for chemiluminescence imaging 

due to the higher intensity of the freeze-thaw samples. Relative to the MW markers, the 

position of the AQP4 tetramer band from the MDCK construct was a higher mass than that 
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observed for the P. pastoris clone. This can be attributed to a MW increase from the GFP C-

terminal fusion construct (~27 kDa per AQP4 monomer, ~108 kDa for the tetramer) used in 

the mammalian expression system. 

 

 
Figure 6.3. 4–8% acrylamide BN-PAGE of MDCK whole cell lysates from clones expressing M1 
or M23 isoforms of AQP4-GFP.  
MDCK cells stably transfected with either the M1 or M23 isoform of an AQP4-GFP construct were lysed 
using a native lysis buffer (containing Triton X-100). Cell lysates were spilt into two conditions: one half 
stored at 4 °C (1 h), and the other half subjected to freeze-thaw conditions (-20 °C, 1 h, followed by 
defrosting). Samples were separated by 4–8% acrylamide BN-PAGE, followed by western blotting. A, 
B) AQP4 was probed with a rabbit anti-APQ4 Ab (1:1,000). An anti-rabbit-HRP Ab was used as 
secondary (1:2,500) and the blot was imaged using chemiluminescence. Panel A.b shows the top half 
of A.a imaged separately for improved sensitivity of signal detection. C, D) The blot was stripped and 
re-probed with a rabbit anti-GFP Ab (1:1,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) 
and the blot was imaged using chemiluminescence. A and C show lysates that were stored at 4 °C 
before BN-PAGE. B and D show lysates subjected to freeze-thaw before BN-PAGE. The red arrows 
indicate bands predicted to represent AQP4 tetramers. The black arrows indicate bands predicted to 
represent AQP4 higher-order oligomers. Approximate band positions of NativeMark and BSA are 
indicated on the left of the blots with corresponding mass (kDa).  
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6.2. Investigating palmitoylation of AQP4 by P. pastoris 
 

It had now been established that, unlike in mammalian expression systems, M1 AQP4 was 

forming higher-order oligomers when expressed in P. pastoris. As discussed, palmitoylation is 

thought to play a key role in regulating OAP formation for M1 AQP4. Suzuki et al. found that 

mutation of both Cys13 and Cys17 to alanine in the M1 isoform of rat AQP4 resulted in OAP 

formation. They were also able to experimentally determine that these cysteine residues were 

palmitoylated when expressed in CHO cells (Suzuki et al., 2008). Recently, Carder et al. 

demonstrated that the palmitoylation state of M1 AQP4 expressed in Sf9 cells influences 

tetramer association in supported lipid bilayers. When M1 AQP4 was palmitoylated, it could 

associate into a dimer of tetramers, and when de-palmitoylated, could further associate into a 

trimer of tetramers (Carder et al., 2024). 

 

AQP4 expressed in P. pastoris was therefore investigated for the presence of palmitoylation, 

theorising that a lack of palmitoylation could be the cause of M1 AQP4 higher-order oligomers. 

Suzuki et al. used acyl-biotinyl exchange (ABE) chemistry to identify the presence of 

palmitoylation on M1 AQP4 (Suzuki et al., 2008). ABE chemistry is a well-documented method 

for detecting protein palmitoylation (Drisdel et al., 2006; Edmonds et al., 2017; Leishman, 

Aljadeed and Anand, 2024), and has previously been used to identify palmitoylated proteins 

in yeast (Roth et al., 2006; Lei et al., 2021). Here, an ABE protocol adapted from Lei et al. was 

used to test whether recombinant hAQP4 was palmitoylated by P. pastoris (Lei et al., 2021). 

 

6.2.1. Principle of the ABE assay 

 

Figure 6.4 demonstrates the principle of the adapted ABE assay used here to identify 

palmitoylated proteins. Firstly, proteins are extracted from cell lysates by chloroform-methanol 

(TCM-MeOH) precipitation. The extracted proteins are then subjected to three sequential 

reactions: N-ethylmaleimide (NEM) is added to permanently block free thiols (-SH), forming a 

C-S bond. Repeated TCM-MeOH precipitations are used to remove excess NEM, before the 

addition of hydroxylamine (HA) in the presence of pyridyldithiol-biotin (HPDP-biotin). For 

palmitoylated proteins, HA cleaves the thioester bond between cysteine and palmitate. HPDP-

biotin then biotinylates proteins by forming disulfide bonds with the newly exposed thiols 

created by HA. Non-palmitoylated proteins are unaffected as they have been blocked with 

NEM, making them unable to bind to HPDP-biotin. Further repeated TCM-MeOH precipitations 

are used to remove excess biotin. Samples are then incubated with streptavidin agarose resin. 

Streptavidin binds to biotin with very high affinity, capturing the biotinylated (previously 
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palmitoylated) proteins. The resin is washed to remove unbound (non-palmitoylated) proteins. 

The bound proteins are then eluted by addition of Laemmli buffer, which breaks the HPDP-

biotin disulfide bond and denatures streptavidin. The eluted proteins are then separated from 

the agarose resin by centrifugation. The target protein can then be probed via SDS-PAGE and 

western blotting to identify the presence of palmitoylation. For the assay, a condition without 

HA (-HA) is used as an assay negative control. Without HA, proteins cannot be biotinylated, 

and thus, a palmitoylated target protein should not be detected via western blot. 
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Figure 6.4. Schematic demonstrating the modified acyl-biotinyl exchange (ABE) assay to 
identify palmitoylated proteins.  
1) Proteins are extracted from cell lysates by TCM-MeOH precipitation. Blue represents an S-
palmitoylated protein, and red represents a non-palmitoylated protein with an exposed thiol. 2) Addition 
of N-ethylmaleimide (NEM) permanently blocks free thiols. Repeated TCM-MeOH precipitation is used 
to remove excess NEM. 3) Addition of hydroxylamine (HA) cleaves the thioester bond between cysteine 
and palmitate. 4) Pyridyldithiol-biotin (HPDP-biotin) forms disulfide bonds with the newly exposed thiols. 
Repeated TCM-MeOH precipitation is used to remove excess biotin. 5) Incubation with streptavidin 
agarose resin to bind biotinylated proteins. 6) Washing the resin to remove unbound proteins. 7) Elution 
of the previously-palmitoylated resin-bound proteins by addition of Laemmli buffer. 8) Separation of the 
eluted sample from the agarose resin by centrifugation. 9) The protein of interest is probed via SDS-
PAGE and western blot. Figure created in BioRender.com. 
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6.2.2. Probing AQP4 for the presence of palmitoylation using the ABE assay 

 

M1 and M23 AQP4 P. pastoris clones were grown and induced according to the small-scale 

growth and expression protocol, as described in Section 2.4.3, but 250 mL glass baffled shake-

flasks were used (instead of 50 mL conical tubes) and culture volume was increased to 25 mL 

(instead of 5 mL) for induction. Cells were harvested by centrifugation in 5 mL culture medium 

fractions and frozen (-80 °C). Cells were defrosted and broken by glass bead homogenisation, 

as described in Section 2.9.3.1, with cell pellets from 5 mL of culture resuspended in 1 mL 

cold lysis buffer for bead beating. A Bradford assay using BSA as a standard in serial dilution 

was used to determine the lysate total protein concentration. M1 and M23 AQP4 P. pastoris 

lysates equivalent to 1 mg of total protein were probed for the presence of palmitoylation using 

the ABE assay (Section 2.9.3 and Figure 6.4). Briefly, lysates were incubated in lysis buffer 

containing Triton X-100 and NEM (30 min, 4 °C). Proteins were then extracted by TCM-MeOH 

precipitation and incubated with 10 mM NEM (16 h, 4 °C). Protein precipitations were repeated 

to remove excess NEM and precipitates were dissolved in 450 µL of buffer. 50 µL of the sample 

was retained as an assay input sample (Input). The remaining 400 µL was split equally into 

conditions with (+) and without (-) 0.7 M HA. Both buffer conditions contained 1 mM HPDP-

biotin. Samples were incubated in these buffers (2 h, RT), followed by removal of excess 

HPDP-biotin by repeated TCM-MeOH precipitations. Precipitates were re-dissolved and 

incubated with streptavidin agarose resin (2 h, RT). The unbound fraction (FT) was collected 

after centrifugation to pellet the resin. The resin was then washed by five rounds of 

resuspension and centrifugation in fresh wash buffer. Bound protein (E) was eluted by 

incubation with Laemmli buffer (15 min, RT) and separated from the resin by centrifugation. 

Samples were separated by 4–16% gradient SDS-PAGE, followed by western blotting 

(Section 2.7.3). AQP4 in the samples was probed with a rabbit anti-AQP4 Ab (1:5,000), 

followed by a secondary anti-rabbit-HRP Ab (1:2,500), and visualised by chemiluminescence. 

