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Abstract 

 

Mutation, irregular expression and sustained activation of TRPM4 have been linked to 

various cardiovascular diseases, including ischemia-reperfusion injury, stroke, 

arrhythmia (6% Brugada cases), cardiac conduction disorders and hypertension.  

However, to date much remains unknown about its structure.  Here a heterologously 

expressed human TRPM4-GFP fusion protein was purified, then its supramolecular 

structure and functionality was examined. The oligomeric state of TRPM4-GFP in 

detergent micelles was characterised using number and brightness analysis, 

crosslinking studies, native gel electrophoresis, multi-angle laser light scattering and 

electron microscopy. Our data demonstrate that TRPM4 is tetrameric, which is the case 

for other TRP channels studied to date. To assess the functionality of the protein we 

have obtained single-channel recordings from hTRPM4-eGFP proteoliposomes, which 

demonstrate inhibition by Flufenamic acid (FFA), suggesting that the channels are fully 

functional upon reconstitution. The fact that purified TRPM4-GFP maintains a 

tetrameric form in detergent and exhibits characteristic channel activity indicates that 

the channel protein we have produced is functional. This body of work will enable future 

more detailed examination of the structural and functional properties of this 

therapeutically significant channel. 
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1.1 The Role of Mechanical Force in Cardiac Physiology 

 

The heart is the first organ to begin functioning in vertebrate embryos (Takahashi et al., 

2013). During development cardiac cells and tissue develop into their characteristic shape 

by detecting and responding to mechanical stimuli (Takahashi et al., 2013, Latacha et al., 

2005, Sheehy et al., 2012).  Variations in blood flow pattern in response to mechanical 

stimuli during development may damage valve formation and also cause cardiac septation 

(Takahashi et al., 2013, Culver and Dickinson, 2010, Groenendijk et al., 2007, Hogers et 

al., 1999, Lucitti et al., 2006, Schroder et al., 2002, Vermot et al., 2009).   The cyclical 

stretching of cardiomyocytes is triggered by pulsatile changes in the cardiac internal 

pressure involved in cardiogenesis (Takahashi et al., 2013, Ott et al., 2008, Salameh and 

Dhein, 2013).  Cyclic stretching also influences the positioning of cardiomyocytes which is 

usually transverse to the stretch axis (Takahashi et al., 2013, Salameh et al., 2010), as 

shown in Figure 1.1. Cardiomyocytes also require elasticity for calcium excitation-

contraction (Takahashi et al., 2013, Majkut and Discher, 2012).  Recently there have been 

many trials to produce cardiomyocytes from embryonic stem cells, induced pluripotent 

stem cells and cardiac stem cells in order to repair damage after heart attacks or other 

assaults (Takahashi et al., 2013, Sachinidis et al., 2003, Zwi et al., 2009, Segers and Lee, 

2008).  Since the heart is continually mechanically stimulated, the way to produce resilient 

cardiomyocytes from stem cells would be to expose them to mechanical stimuli (Takahashi 

et al., 2013).   
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Nervous and hormonal inputs continuously regulate the performance of the heart 

(Ward, 2010, Weber et al., 2010, Levine et al., 1982).  During physical exercise the 

amount of venous blood return to the heart is increased and the vertebrate heart manages 

this load by pumping the blood out with intensified contractile forces (Takahashi et al., 

2013, Campbell, 2011, Schwinger et al., 1994, Starling and Visscher, 1927, Patterson and 

Starling, 1914).  This occurrence is described by the Frank-Starling law where ‘the volume 

of blood pumped by the heart each minute is determined almost entirely by the rate of 

Figure 1.1 Stretch induced organization of cardiomyocytes. 

Cardiomyocytes orientate themselves transverse to the stretch axis to absorb the force 

of their own contraction.  If cardiomyocytes were orientated parallel to the stretch axis it 

would cause bending of the myocytes and would place excess stress on cell to cell 

adhesion proteins.  The positioning of connexin 43 enables conduction of action 

potential longitudinally in order for contraction of the myocytes to occur (70-90° in 

relation to the stretch axis) (Salameh et al., 2010).  
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venous return’ (Takahashi et al., 2013, Schwinger et al., 1994, Starling and Visscher, 

1927, Frank, 1895, Patterson and Starling, 1914).  Frank Starling and coworkers showed 

that increased ventricular filling (end-diastolic volume) stimulated an instantaneous 

augmentation in contraction force – this event is named “Starling’s Law of the Heart” or the 

Frank-Starling relation (Ward, 2010, Starling and Visscher, 1927, Schwinger et al., 1994, 

Frank, 1895, Patterson and Starling, 1914).  The response of the heart to stretch is 

elucidated by three independent cellular mechanisms; 1. Actin and myosin filaments in the 

sarcomere overlapping, 2. Myofilament calcium sensitivity and 3. Titin-based passive 

tension (Takahashi et al., 2013, Shiels and White, 2008, Korte et al., 2012, Fukuda et al., 

2009).    

The rapid response of the heart to stretch is triggered by a fluctuation in the sensitivity 

of contractile proteins to Ca2+, however there is no further difference in Ca2+ sensitivity after 

stretch (Ward, 2010, Ward et al., 2008).  Individual myocytes are passively stretched 

during the diastole period, followed by active shortening during systole of each pump cycle 

(Ward, 2010). Further to these average beat to beat differences in cell length, sustained 

events may lead to the mechanical deformation of cardiac myocytes (Ward, 2010, Ward et 

al., 2008).  This is displayed in heart failure where there is an increase in central venous 

pressure leading to prolonged stretch of myocardium (Ward, 2010, Ward et al., 2008). 

Thus the Frank-Starling relation is vital for enabling that the heart matches its output to the 

venous return (Ward, 2010, Takahashi et al., 2013, Starling and Visscher, 1927, Frank, 

1895).  Von Anrep (1912) described an additional stretch-dependent regulatory 

mechanism inherent in cardiac muscle, where if resistance to aortic outflow is augmented 

there is an immediate rise in ventricular end-diastolic volume which readjusts to normal 

after 10-15 minutes (Ward, 2010, Von Anrep, 1912).   
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Unfortunately however there is one other part of the Frank-Starling law that is not 

explained by these theories which is the ‘slow force response’ (SFR) (Allen and Kurihara, 

1982, Takahashi et al., 2013, Kentish and Wrzosek, 1998).  In the SFR, after a 

cardiomyocyte is stretched there is an immediate rise in contraction force followed by a 

slow rise in the contraction of the heart which is prolonged over minutes (Takahashi et al., 

2013, Ward, 2010, Kentish and Wrzosek, 1998, Parmley and Chuck, 1973).   Contractile 

proteins are stimulated by elevated Ca2+ transients due to the slow rise in force (5-10min) 

after stretch (Ward, 2010, Kentish and Wrzosek, 1998, Allen and Kurihara, 1982).  SFR 

has been detected in vivo from isolated perfused hearts, isolated multicellular preparations 

and isolated myocytes, which alludes to the fact that the responsible mechanisms are 

intrinsic to cardiac myocytes (Ward, 2010, Kentish and Wrzosek, 1998, Parmley and 

Chuck, 1973, Lew, 1993, Pérez et al., 2001, White et al., 1995).  If there is excess Ca2+ 

entry into the muscle, Ca2+ transients would increase due to excitation-contraction coupling 

or through another pathway which is constitutively active (Ward, 2010, Takahashi et al., 

2013, White et al., 1995, Pérez et al., 2001, Ward et al., 2008). The level of cardiomyocyte 

hypertrophy is directly proportional to the amount of intracellular calcium (Ward, 2010, 

Ward et al., 2008, Yao et al., 1998, Gwathmey et al., 1987).  However, the mechanism of 

the SFR and cardiac myocyte transduction of mechanical signals still remains to be 

elucidated (Ward, 2010, Takahashi et al., 2013).  