 

Figure 6.5 shows the resulting western blot of samples from the ABE assay. M1 and M23 

AQP4 are clearly present in the assay input. M1 AQP4 showed a strong intensity in the +HA 

streptavidin elution (E). By comparison, M23 AQP4 showed a weak intensity in the +HA ‘E’ 

condition, comparable with its intensity in the -HA ‘E’ condition. M1 and M23 AQP4 were both 

visible at a low intensity in the -HA streptavidin elution (E). This could be due to incomplete 

blocking by NEM (causing biotinylation in places where palmitoylation was not previously 

present), non-specific of AQP4 binding to the streptavidin agarose resin, or insufficient 

washing to remove unbound AQP4 from the resin prior to sample elution. M1 and M23 AQP4 

are also clearly present in the +HA unbound (FT) sample. It is worth noting that the unbound 

(FT) samples represent the intensity from 1 mL of total unbound sample collected, whereas 
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the elution (E) samples represent the intensity from 100 µL of resin elution. As such, the ‘E’ 

samples are 10× more concentrated relative to the FT samples. 

These results show the detection of biotinylation of M1 AQP4. This means it must carry post-

translational modifications through thioester bonds (that were cleaved by HA). Given the 

similar intensities of M23 AQP4 in the -HA and +HA conditions, M23 AQP4 is unlikely to have 

been biotinylated (or, at least, not as a result of previously having a thioester modification). 

These results suggest that M1 AQP4 is, to some extent, palmitoylated by P. pastoris, whereas 

M23 AQP4 is not.  

Figure 6.5. Western blot of M1 and M23 AQP4 P. pastoris clones subjected to the ABE assay to 
determine presence of palmitoylation.  
P. pastoris cultures of clones expressing either the M1 or M23 isoform of AQP4 were grown, induced
for expression of AQP4, and broken by glass bead homogenisation. Protein was extracted form whole
cell lysates by TCM-MeOH precipitation and incubated with NEM. An assay input sample was taken
(Input), and the remaining sample was incubated with HPDP-biotin in the presence (+) or absence (-)
of HA. Samples were incubated with streptavidin agarose resin, the unbound flowthrough was collected
(FT), the resin was washed, and bound proteins were eluted using Laemmli buffer (E). Assay samples
were separated by 4–16% acrylamide SDS-PAGE, followed by western blotting. AQP4 in the samples
was probed with a rabbit anti-APQ4 Ab (1:5,000). An anti-rabbit-HRP Ab was used as secondary
(1:2,500) and the blot was imaged using chemiluminescence. Positions of monomer, dimer, trimer and
tetramer bands of AQP4 are labelled with black arrows. MW markers are shown under ‘M’ with mass
labels in kDa shown on the left of the blot.
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6.2.3. Further optimisation of the ABE assay 

 

Although the first ABE assay attempt showed good evidence for M1 AQP4 being palmitoylated 

by P. pastoris, there was some background signal of AQP4 present in the -HA condition 

(negative control). This suggested that there was an issue with the assay, or certain steps 

required further optimisation. As discussed, the presence of AQP4 in the -HA elution could be 

due to incomplete blocking by NEM (blockade of free thiols), non-specific binding of AQP4 to 

the streptavidin agarose resin, or insufficient washing of the streptavidin agarose resin to 

remove unbound AQP4 prior to sample elution. For the next ABE assay attempt, a few 

changes were made to mitigate these possibilities: NEM concentration was increased for NEM 

incubation to ensure complete blocking of free thiols, streptavidin binding was done at 4 °C to 

reduce possible non-specific binding, and SDS was added to the resin wash buffer to improve 

streptavidin agarose resin washing. 

 

P. pastoris cultures from the previous preparation were used to generate lysates for M1 and 

M23 AQP4, as before (Section 6.2.2). The lysates were subjected to the ABE assay as 

described in Section 2.9.3 and 6.2.2, but with the following changes applied: NEM 

concentration was increased to 20 mM, from 10 mM previously, for the 16 h incubation; the 

streptavidin agarose resin incubation was done at 4 °C, instead of at RT, for the same amount 

of incubation time; and SDS was added (0.1% w/v) to the resin wash buffer. As before, 

samples were separated by 4–16% gradient SDS-PAGE, followed by western blotting (Section 

2.7.3). AQP4 in the samples was probed with a rabbit anti-AQP4 Ab (1:5,000), followed by a 

secondary anti-rabbit-HRP Ab (1:2,500), and visualised by chemiluminescence (Figure 6.6A). 

A second SDS-PAGE and western blot of the samples was carried out for probing with a 

mouse anti-His Ab (1:2,500) and anti-mouse-HRP Ab secondary (1:2,500) (Figure 6.6B).  

 

Figure 6.6 shows the resulting western blots for the optimised ABE assay of M1 and M23 

AQP4 P. pastoris lysates. The anti-AQP4 Ab and anti-His Ab probe produced very similar blots. 

The results for these blots are consistent with that observed for Figure 6.5 – strong presence 

of M1 AQP4 in the +HA ‘E’ condition suggests that it palmitoylated by P. pastoris to some 

degree, whereas very low intensity of M23 AQP4 in this condition suggests that it is not 

palmitoylated. Compared to the previous ABE assay conditions (Figure 6.5), there is a 

reduction in AQP4 intensity in the -HA elution (E) samples, suggesting that the optimisation 

conditions did have an improvement on the assay performance. However, a faint AQP4 band 

in the -HA ‘E’ (and M23 +HA ‘E’) samples is still evident, suggesting that further optimisation 

could still be done to remove the background AQP4 signal. As before, it is worth noting that 

the ‘E’ samples (100 µL) are 10× more concentrated relative to the FT samples (1 mL). 
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Figure 6.6. Optimisation of the ABE assay to determine presence of palmitoylation of AQP4 by 
P. pastoris.
P. pastoris cultures of clones expressing either the M1 or M23 isoform of AQP4 were grown, induced
for expression of AQP4, and broken by glass bead homogenisation. Protein was extracted form whole
cell lysates by TCM-MeOH precipitation and incubated with an increased concentration of NEM. An
assay input sample was taken (Input), and the remaining sample was incubated with HPDP-biotin in
the presence (+) or absence (-) of HA. Samples were incubated with streptavidin agarose resin at 4 °C,
the unbound flowthrough was collected (FT), the resin was washed with the addition of SDS, and bound
proteins were eluted using Laemmli buffer (E). Assay samples were separated by 4–16% acrylamide
SDS-PAGE, followed by western blotting. A) Western blot of samples probed with a rabbit anti-APQ4
Ab (1:5,000). An anti-rabbit-HRP Ab was used as secondary (1:2,500) and the blot was imaged using
chemiluminescence. B) Western blot of samples probed with a mouse anti-His Ab (1:2,500). An anti-
mouse-HRP Ab was used as secondary (1:2,500) and the blot was imaged using chemiluminescence.
For both blots, positions of monomer, dimer, trimer and tetramer bands of AQP4 are labelled with black
arrows. MW markers are shown under ‘M’ with mass labels in kDa shown on the left of the blot.
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Although the ABE assay optimisation improved the unexpected presence (background signal) 

of faint AQP4 bands in the -HA condition, a faint AQP4 band was still visible in this negative 

control (-HA) condition. As previously discussed, this background signal may be caused by an 

incomplete NEM blockade of free thiols, non-specific binding to the streptavidin agarose resin, 

or insufficient washing of unbound AQP4 from the agarose resin. This background signal is 

unlikely to invalidate the result, as M23 AQP4 showed a similarly low level of background 

signal (faint AQP4 band) in both -HA and +HA conditions, whereas M1 AQP4 showed a clear 

difference in band intensity between these conditions. This demonstrated that the faint 

background signal was present regardless of the HA condition, with a clear difference in band 

intensity between -HA and +HA depending on the AQP4 isoform. Despite this, quantifying and 

comparing the AQP4 band intensities from experimental replicates would give greater 

confidence that this observation is significant. To be able to disregard the background signal, 

it was important to demonstrate that there was no significant difference between -HA and +HA 

conditions for the M23 isoform, and no significant difference between M1 and M23 AQP4 in 

the -HA condition.  

 

In total, three experimental replicates were performed for the ABE assay of M1 and M23 AQP4 

P. pastoris clone lysates. The western blots of these replicates were all probed with the anti-

AQP4 Ab, and includes the western blots shown in Figure 6.5 and Figure 6.6A. Although the 

assay conditions were slightly different before and after optimisation, these assays were still 

considered together as replicates for quantification. This was to determine whether a 

significant difference between M1 and M23 AQP4 could be found, regardless of the variation 

in intensity of the -HA condition between replicates. Each replicate used cells from the same 

batch preparation of M1 or M23 AQP4 P. pastoris, but new lysates were prepared for each 

assay. 

 

The +HA and -HA elution (E) samples for M1 and M23 AQP4 in the three experimental 

replicate ABE assay western blots were quantified using densitometry (Section 2.7.4). The 

intensity for each sample was normalised to the intensity of the input sample of the relevant 

AQP4 isoform. Figure 6.7 shows a plot of the mean normalised intensity ± SD for each sample 

and HA condition. A two-way ANOVA with Tukey’s post hoc test was performed for statistical 

analysis. No significant difference was found between the -HA and +HA condition for M23 

AQP4. By contrast, a significant difference was found between -HA and +HA conditions for M1 

AQP4, and a significant difference was found between M1 and M23 AQP4 in the +HA 

condition. This reinforces the idea that there may be some non-specific binding to the 

streptavidin agarose resin, but this does not affect the impact of the -HA negative control. M1 
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AQP4 shows a significant difference in intensity to M23 AQP4 in the +HA condition, suggesting 

that it is palmitoylated by P. pastoris, whilst the M23 isoform is not. 

 

 

 
Figure 6.7. Quantification of ABE assay outputs for M1 and M23 AQP4.  
Western blots of M1 and M23 AQP4 P. pastoris clones subjected to the ABE assay were quantified by 
densitometry analysis. The plot shows the mean ± SD (n = 3, experimental replicates) normalised 
intensities for M1 and M23 AQP4 in the streptavidin resin elution samples from the -HA (negative 
control) and +HA conditions of the ABE assay. Intensity was calculated as the sum of AQP4 monomer, 
dimer, trimer, and tetramer bands for each sample, where visible. Values were normalised to the 
corresponding input sample intensity. Statistical analysis was performed with a two-way ANOVA with 
Tukey’s multiple comparisons post hoc test (ns – p > 0.05 (not significant), **p ≤ 0.01). 
 

 

 

6.3. Chapter Summary 
 

The work in this chapter investigated the presence of OAP formation by AQP4 expressed in 

P. pastoris. BN-PAGE was used to identify the presence of higher-order AQP4 oligomers for 

both the M1 and M23 isoforms when expressed in P. pastoris. A comparative BN-PAGE 

analysis was performed on M1 and M23 AQP4 isoforms expressed in MDCK cells. This 

demonstrated that, as observed by others, M1 AQP4 does not typically form higher-order 

oligomers when expressed in mammalian cells, whereas M23 AQP4 does. Palmitoylation is 

thought to prevent M1 AQP4 from forming OAPs, and thus, it was theorised that a lack of 

palmitoylation by P. pastoris was the reason for the observed OAP formation. However, an 

ABE assay of the P. pastoris constructs found that M1 AQP4, and not M23 AQP4, carries post-

translational modifications facilitated by thioester bonds, mostly likely representing some 

degree of S-palmitoylation by P. pastoris. 
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7. Discussion 
 

The aim of this project was to determine whether AQP4 tetramers and higher-order oligomers 

or OAPs could be captured and characterised in SMALPs from the P. pastoris membrane. The 

idea was to create a recombinant expression model to further develop our understanding of 

AQP4 OAP formation, and in turn, create new research pathways to investigate these 

tetrameric arrays in the context of NMOSD. 

 

Chapter 3 described how two clones of P. pastoris expressing recombinant constructs of either 

the M1 or M23 isoform of AQP4 were established for comparable expression and purification 

yield of AQP4. Bioreactors were utilised to increase production of membrane fragments for 

SMA solubilisation and purification.  

 

Chapter 4 then utilised mass photometry, SEC, and SMA-PAGE to characterise purified AQP4-

SMALPs, showing that multiple SMALP sizes exist for both AQP4 isoforms. These SMALPs 

of increasing size were theorised to contain different tetrameric assemblies of AQP4 – 1-

tetramer (1T), 2-tetramer (2T), and 3-tetramer (3T) AQP4 SMALPs. Mass photometry Ab 

binding assays were used to confirm the presence of AQP4 in these SMALP complexes. Mass 

estimates from mass photometry, SEC, and SMA-PAGE were compared, finding the mass 

difference between the M1 and M23 1T AQP4-SMALP to be consistent with the tetramer mass 

difference of these isoforms. 

 

Chapter 5 investigated binding of NMO Abs to purified AQP4-SMALPs via dot blotting and 

mass photometry. Binding could only be determined for the affinity purified and SEC void 

fraction of these AQP4-SMALPs.  

 

Chapter 6 then investigated OAP formation by P. pastoris expressed AQP4, in an attempt to 

explain the presence of higher-order oligomers of M1 AQP4 in SMALPs. BN-PAGE identified 

higher-order oligomers for both the M1 and M23 AQP4 isoforms when expressed in P. pastoris, 

in contrast to M1 AQP4 expressed in MDCK cells. Lack of palmitoylation by P. pastoris was 

investigated as a possible explanation for these M1 AQP4 higher-order oligomers. However, 

an acyl-biotinyl exchange (ABE) assay determined that M1 AQP4 was very likely palmitoylated 

by P. pastoris to some degree. 
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7.1. Benefits of P. pastoris as an expression host for hAQP4 
 

P. pastoris is an excellent expression system for the production of recombinant human 

proteins. As P. pastoris is a eukaryotic organism, it can allow protein folding and PTMs 

comparable to that of mammalian expression systems, and most importantly, comparable to 

the native expression in human cells (Daly and Hearn, 2005; Karbalaei, Rezaee and Farsiani, 

2020). AQP4 has previously been successfully expressed in P. pastoris (Ho et al., 2009; Öberg 

et al., 2011; Kitchen et al., 2020) and P. pastoris has a reputation for being a good expression 

host for production of recombinant human AQPs (Bill and Hedfalk, 2021; Al-Jubair et al., 2022). 

Expression of hAPQ4 in P. pastoris was desirable for this project, as a key functional difference 

between the M1 and M23 AQP4 isoforms is a PTM. M1 AQP4 typically features S-

palmitoylation of cysteine residues in the N-terminal region that the M23 isoform lacks. As 

already discussed, this palmitoylation is thought to play a key role in preventing M1 AQP4 from 

forming OAPs in cell membranes (Suzuki et al., 2008; Carder et al., 2024).  

 

The first palmitoyl acyltransferases (PATs) of the zDHHC family, responsible for palmitoylation 

by S-acylation, were identified in S. cerevisiae yeast (Lobo et al., 2002; Roth et al., 2002). 

These enzymes are defined by a conserved DHHC domain found in many eukaryotic PATs 

(Mitchell et al., 2006; Rana, Lee and Banerjee, 2018). However, the ability of, and extent to 

which, yeast expression systems palmitoylate recombinant proteins is unclear, and would 

likely need investigating on a case-by-case basis. E. coli (and prokaryotic systems generally) 

do not possess native PATs containing the DHHC domain for S-palmitoylation (Mitchell et al., 

2006; Sobocińska et al., 2018). This has previously been cited as a reason to choose an 

alternative host for recombinant protein expression, due to palmitoylation being an important 

functional component (Chytła et al., 2021).  

 

This project has demonstrated that P. pastoris is able to palmitoylate the M1 (and not the M23) 

isoform of hAQP4. This is a demonstration of the advantages of using P. pastoris as a 

recombinant expression host to produce desirable PTMs. However, it is important to note that 

this project also demonstrated a difference in the behaviour of recombinant hAQP4 between 

yeast and mammalian expression systems, as observed with BN-PAGE analysis in Chapter 

6. This could purely be due to differences between the eukaryotic systems, highlighting 

important considerations when using model expression systems. 
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7.2. Transformation of P. pastoris for improved expression of M23 AQP4 
 

P. pastoris clones expressing the M1 or M23 isoform of AQP4 were already available at the 

start of this project. As shown in Chapter 3, the original M23 AQP4 clone showed comparably 

poor expression and purification yield compared to the established M1 AQP4 clone. 

Purification from the original M23 AQP4 clone also demonstrated that increasing the starting 

membrane material for solubilisation and purification is not a solution for poor yield, as it results 

in increased contamination relative to the yield of desired protein (Figure 3.2B). Therefore, a 

chemical transformation of GS115 P. pastoris with the M23 AQP4 pPICZ plasmid construct 

was performed to generate a new clone with improved expression.  

 

An improved transformation efficiency (higher number of colonies) was found in the 

transformation condition with plasmid that had been further purified after linearisation (Figure 

3.4). Presumably, the quality of linearised DNA was improved with the additional purification, 

by removing the buffer material and restriction enzyme from the maxi-prep and linearisation 

reaction steps. This may have improved the uptake of linearised plasmid DNA by competent 

cells. More work is required to establish the significance of this observation, but this result 

suggests that adding an additional DNA purification step would give a drastically improved 

chemical transformation protocol. 

 

After transformation, colonies were selected at random to screen for high resistance to zeocin. 