Mechanosensitivity is necessary for heart function, playing a part in both normal 

physiology and cardiovascular diseases including arrhythmia, hypertrophy and ischemia-

reperfusion injury (Takahashi et al., 2013).  The application of mechanical pressure 

stimulus to the heart can enable it to restore normal rhythm (Takahashi et al., 2013, Pellis 

and Kohl, 2010, Pennington et al., 1970).  Evidence of this is where a “precordial thump” is 

applied to a particular area of the sternum to revert ventricular tachycardia to normal sinus 
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rhythm  (Takahashi et al., 2013, Pellis and Kohl, 2010, Pennington et al., 1970).  

Mechanoelectric feedback (MEF) is the occurrence where mechanical stimulus to the 

heart can alter its contraction (Takahashi et al., 2013, Lab, 1996).  During MEF myocytes 

are stimulated by electrical excitation which is transduced into mechanical contraction via 

excitation-contraction coupling (Lab, 1996, Penefsky and Hoffman, 1963).   MEF is a 

feedback system which continually regulates the periodic cyclical contraction and 

relaxation of the heart (Takahashi et al., 2013, Lab, 1996, Penefsky and Hoffman, 1963).   

MEF is an important process since if it is dysregulated it leads to the development of 

arrhythmia (Takahashi et al., 2013, Lab, 1996, Nazir, 1996).  It is known that the 

application of stretch to the atrium or to cardiomyocytes causes the membrane potential of 

myocytes to depolarize where action potential period and QT interval are both shortened 

on an electrocardiogram (Takahashi et al., 2013, Nazir, 1996, Stauch, 1960, Ford and 

Campbell, 1980).  MEF modulates heart rate and mechanosensitive ion channels detect 

mechanical stimuli such as atrial stretch in MEF (Takahashi et al., 2013, Van Wagoner, 

1993, Snyders, 1999, Qi et al., 2005, Hammami et al., 2009).  The involvement of 

mechanosensitivity in arrhythmia continues to be explored (Takahashi et al., 2013, Franz 

et al., 1989, Hansen et al., 1990, Trayanova et al., 2010).  It is hypothesized that 

arrhythmias may result from abrogation of the normal MEF cycle, since stretch of atrial 

tissue can result in change of the shape and duration of action potentials (Takahashi et al., 

2013, Ward, 2010, Zabel et al., 1996, Franz et al., 1989, Hansen et al., 1990).  Heart rate 

may also be increased by mechanical stretch or deformation of cardiac muscle, leading to 

diastolic depolarization as well as differences in action potential duration and shape 

(Takahashi et al., 2013, Ward, 2010, Zabel et al., 1996, Blinks, 1956, Cooper and Kohl, 

2005, Lab, 1978, Penefsky and Hoffman, 1963).  In addition to alterations in volume in the 

heart, fibre orientation, extracellular matrix composition and hypertrophy will also affect the 

mechanosensitivity of individual cardiomyocytes (Takahashi et al., 2013, Ward, 2010, 
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Zabel et al., 1996, Blinks, 1956, Cooper and Kohl, 2005, Lab, 1978, Penefsky and 

Hoffman, 1963, Sheehy et al., 2012). Hypertension and valvular pathologies mechanically 

stimulate cardiomyocytes which via mechanotransduction pathways lead to hypertrophy of 

these myocytes (Takahashi et al., 2013, Guinamard et al., 2006b, Mathar et al., 2010, 

Seth et al., 2009, Choudhary et al., 2008).   

 The structures of the heart that have been reported to respond to mechanical stimuli 

include lipid bilayers, focal adhesion complexes, the cytoskeleton and the extracellular 

matrix (ECM), shown in Figure 1.2 (Takahashi et al., 2013, Oakes and Gardel, 2014, 

Sheehy et al., 2012).  Like other ion channels in the heart, mechanosensitive ion channels 

alter their conformation and are permeable to ions in response to a variety of stimuli 

(Takahashi et al., 2013, Li et al., 2006, Maingret et al., 1999, Patel et al., 1999, Qi et al., 

2005, Watanabe et al., 2009).  Certain types of ion channels change their gating in 

response to stretch in the lipid bilayer, while others sense mechanical stimuli via 

interacting with the cytoskeleton (Ward, 2010).  Mechanosensitive ion channels may 

change their conformation in response to mechanical stimuli and trigger a cellular 

response in cardiomyocytes (Takahashi et al., 2013). 
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Figure 1.2  Transmission of external mechanical stimuli from the ECM to myocyte 

intracellular compartments.   

Integrin receptors embedded in the myocyte membrane are a direct physical link from the 

ECM to the cytoskeleton via focal adhesions, which produces a conductive system for 

transducing mechanical stimuli to intracellular compartments like the nucleus to produce a 

host of biological responses (ranging from ion channel activity to proliferation or cell death) 

(Sheehy et al., 2012).   

 

Numerous proteins and cell structures have been suggested by previous studies to act 

as mechanosensors including cell adhesion proteins, enzymes, cytoskeletal proteins, 

various receptors (G proteins) and the phospholipid bilayer of the plasma membrane 

(Martinac, 2014, Kung, 2005, Matthews et al., 2007, Orr et al., 2006).    Alterations to 

myofibril and ECM architecture can cause adaptive or maladaptive growth and 

hypertrophy of cardiomyocytes in the post-natal myocardium (Jacot et al., 2010, McCain 

and Parker, 2011).   It has been suggested that Notch and Wnt/β-catenin signalling is 

mechanosensitive in its modulation of endothelial-mesenchymal transformation during 

valve formation (Combs and Yutzey, 2009, Yang et al., 2008).  
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Interestingly, positioning of gap junction channels in cardiomyocytes has been shown 

to be linked to the formation of adherens junctions (Saffitz and Kléber, 2004), where N-

cadherin and connexion 43 are expressed sequentially and co-localise during adherens 

junction formation (Samarel, 2005).  Previous studies have displayed that the amount of 

tractional force transmitted to the cytoskeleton of nearby endothelial cells occurs across 

adherens junctions and the amount of force transmitted was proportional to the size and 

strength of the adherens junctions (Liu et al., 2010b). Mechanical forces such as 

contraction in vivo and periodic stretch of myocytes in vitro caused a significant increase in 

the expression of connexin 43 in myocytes, leading to increased conduction velocity as a 

result of improved electrical coupling between myocytes (Saffitz and Kléber, 2004).   

 

Cells detect mechanical signals via integrin-ECM connections and also from 

neighbouring cells by intercellular junctions, where the signal is conducted across the 

cytoskeleton to intracellular relays which activate biochemical pathways (Sheehy et al., 

2012, Chen et al., 2004).  The generation and maintenance of intercellular junctions in 

cardiac tissue formation occurs from cytoskeletal pressure on actomyosin crossbridges 

(Niessen and Leckband, 2011, Miyake et al., 2006). The ECM and cytoskeleton are 

directly linked by mechanosensitive transmembrane integrin receptors (Wang et al., 1993), 

which act to conduct bi-directional signalling between the ECM and cells (Matthews et al., 

2006, Wozniak et al., 2000). The integrin-ECM connection transmits mechanical force to 

the cytoskeleton where mechanosensitive signal transducers like focal adhesion kinase 

(FAK) transduce mechanical strain into a biochemical signal (Sheehy et al., 2012, 

Samarel, 2005, Burridge and Chrzanowska-Wodnicka, 1996, Schwartz and Ginsberg, 

2002). Focal adhesions are complex organelles positioned at the interface between the 

cytoskeleton and ECM, which allows them to interact with various receptors (including 

mechanosensitive ion channels) and participate in multiple signalling pathways (Oakes 
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and Gardel, 2014, Martinac, 2014, Anishkin and Kung, 2013).  Adhesions are sites of force 

transmission which transmit stress from within the cytoskeleton and ECM (Oakes and 

Gardel, 2014). They also enable and modulate mechanical coupling to the ECM during 

cellular events like migration, proliferation and differentiation (Oakes and Gardel, 2014).  