The principle behind this step was to select for colonies with multiple integrated copies of the 

plasmid by homologous recombination, and thus, a higher resistance to zeocin. A high plasmid 

copy number has been reported to result in higher levels of expression of the recombinant 

protein. Growth with high selective pressure has been used previously to screen for clones 

with multiple plasmid copies (Scorer et al., 1994; Athmaram et al., 2012; Kumar, Mannil and 

Mutturi, 2020). This approach seemed to work in this case, as the two clones showing the 

strongest growth on high zeocin YPD agar (Figure 3.5), also presented with the highest M23 

AQP4 expression (T1C3, T1C12; Figure 3.6). However, as others have found previously, the 

correlation between plasmid copy number and recombinant protein expression is not always 

linear (Aw and Polizzi, 2013). Therefore, it is important to consider that this approach may not 

be a universally applicable methodology. 
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7.3. SMA solubilisation and purification of AQP4-SMALPs from P. pastoris 
membranes 
 

Having established the M1 and new M23 P. pastoris clone for comparable AQP4 expression, 

these clones were grown, induced for APQ4 expression, and the cells were disrupted for 

membrane fragment preparation. SMA was used for solubilisation of the membranes and the 

recombinant hAQP4 was affinity purified targeting the 6× His-tag. Purified AQP4-SMALPs 

were analysed by SDS-PAGE to reveal a characteristic multiple band pattern of AQP4 

monomers, dimers, trimers, and tetramers (Figure 3.10). This demonstrated that both AQP4 

isoforms could be solubilised and purified within SMALPs. Upon formation and stabilisation of 

MP-SMALPs, SMA interacts with the lipid bilayer surrounding membrane proteins, allowing it 

to encapsulate a native annulus of lipid (Gulati et al., 2014). This allows SMALPs to preserve 

membrane protein complexes, such as that formed by homo-oligomers. This differs from 

detergents such as SDS, that disrupt non-covalent protein-protein interactions. Multiple 

studies have demonstrated the ability of SMA to encapsulate protein homo- and hetero-

oligomers (Dörr et al., 2014; Swainsbury et al., 2014b; Postis et al., 2015; Prabudiansyah et 

al., 2015; Smirnova et al., 2016). It is not surprising, therefore, that SMA would be able to 

encapsulate and preserve AQP4 tetramers within SMALPs. 

 

Although no significant difference was found, M23 AQP4 did appear to solubilise less 

efficiently (44.7 ± 4.7%) with SMA than M1 AQP4 (50.6 ± 4.0%). This is unlikely to have a 

significant impact on purified M23 AQP4 yield, but it is interesting to speculate as to why it 

may have a lower solubilisation efficiency. If M23 AQP4 is preferentially forming large OAPs, 

as seen in mammalian expression systems (Furman et al., 2003; Crane and Verkman, 2009; 

Crane, Bennett and Verkman, 2009), it may be more resistant to solubilisation into SMALPs, 

due to the difficulty of breaking down higher-order oligomers into tetramer units. 

 

This laddering of AQP4 quaternary structures, as visualised by SDS-PAGE, demonstrates the 

apparent SDS resistance of AQP4 tetramers at high protein concentrations. This is something 

that has been observed by others before (Sørbø, Moe and Holen, 2007). In some cases here, 

a laddering of bands above the AQP4 tetramer mass was observed (Figure 3.10). This could 

represent APQ4 aggregation, or potentially, SDS resistant higher-order complexes. 

 

SDS-PAGE analysis of IMAC purified AQP4-SMALPs presented a clear purification 

contaminant band at ~38 kDa (Figure 3.10). For a similar purification of A2AR from P. pastoris, 

Dr Idoia Company-Marín of our research group at Aston University observed a similar 
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contamination band via SDS-PAGE. Mass spectrometry analysis of this band identified it as 

fungal alcohol dehydrogenase 2 (ADH2) (Company-Marín, 2024). ADH contaminations are 

reportedly common during IMAC purification of proteins from P. pastoris, thought to be due to 

a high affinity of this native protein for Ni-NTA resins (Law et al., 2001; Chen et al., 2014). It is 

very likely, therefore, that the contaminant observed here is also an ADH isozyme. As seen in 

Chapter 4, this contaminant could be separated from IMAC purified AQP4-SMALPs by further 

purification using SEC (Figure 4.10). In this case, the contaminant did not cause an issue for 

generating homogenous samples for downstream analysis. However, if the target protein was 

of a similar size to the contaminant (~38 kDa), separation by SEC may not offer the same 

straightforward solution. This could be something to consider when choosing P. pastoris as an 

expression host and Ni-NTA IMAC purification to isolate recombinant proteins. 

 

Degradation of M1 AQP4 and possible aggregation of M23 AQP4 was observed with extended 

time between IMAC purification and MW cut-off concentration (Figure 3.11). Some AQP4 was 

also visible in the centrifugal concentrator flowthrough for the newly purified AQP4-SMALPs, 

which may have been an early sign of degradation. Analysis of AQP4-SMALPs by SMA-PAGE 

~1.5 months after IMAC purification and MW cut-off concentration showed some sign of 

AQP4-SMALP degradation (Figure 4.2), but not to the extent expected considering the 

degradation observed in Figure 3.11. Reducing time between IMAC purification, 

concentration, and SEC separation demonstrated different peak proportions in SEC profiles, 

with M1 AQP4 showing a significantly lower proportion in the void (Figure 4.9). After SEC, 

AQP4-SMALPs showed improved stability, and could be observed by mass photometry at the 

expected mass multiple days after SEC purification. AQP4-SMALPs were routinely kept for 

analysis for ~2 weeks after SEC purification. With all of these observations considered, it 

appears that degradation, particularly for M1 AQP4, was happening to a large extent between 

IMAC purification and 100 kDa MW cut-off concentration. It is possible that the centrifugal 

concentration process removed low MW proteases that were otherwise causing AQP4 

degradation. Alternatively, AQP4 may be sensitive to high concentrations of imidazole required 

for IMAC resin elution. Further purification by SEC will have benefited both of these 

circumstances. M23 AQP4 may have shown better resistance to degradation because of 

greater propensity to form higher-order oligomers, explaining the aggregation observed in 

Figure 3.11. It is important to note that protease inhibitors were not used in buffers beyond cell 

lysis, which may have contributed to the observed degradation.  
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7.4. Biophysical characterisation of AQP4-SMALPs 
 

The innate heterogeneity of MP-SMALPs makes characterisation of these particles difficult. 

Investigating the MP-SMALP complexes in a native and whole form can be challenging, 

especially when trying to address the overall particle mass. This project explored a 

combination of methods to characterise AQP4-SMALPs, including mass photometry, which 

allows for visualisation of unmodified single particles in solution (Young et al., 2018). Mass 

photometry was an excellent way to easily assess sample heterogeneity and SEC 

fractionation, as demonstrated by Figures 4.3, 4.4, and 4.11. 

 

When analysed by mass photometry, the APQ4-SMALPs presented as an array of different 

SMALP sizes that were independently linear for both M1 and M23 AQP4. As AQP4 is known 

to form OAPs (Yang, Brown and Verkman, 1996; Verbavatz et al., 1997), it was theorised that 

these particles might represent single and multi-tetrameric assemblies of AQP4 within 

SMALPs (Figure 7.1). The peaks observed were therefore identified as 1- (1T), 2- (2T), and 

3- (3T) tetramer complexes of AQP4 within SMALPs (Figure 4.5 and 7.1). These observed 

SMALP sizes by mass photometry were consistent with SEC and SMA-PAGE analysis (Figure 

4.7). However, at this stage, it was also considered that these could be aggregates of the 

smallest SMALP, or different SMALP sizes only containing one tetramer. 
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Figure 7.1. Proposed tetrameric assembly of AQP4 in SMALPs.  
The figure shows a mass photometry histogram of IMAC purified M1 and M23 AQP4-SMALPs, 
reproduced from Figure 4.4, adapted to show proposed tetrameric assemblies of AQP4 in SMALPs. 
Histogram peaks are labelled with AQP4-SMALP complexes thought to contribute to the observed 
counts. These are identified as 1T, 2T, and 3T, representing 1-, 2-, and 3-tetramer AQP4-SMALPs, 
respectively. Figure created in BioRender.com.  
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The estimated mass of the M1 and M23 1T AQP4-SMALPs was ~303 and ~288 kDa (Section 

4.6.4; based on all estimation methods), respectively. The predicted tetramer weights are 

~142.4 and ~132.4 kDa, based on monomer weights of ~35.6 kDa and ~33.1 kDa for M1 and 

M23 AQP4, respectively. These monomer weights are determined from the full hAQP4 

sequence of each isoform, plus the weight of the recombinant 6× His-tag (~0.8 kDa). The large 

estimated mass difference between the AQP4 tetramers and 1T AQP4-SMALPs is unlikely to 

be due to the 1T AQP4-SMALPs containing more than one AQP4 tetramer, as this would not 

allow enough remaining mass for lipids and SMA. Stroud et al. have suggested that five 

polymers of 3 kDa SMA 2:1 are required to encircle a 10 nm SMALP disc in one layer, stating 

the possibility of two SMA layers required to completely cover the disc edge. This would 

assume ~30 kDa of SMA for a 10 nm SMALP (Stroud, Hall and Dafforn, 2018). M1 AQP4-

SMALPs corresponding to the 1T SEC fraction have been analysed by transmission electron 

microscopy (TEM) by Dr Philip Kitchen of our research group (Figure 7.2). 2D classes from 

cryogenic (cryo-) TEM appear to show single AQP4 tetramers within SMALP discs. Lipidomic 

analysis of AQP4-SMALPs (data also collected Dr Philip Kitchen) has shown that AQP4-

SMALPs not only contain lipids but show a preference for certain lipids when compared to 

SMA solubilised and total P. pastoris membranes. Together, these data further support the 

assumption that the 1T AQP4-SMALPs observed here do indeed contain a single tetramer of 

AQP4 surround by an annulus of lipids. 
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Figure 7.2. Transmission electron microscopy (TEM) of M1 AQP4-SMALPs.  
M1 AQP4-SMALP samples corresponding to the 1T AQP4-SMALP SEC fraction. A) Negative-stain (NS) 
TEM of M1 AQP4-SMALPs. B) 2D classes from cryogenic (cryo-) TEM of M1 AQP4-SMALPs. Data 
collected by Dr Philip Kitchen, Aston University. 
 

 

 

The existence of larger AQP4-SMALP sizes (identified as 2T and 3T), as demonstrated in 

Chapter 4, is not surprising. SMA has been shown to encapsulate protein complexes as large 

as ~1.2 MDa (specifically, trimeric photosystem I from Thermosynechococcus elongatus) in 

SMALPs (PSI-SMALPs) estimated to be ~1.5 MDa (Brady et al., 2019, 2022) – though, this 

was performed with SMA 1440, as opposed to SMA 2000 used here. Initially, the possibility of 

AQP4-SMALP aggregates was considered. Negative stain (NS-) TEM has shown that lipid-

only SMALP nanodiscs containing dipalmitoylphosphatidylcholine (DPPC) phospholipids can 

form large phospholipid stacks, although, this was interpreted as an artefact of the staining 

solution required for NS-TEM (J. J. Dominguez Pardo et al., 2017). Instead, a number of 

factors were discovered that suggested these 2T and 3T AQP4-SMALPs were independent 

SMALP sizes containing two and three AQP4 tetramer units: the estimated mass increase 

between 1T-, 2T-, and 3T-AQP4-SMALPs did not align with exact sequential additions of the 

1T-AQP4-SMALP mass (Figure 4.5 and Table 4.3); M1 and M23 AQP4-SMALPs 

demonstrated independently linear correlations of increasing particle size, as observed by 

mass photometry (Figure 4.5); the AQP4-SMALPs retained their size, as shown by mass 

photometry and SMA-PAGE, after separation by SEC (Figure 4.7 and 4.11); and finally, the 

1T, 2T, and void SEC fractions all contained AQP4, as evidenced by SDS-PAGE analysis of 

A

B
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these SEC fractions (Figure 4.10). Together, this evidence strongly supports the interpretation 

that these AQP4-SMALPs are individual entities, all containing AQP4, as opposed to 

aggregates of the smallest AQP4-SMALP. Given the known ability of AQP4 to form higher-

order oligomers, and the mass intervals between these AQP4-SMALP sizes, these SMALPs 

were proposed to contain a sequential increase in AQP4 tetramer units. 

 

Olerinyova et al. have previously demonstrated how MP-SMALPs can be visualised using 

mass photometry. They used SMA to solubilise and purify (by affinity chromatography and 

SEC) the KcsA potassium channel tetramer (80 kDa) expressed in E. coli. Mass photometry 

analysis of different SEC fractions from purification of KcsA-SMALPs revealed a heterogenous 

mix of different SMALP sizes, particularly in the earlier retention volumes (Olerinyova et al., 

2021). They concluded that the ~250 kDa KcsA-SMALP observed was likely to contain a dimer 

of KcsA homo-tetramers, based on estimated protein-to-lipid ratios, with peaks at ~400 and 

~600 kDa potentially representing higher-order KcsA oligomers. Clustering of KcsA homo-

tetramers has previously been reported and is thought to play a role in vivo (Raja and Vales, 

2009; Giudici et al., 2013; Visscher et al., 2017; Renart et al., 2020). Olerinyova et al. also 

observed a mass photometry peak shoulder (to the ~250 kDa peak) of ~125 kDa, concluding 

that this was a small proportion of empty SMALPs. However, as this sample was 

representative of IMAC purified His-tagged KcsA, it could instead represent a species of single 

KcsA homo-tetramers in SMALPs. Contamination of empty SMALPs of this size after IMAC 

purification is not something that was observed in the work presented here.  

 

Higher-order oligomers in SMALPs have also previously been observed by SMA-PAGE for 

Sav1866 (an ATP-binding cassette from Staphylococcus aureus). Analysis of SEC fractions 

from purification of Sav1866-SMALPs showed a single dominant band when analysed by 

SDS-PAGE, but multiple bands when analysed by SMA-PAGE, representing multiple different 

Sav1866-SMALP sizes (Pollock et al., 2019, 2022). Pollock et al. also found that SMA-PAGE 

outperformed SEC in its ability to resolve Sav1866-SMALPs of different sizes. The same can 

be reported here, as SMA-PAGE was able to resolve the 3T AQP4-SMALPs, whereas a peak 

corresponding to this SMALP size was not visible in the AQP4-SMALP SEC UV traces. A 

contrasting observation was that Pollock et al. observed MP-SMALPs migrating via SMA-

PAGE to a position representing the MW of the protein complex alone (when compared to 

protein standard markers). This contrasts with SMA-PAGE analysis of the 1T AQP4-SMALPs 

here, as they did not migrate to a position representing the weight of an AQP4 tetramer. 

Instead, they migrated to ~300 kDa. Considering the experimental procedure for SMA-PAGE 

performed here is very similar to that done by Pollock et al. (including the use of NativeMark 

as protein mass standard), this discrepancy could be attributed to differences in expression 
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host used for SMA solubilisation, as Pollock et al. used E. coli for MP production and 

membrane solubilisation (Pollock et al., 2019). Considering the relatively close agreement of 

mass estimates between SMA-PAGE, mass photometry, and SEC for APQ4-SMALPs in this 

study, the observed SMA-PAGE migration distances (and subsequent mass estimates) were 

thought to be a correct interpretation. 

 

The observations by Olerinyova et al. and Pollock et al. of multiple SMALP sizes after 

solubilisation and purification is very similar to that observed here for the AQP4-SMALPs. Their 

work presents other examples of how an MP known to form higher-order oligomers can create 

an array of SMALP sizes when solubilised from the expression host membrane. This suggests 

that AQP4 is not alone in its ability to form higher-order oligomers in SMALPs. Olerinyova et 

al. also analysed unoccupied (or empty) SMALPs consisting only of 

dimyristoylphosphatidylcholine (DMPC) phospholipids. This produced a mostly homogenous 

distribution of particle sizes with a mass of ~115 kDa (Olerinyova et al., 2021). They also 

observed a wide distribution of larger lipid-only SMALP particles (500—2,000 kDa), but not in 

an ordered pattern of increasing particle size like that seen for KcsA- and AQP4- SMALPs. 

This further supports the idea that this array of different MP-SMALP sizes is driven by the 

native oligomeric interactions of these MPs, as opposed to SMA forcing this oligomeric 

assembly during encapsulation and MP-SMALP formation. However, it is not yet clear if, or 

how, SMA influences the association or dissociation of the MP higher-order oligomers during 

solubilisation. 

 

7.5. Ab identification of AQP4 within SMALPs using mass photometry 
 

In Chapter 4, mass photometry was used to identify AQP4 within SMALPs using a commercial 

anti-AQP4 Ab (Figures 4.18 – 4.21). This Ab was one used routinely by our research group for 

western blot probing of denatured AQP4, and thus, could probe for AQP4 epitopes on 

individual monomers. The commercial anti-AQP4 Ab appeared to bind to 1T AQP4-SMALPs 

with a 1:1 stoichiometry, based on the appearance of a peak at ~440 and ~425 kDa for M1 

and M23 AQP4, respectively. With higher Ab concentrations, peaks previously observed at 

~585 kDa (M1) and ~565 kDa (M23) for 2T AQP4-SMALPs became more prominent. It is 

possible that this instead represented a 2:1 stoichiometry of anti-AQP4 Abs binding to the 1T 

AQP4-SMALP. Incubation of the anti-AQP4 Ab with the 2T SEC fraction (containing 2T and 

3T AQP4-SMALPs) revealed a heterogenous mix of particles. At high Ab concentration, there 

was an emergence of peaks that suggested a 1:1 stoichiometry of anti-AQP4 Ab binding to 2T 

and 3T AQP4-SMALPs. Whilst this confirmed the presence of AQP4 in these larger SMALPs, 
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the binding stoichiometries could not confirm the existence of tetramer oligomers.  Incubation 

of the AQP4-SMALPs with an anti-GFP IgG Ab did not result in any visible binding (no 

observed histogram peak shift), confirming that the binding observed for the anti-AQP4 Ab 

was unlikely to be a result of non-specific IgG interactions with SMALPs. 

 

A key problem with mass photometry was revealed with these Ab assay experiments. Mass 

estimates were not always consistent for the same sample before and after incubation with 

Ab. High sample heterogeneity, such as that seen for the Ab incubations with the 2T AQP4-

SMALP SEC fraction, resulted in many histogram peaks with relatively low counts. This 

resulted in wider Gaussian distributions with higher SDs, and thus, lower confidence in mass 

estimates (Gaussian means). This clearly demonstrated the negative impact of sample 

heterogeneity on mass photometry measurements. Trialling higher concentrations of AQP4-

SMALPs or Ab, in an attempt to improve resolution of the binding peaks, created an 

oversaturated image of binding events. Saturation of binding surfaces as a result of high 

sample concentration causes a noisy ratiometric image and overlapping signals, reducing the 

accuracy of mass estimation (Kratochvíl et al., 2024).  

 

Nevertheless, mass photometry demonstrated a simple way to identify target membrane 

proteins within SMALPs in solution using Ab binding assays. This provides an experimental 

proof-of-principle for further protein-protein interaction assays with MP-SMALPs using mass 

photometry. 

 

7.6. Mass estimation of AQP4-SMALPs 
 

As discussed, the innate heterogeneity of MP-SMALPs makes their biophysical 

characterisation difficult. Therefore, it is also difficult to estimate MP-SMALP mass, as 

measurements must consider weight contribution from proteins, lipids, and SMA. Accurate 

mass estimation of MP-SMALPs is potentially very useful, as it can provide information about 

the particle contents. For example, establishing the relative quantities of protein and lipid can 

give an indication of the importance of lipids associated with certain MPs. It can also give 

insight into MP oligomeric complexes encapsulated by the SMA. This relationship between 

protein and lipid is likely to vary for different MPs and also vary for different expression hosts 

used for solubilisation. This highlights the importance of a simple and accessible measurement 

strategy for multiple types of MP-SMALPs.  
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Three methods were explored for estimation of AQP4-SMALP mass in this project. Mass 

estimates from mass photometry, SEC, and SMA-PAGE were determined and compared with 

each other (Section 4.6 and Table 4.3). Mass measurement of particles by these methods 

relies on fundamentally different principles: mass photometry measures the light scattered by 

single particles, SEC separates particles by hydrodynamic size and, and SMA-PAGE 

separates particles by electrophoretic mobility through a polyacrylamide gel matrix. Although 

exact mass estimates varied, there was a general agreement between mass estimation 

methods for the different AQP4-SMALP sizes observed. In particular, mass photometry and 

SMA-PAGE estimates were quite similar for the 1T and 2T AQP4-SMALPs. Each method 

could also distinguish similar mass intervals between the different AQP4-SMALP sizes. 

 

The estimated mass of the M1 and M23 1T AQP4-SMALPs was ~303 and ~288 kDa, 

respectively (Section 4.6.4; based on all estimation methods). Based on predicted tetramer 

weights of ~142 and ~132 kDa, this would give a combined lipid and SMA weight of ~161 and 

~156 kDa for M1 and M23 1T AQP4-SMALPs, respectively. The estimated mass of the M1 

and M23 2T AQP4-SMALPs was ~631 and ~588 kDa, respectively (Section 4.6.4; based on 

all estimation methods). Considering two AQP4 tetramers, this would give a combined lipid 

and SMA weight of ~347 and ~324 kDa for M1 and M23 2T AQP4-SMALPs, respectively. This 

would be equal to ~174 and ~162 kDa per M1 and M23 AQP4 tetramer unit, respectively. 

These values are quite close to that predicted for the 1T AQP4-SMALPs. Repeating the same 

calculation for 3T AQP4-SMALPs also gives similar values per tetramer unit (~150 and ~145 

kDa for M1 and M23, respectively), certainly within the variability (SD) of mass estimates for 

these particles. Examples of previous mass estimates based on SV-AUC, native MS, and 

mass photometry of different MP-SMALPs show varying values for lipid and SMA contribution, 

highlighting that this relationship is likely dependant on the MP being solubilised (Hellwig et 

al., 2018; Lee et al., 2019; Olerinyova et al., 2021; Cioccolo et al., 2024). 

 

Size estimates became more variable with increasing SMALP size, as demonstrated by the 

standard deviation. This could be attributed to greater variation in lipid and SMA mass 

contributions for larger and more complex AQP4-SMALPs. SEC demonstrated the least 

reproducible mass estimates. This might be explained by varied performance of the separation 

column for samples analysed multiple weeks or months apart, resulting in differences in 

sample retention volumes (and thus, mass estimates). The SEC-trace peak shift between 

different purification samples in Figure 4.9 may well be an example of this variable column 

performance, separating what should have been very similar AQP4-SMALP purification 

samples to slightly inconsistent retention volumes. 
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An important limitation to consider for all mass estimation methods was the use of soluble 

protein standards or calibrants to generate mass standard curves. These mass standards are 

not representative of SMALPs that contain a combination of protein, lipids, and SMA. The light 

scattering properties of MP-SMALP complexes may be very different from that of soluble 

proteins when analysed by mass photometry. As such, the standards used may introduce 

inherent mass error due to molecule density differences to the measured samples. Of course, 

a set of MP-SMALP mass standards is not an available alternative, and so soluble protein 

standards are a reasonable choice. Despite this, mass estimates of AQP4-SMALPs from three 

different methods gave consistent results, suggesting the estimated values may not be far 

from the real mass. 

 

7.7. hAQP4 higher-order oligomers (OAP formation) in P. pastoris 
 

Both M1 and M23 AQP4 demonstrated an array of SMALP sizes when solubilised from the P. 

pastoris membrane. These were proposed to contain an increasing number of tetramer units 

in increasing SMALP sizes, representing small higher-order oligomers. M1 AQP4 is thought 

to be unable to form OAPs in the membrane (Furman et al., 2003; Crane, Bennett and 

Verkman, 2009), thus, the question remained as to why it was able to form higher-order 

oligomer SMALPs similar to M23 AQP4. 

 

In Chapter 6, BN-PAGE was used to identify the presence of higher-order oligomers of AQP4 

in P. pastoris, as this technique is well established for investigating the presence of AQP4 

tetramers and OAPs (Crane, Bennett and Verkman, 2009; Strand et al., 2009; Rossi, Moritz, 

et al., 2012; Kitchen et al., 2016). Both M1 and M23 AQP4 presented with higher-order 

oligomers in P. pastoris (Figure 6.2). This contrasted with MDCK cells, a mammalian 

expression host, in which only M23 AQP4 demonstrated this OAP forming ability (Figure 6.3). 

This provides an explanation for the observed similarity in SMALP particles for M1 and M23 

AQP4, supporting the theory that 2T and 3T AQP4-SMALPs do in fact contain multiple 

tetramers. 

 

Freeze-thaw samples analysed by BN-PAGE demonstrated retention of higher-order 

oligomers, perhaps a testament to OAP stability. However, as mentioned, samples had to be 

separated for chemiluminescence imaging due to higher intensity from the freeze-thaw 

samples. Slight denaturation of AQP4 after freeze-thawing of the samples may have further 

revealed epitopes for binding of western blot primary antibodies. There was also a difference 

in banding pattern for samples when probed with the commercial anti-AQP4 or anti-His Ab. 
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This could be attributed positional differences of the Ab binding epitopes on the AQP4 

tetramer. The exact binding epitope of the commercial anti-AQP4 Ab is propriety, but the anti-

His will bind to the C-terminal 6× His-tag. It is possible that binding epitopes for these Abs are 

more accessible with certain tetrameric assemblies. Interestingly, the freeze-thaw samples 

probed with the anti-His Ab showed predominant intensity at the top of the gel, suggesting the 

freeze-thaw process may have affected the accessibility of the C-terminal region of AQP4. 

 

7.8. M1 AQP4 is palmitoylated by P. pastoris 
 
Having shown that M1 AQP4 forms higher-order oligomers in P. pastoris, in contrast to 

mammalian constructs, potential reasons for tetramer association were investigated. Suzuki 

et al. proposed that palmitoylation of cysteine 13 and cysteine 17 (Cys13 and Cys17) 

prevented OAP formation of M1 AQP4. They were able to experimentally determine, using 

ABE chemistry, that these cysteine residues were palmitoylated when expressed in CHO cells 

(Suzuki et al., 2008). Carder et al. recently used model membranes to demonstrate that, when 

palmitoylated, M1 AQP4 is able to form a dimer of tetramers, but when de-palmitoylated, could 

further associate into a trimer of tetramers (Carder et al., 2024). The evidence presented by 

these studies suggests that palmitoylation plays a key role in OAP regulation. Therefore, the 

palmitoylation state of M1 AQP4 expressed in P. pastoris was investigated, theorising that a 

lack of palmitoylation may allow M1 AQP4 to associate into higher-order oligomers, as 

observed by BN-PAGE (Figure 6.2). The ability of P. pastoris to S-palmitoylate proteins is 

expected, based on previous research with S. cerevisiae and P. pastoris (Roth et al., 2006; 

González Montoro et al., 2011; Lei et al., 2021). However, the ability of P. pastoris to 

palmitoylate recombinant proteins is not well defined and could potentially depend on the 

protein being expressed.  

 

Using an ABE assay adapted from Lei et al. (Lei et al., 2021), M1 AQP4 was found to be 

palmitoylated by P. pastoris, whereas M23 AQP4 was not (Figure 6.6. and 6.7), contrasting 

with the initial explanation for M1 AQP4 higher-order oligomers proposed here. It is unlikely 

that this palmitoylation exists on residues other than Cys13 and Cys17, as these are the only 

cysteines that the M23 isoform lacks (compared to the M1 isoform) and M23 AQP4 does not 

appear to be palmitoylated. Given the contradiction of P. pastoris expressed M1 AQP4 being 

palmitoylated, yet able to form OAPs (Figure 6.2), it is interesting to speculate possible 

reasons for this observation. 
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There was a high intensity of M1 AQP4 observed in the unbound fraction of the ABE assay 

(FT; Figure 6.5 and 6.6). Potentially, not all of M1 AQP4 was biotinylated by HPDP-biotin, or 

the capacity of the streptavidin resin may have been reached. However, given the presence 

of higher-order oligomers, it is possible that P. pastoris cannot efficiently palmitoylate M1 

AQP4. The native palmitoylation machinery of P. pastoris may become saturated with the high 

quantity of AQP4 produced by over-expression, meaning that not all of the M1 AQP4 produced 

can be palmitoylated. It may be the case that only one of Cys13 or Cys17 is palmitoylated by 

P. pastoris, which may lower the efficiency of OAP prevention by palmitoylation. It is also 

important to remember that S-palmitoylation is a regulated and reversible PTM (Dietrich and 

Ungermann, 2004), so M1 AQP4 may be de-palmitoylated by P. pastoris in a response to 

certain culture conditions. Alternatively, conformational irregularities of some of the M1 AQP4 

produced may not allow the yeast PATs to access the Cys13 and Cys17 residues in the N-

terminus. 

 

It is also possible that, compared to mammalian cells, differing environmental factors in P. 

pastoris cells allow for the formation of M1 AQP4 OAPs. For example, this could be differences 

in the lipid environment, or lack of molecular chaperones that assist in correct OAP formation 

or OAP prevention.  Rossi et al. demonstrated that, in human brain and transfected CHO cells, 

M23 AQP4 was not able to form OAPs in the Golgi apparatus or ER, only doing so once it 

reached the cell membrane (Rossi, Baumgart, et al., 2012). They speculated that various 

environmental differences between the cell membrane and the internal lipid bilayers may be 

the reason for the difference in observed OAP formation. If P. pastoris cannot replicate these 

environmental differences as in mammalian cells, this may allow M1 AQP4 to prematurely 

form OAPs in the Golgi and ER, which may lower the efficiency of OAP prevention strategies 

by mechanisms such as PAT enzyme palmitoylation, allowing for the formation of OAPs in the 

outer membrane. 

 

7.9. NMO Ab binding to recombinant hAQP4 
 

As SMA solubilisation and purification of AQP4 was potentially encapsulating OAP fragments 

from the P. pastoris membrane, Chapter 5 explored the potential for binding between purified 

AQP4-SMALPs and recombinant NMO Abs that had been derived from NMOSD patient blood 

samples. Most NMO Abs have a higher binding affinity for M23 AQP4, thought to be facilitated 

by the formation of OAPs (Nicchia et al., 2009; Mader et al., 2010; Crane et al., 2011). Thus, 

it was proposed that NMO Ab binding could be observed for the larger SMALPs that potentially 

contained oligomers of AQP4 tetramers. 
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Dot blot assays found that NMO Ab bound preferentially to the SEC void fraction of both the 

M1 and M23 AQP4-SMALP purification, as well as to AQP4-SMALPs that had only been 

affinity purified. AQP4-SMALP samples only purified by IMAC represented samples prior to 

SEC separation, explaining the observed NMO Ab binding. Affinity for the M23 AQP4-SMALP 

void fraction was significantly greater than for the M1 AQP4-SMALP void fraction (Figure 5.6). 

This could be explained by a greater tendency for M23 AQP4 to form higher-order oligomers. 

Although AQP4 concentrations were normalised for dot blot analysis (in Figure 5.5), it is 

important to note that the M23 AQP4-SMALPs typically presented with a higher proportion in 

the SEC void than M1 AQP4-SMALPs (Figure 4.10). Binding intensities for the 1T and 2T SEC 

fraction, containing 1T, 2T, and 3T AQP4-SMALPs, were not significantly different from that 

observed for control A2AR-SMALPs (Figure 5.5 and 5.6). This suggested that the intensity 

observed for AQP4-SMALPs was only representative of non-specific binding, rather than 

recognition of a binding epitope created by one or multiple AQP4 tetramers.  

 

BN-PAGE analysis demonstrated that both M1 and M23 AQP4 were forming higher-order 

oligomers in P. pastoris (Figure 6.2). Therefore, given the apparent ability of SMA to 

accommodate large MP complexes, it is not unrealistic to think that the SEC void fraction of 

AQP4-SMALP purification contained large arrays of AQP4 in SMALPs. Multiple studies have 

demonstrated a higher binding affinity of NMO Abs for AQP4 OAPs (Nicchia et al., 2009; 

Mader et al., 2010; Crane et al., 2011; Pisani et al., 2011, 2013; Soltys et al., 2019). It is thought 

that complex combinations of the AQP4 extracellular loops created by OAP formation provide 

favourable binding epitopes for NMO IgGs (Pisani et al., 2011; Abe and Yasui, 2022; Gupta 

et al., 2025). If the AQP4-SMALP SEC void fractions contained large arrays of AQP4 in 

SMALPs, the dot blot analysis shown here would be consistent with these observations by 

other studies. Mutational studies have shown that NMO Abs bind to epitopes displayed by 

AQP4 extracellular loops A, C, and E (Pisani et al., 2011; Owens et al., 2015). It has also been 

demonstrated that patient-derived NMO Abs do not recognise linear peptide forms of these 

epitopes, showing that 3D conformational structures are required for binding (Owens et al., 

2015). This aligns well with the dot blot analysis of denatured AQP4-SMALPs, in which no 

binding of NMO Abs to denatured AQP4 in the SEC void fraction was observed (Figure 5.2). 

 

Mass photometry assays could not determine binding between NMO Abs and AQP4-SMALPs 

from the 2T and 1T SEC fractions. Compared to assays with the commercial anti-AQP4 Ab, a 

peak representing binding between AQP4-SMALPs and an IgG Ab could not be distinguished. 

This observation is consistent with the dot blot analysis of these SEC fractions. This lack of 

binding could be because the SMALP encapsulation of the theorised two (2T) and three (3T) 
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tetramers of AQP4 in SMALPs is not representative of OAP oligomerisation, instead being a 

forced assembly by SMA. However, considering NMO Abs were able to bind to soluble 

particles in the void fraction, and both M1 and M23 AQP4 demonstrated the ability to form 

higher-order oligomers when analysed by BN-PAGE, it is more likely that the affinity of NMO 

Abs to epitopes created by two and three tetramers is too low to be observed by mass 

photometry or dot blot analysis. As already discussed, samples cannot be analysed at high 

concentration by mass photometry. This means that low affinity interactions can be difficult to 

distinguish. If a binding interaction between AQP4-SMALPs and the NMO Abs was possible, 

it’s possible that the interaction was missed. A clear peak for the NMO Ab was observed for 

mass photometry binding assays (Figures 5.8 and 5.9), but it’s possible that the dissociation 

constant (Kd) for the NMO Abs is above the nanomolar range that mass photometry allows for. 

 

A key diagnostic pathway for NMOSD is testing for the presence of serum AQP4-IgG Abs in 

patients (Wingerchuk et al., 1999). This can be a difficult process, sometimes involving single 

B-cell sorting, NMO IgG cloning, expression, and purification, before testing for anti-AQP4 

activity (Huang et al., 2022). Dot blots, such as those shown here, could be the basis for a 

new diagnostic method. Purified recombinant hAQP4 could be produced to a high quantity 

and blotted onto membranes to be probed with patient sera. This would involve a long process 

of optimisation and checking for specificity but would potentially offer a rapid assessment for 

detection of anti-AQP4 IgGs in patients showing symptoms that are difficult to distinguish from 

multiple sclerosis. 

 

7.10. Future work 
 

In this project, 2.5% w/v SMA was used exclusively for comparable preparations of M1 and 

M23 AQP4. It would be interesting to attempt solubilisation of hAQP4 from P. pastoris 

membranes at different SMA concentrations. Lowering SMA concentration could favour the 

formation of larger AQP4-SMALPs, increasing the proportion, and potentially purification yield, 

of OAP relevant AQP4-SMALPs. For the same benefit, it would also be interesting to try other 

SMA copolymer types that favour larger SMALPs, such as SMA 1440 – used for the 1.5 MDa 

PSI-SMALP (Brady et al., 2019, 2022). DIBMA is an another solubilisation copolymer, known 

to form larger lipid discs than SMA (Gulamhussein et al., 2020). This is another alternative that 

could be trialled to capture larger AQP4 OAPs. Comparing AQP4 purifications using these 

copolymers with AQP4 purifications with traditional detergents, such as DDM, could offer 

insights into the importance of native lipids for AQP4 tetramers and OAPs. 
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Interrogating these AQP4-SMALPs with additional biophysical characterisation techniques 

could further support the observations of this study and potentially confirm the presence of 

multiple tetramers in the 2T and 3T AQP4-SMALPs. SAXS can provide information on particle 

size and shape, protein flexibility, morphological dispersity and even low-resolution structural 

data. Therefore, it could be used for analysis of AQP4-SMALPs to confirm the presence of 

different tetrameric assemblies, and give some indication as to whether these AQP4-SMALPs 

are truly discoidal structures. Cryo-EM of isolated 2T and 3T AQP4-SMALPs would also 

provide interesting comparisons with the data already collected (Figure 7.2). Analysing AQP4-

SMALPs by DLS would offer another measure of particle dispersity and hydrodynamic size, 

thus, it would be interesting to compare this to the FIDA analysis of AQP4-SMALPs (Figure 

4.13 and Table 4.2).  

 

Additional mass estimation techniques could be explored to further support the consistency of 

estimates by mass photometry, SEC, and SMA-PAGE. Size-exclusion chromatography with 

multi-angle light scattering (SEC-MALS) allows direct measurement of MW during size 

separation. This has previously been used for MPs in SMALPs and MSP nano-discs (Hesketh 

et al., 2020; Prabudiansyah, van der Valk and Aubin-Tam, 2021). SV-AUC and native-MS are 

other viable options that have been used previously for mass estimation of MP-SMALPs 

(Hellwig et al., 2018; Lee et al., 2019; Cioccolo et al., 2024). It would also be interesting to 

compare the size of AQP4-SMALPs solubilised and purified from different host expression 

systems, to determine whether they influence mass contributions from associated lipids. 

 

To further investigate palmitoylation of AQP4 by P. pastoris, mutation constructs of the M1 

AQP4-pPICZ plasmid could be generated, in which Cys13 and Cys17 residues are mutated 

to alanine. These plasmid constructs could be used to generate new P. pastoris transformants 

for expression of M1 AQP4 Cys-mutants. The ABE assay could then be repeated to confirm 

palmitoylation of the expected residues. These cysteine residues could be mutated individually 

or together, and the effect on formation of higher-order oligomers by M1 AQP4 could be 

investigated by BN-PAGE. It would also be interesting to analyse the P. pastoris membrane 

fragments by BN-PAGE, rather than the whole lysates. Carder et al. were able to “re-

palmitoylate” M1 AQP4 with 1-decyl-maleimide after cleaving palmitic acid with hydroxylamine 

(Carder et al., 2024). A similar approach could be used here to ensure that all the M1 AQP4 

expressed by P. pastoris is palmitoylated and observe the effect this has on formation of 

higher-order oligomers. If OAP formation by M1 AQP4 in P. pastoris can be prevented, SMA 

solubilisation and purification could be repeated to observe the impact on AQP4-SMALP sizes. 

This could confirm whether the array of AQP4-SMALP sizes is dependent on AQP4 

oligomerisation or forced assembly by SMA encapsulation. 
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A very recent study used cryo-EM to structurally determine the binding of patient-derived NMO 

Ab Fab fragments to AQP4. This AQP4 had been recombinantly expressed in P. pastoris, 

solubilised with detergent, and reconstituted in to MSP nanodiscs (Gupta et al., 2025). In cell-

based assays, patient-derived NMO Ab Fab fragments have previously demonstrated similar 

binding affinities to AQP4 when compared with their divalent IgG counterparts (Crane et al., 

2011). It would be interesting to repeat mass photometry binding assays of AQP4-SMALPs 

with Fab fragments generated from the NMO Abs. It is possible that steric hinderance caused 

by the SMALPs may have hindered binding of the NMO IgGs. Removing the Fc region of the 

NMO IgGs might allow better access to the AQP4 epitopes in AQP4-SMALPs. It would also 

be interesting to use fluorescence microscopy or flow cytometry to investigate binding of NMO 

Abs to the cell membrane of P. pastoris AQP4 clones. This could provide insight into the 

oligomerisation of AQP4 tetramers in the yeast cell membrane. 

 

7.11. Conclusion 
 

This project used SMA to solubilise and purify M1 and M23 isoforms of AQP4 from P. pastoris. 

The resulting AQP4-SMALPs appeared to demonstrate different tetrameric assemblies of 

AQP4, potentially representing small OAP fragments. NMO Abs bound preferentially to 

purification fractions of M1 and M23 AQP4-SMALPs predicted to contain large arrays of AQP4. 

Although BN-PAGE analysis confirmed the presence of higher-order oligomers for both AQP4 

isoforms, M1 AQP4 was found to be palmitoylated by P. pastoris, as observed in mammalian 

expression systems. A low degree of M1 AQP4 palmitoylation by P. pastoris may be an 

explanation for the observed tetrameric oligomerisation and requires further investigation.  

 

Many questions remain about the exact physiological roles of AQP4 OAPs and the influence 

of NMO Ab binding on their dynamics (Nagelhus and Ottersen, 2013; Verkman et al., 2013; 

Salman et al., 2022), highlighting the need for further model systems for OAP investigation. 

This project has further demonstrated the suitability of P. pastoris as a heterologous 

expression system for hAQP4. There are a variety of options for future work to further support 

these findings and further utilise P. pastoris as a model system for investigating AQP4 in 

relation to OAPs and NMOSD.  
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Appendix 

Figure A.1. hAQP4 M1 and M23 isoform amino acid sequences. 
Clustal Omega (1.2.4) multiple sequence alignment of hAQP4 M1 and M23 isoform amino acid 
sequences, against the hAQP4 amino acid sequences sequenced from the pPICZ plasmid constructs 
(Figure 2.1). 

sp|P55087-1|AQP4_HUMAN MSDRPTARRWGKCGPLCTRENIMVAFKGVWTQAFWKAVTAEFLAMLIFVLLSLGSTINWG 60
M1-hAQP4-pPICZ MSDRPTARRWGKCGPLCTRENIMVAFKGVWTQAFWKAVTAEFLAMLIFVLLSLGSTINWG 60
sp|P55087-2|AQP4_HUMAN ----------------------MVAFKGVWTQAFWKAVTAEFLAMLIFVLLSLGSTINWG 38
M23-hAQP4-pPICZ ----------------------MVAFKGVWTQAFWKAVTAEFLAMLIFVLLSLGSTINWG 38

**************************************

sp|P55087-1|AQP4_HUMAN GTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTVAMVCTRKISIAKSVFYIA 120
M1-hAQP4-pPICZ GTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTVAMVCTRKISIAKSVFYIA 120
sp|P55087-2|AQP4_HUMAN GTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTVAMVCTRKISIAKSVFYIA 98
M23-hAQP4-pPICZ GTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTVAMVCTRKISIAKSVFYIA 98

************************************************************

sp|P55087-1|AQP4_HUMAN AQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELIITFQLVFTIFASCDS 180
M1-hAQP4-pPICZ AQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELIITFQLVFTIFASCDS 180
sp|P55087-2|AQP4_HUMAN AQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELIITFQLVFTIFASCDS 158
M23-hAQP4-pPICZ AQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELIITFQLVFTIFASCDS 158

************************************************************

sp|P55087-1|AQP4_HUMAN KRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMGNWENHWIYWVGPIIG 240
M1-hAQP4-pPICZ KRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMGNWENHWIYWVGPIIG 240
sp|P55087-2|AQP4_HUMAN KRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMGNWENHWIYWVGPIIG 218
M23-hAQP4-pPICZ KRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMGNWENHWIYWVGPIIG 218

************************************************************

sp|P55087-1|AQP4_HUMAN AVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRSQVETDDLILKPGVVH 300
M1-hAQP4-pPICZ AVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRSQVETDDLILKPGVVH 300
sp|P55087-2|AQP4_HUMAN AVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRSQVETDDLILKPGVVH 278
M23-hAQP4-pPICZ AVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRSQVETDDLILKPGVVH 278

************************************************************

sp|P55087-1|AQP4_HUMAN VIDVDRGEEKKGKDQSGEVLSSV------ 323
M1-hAQP4-pPICZ VIDVDRGEEKKGKDQSGEVLSSVHHHHHH 329
sp|P55087-2|AQP4_HUMAN VIDVDRGEEKKGKDQSGEVLSSV------ 301
M23-hAQP4-pPICZ VIDVDRGEEKKGKDQSGEVLSSVHHHHHH 307

***********************