An in vitro study displayed that cytoskeletal tension regulated mehanosensation between 

focal adhesions and the ECM by using inhibitors of non-muscle myosin II (Zajac and 

Discher, 2008).  This study proposed that cells may detect the mechanical rigidity of the 

ECM by tractional forces formed by the interlinking of actin and myosin II (Zajac and 

Discher, 2008).  Microtubules have been shown to localise to and regulate focal adhesions 

acting upstream of myosin II (Bershadsky et al., 1996, Helfman et al., 1999).  Microtubules 

decrease cell contractility by locally suppressing tension forces applied to the actomyosin 

system (Danowski, 1989, Small et al., 2002), if microtubules are disrupted rhythmic 

oscillations in the contractile actomyosin system are stimulated (Bershadsky et al., 1996, 

Pletjushkina et al., 2001).  This method of mechanical signal transduction activates Rho 

kinase, PI3K, ILK, Src, ERK and MAP kinase signalling pathways, which mediate 

transcription and other cellular processes like cell cycle entry and cell death (Schwartz et 

al., 1995, Fletcher and Mullins, 2010, Sheehy et al., 2012, Ingber, 2006).  The 

aforementioned kinases are bound to the cytoskeleton mainly in the Z-discs of 

cardiomyocytes and therefore are exposed to mechanical stimuli which can mediate their 

activity and translocation to different cellular compartments (Wang et al., 2009, Gjorevski 

and Nelson, 2009, Sheehy et al., 2012).   

A particular Z-disc protein expressed in cardiomyocytes that senses myocardial wall 

stress is called ‘Melusin’, which binds to sarcomeric α-actinin at each end and the 

cytoplasmic domain of β1 integrins (Brancaccio et al., 1999, Sheehy et al., 2012).  Titin is 

another Z-disc protein which is part of the sarcomere involved in mediating diastolic 

pressure and has a C-terminal kinase domain that senses cardiomyocyte strain (Sheehy et 
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al., 2012, Puchner et al., 2008).  Previous studies have also shown that muscle LIM 

protein (a Z-disc protein) provides stability between T-cap and titin binding at Z-discs, 

which creates a platform for mechanical force such as hemodynamic load to be conducted 

between titin and the ECM to activate signalling from the catalytic domain of titin (Krüger 

and Linke, 2009, Boateng et al., 2007, Linke, 2008, Sheehy et al., 2012).   

 

Apart from force transmission via the integrin-ECM interface cell-to-cell transmission of 

biomechanical signal also occurs from intercellular junctions and transmembrane ligand-

receptor interactions (Simpson et al., 1993, Kresh and Chopra, 2011).  Schnitzler and co-

workers have demonstrated that membrane stretch does not directly impact the gating of 

TRP channels but causes agonist-independent activation of Gq/11-coupled receptors in 

vascular smooth muscle (VSM) cells, which in turn stimulate TRPC activity via G-protein 

and phospholipase C signalling (y Schnitzler et al., 2008).  These events contribute to 

myogenic vasoconstriction of cerebral and renal arteries (y Schnitzler et al., 2008). GPCR 

activation by mechanical stretch has been shown to trigger a change in the conformation 

of the receptor and the recruitment of b-arrestin (y Schnitzler et al., 2008).  Additionally, an 

increase in the density of AT1 angiotensin II receptor in previously mechanically non-

responsive rat aortic A7r5 was shown to establish mechanosensitivity (y Schnitzler et al., 

2008).  Likewise a study by Li and co-workers also demonstrated mechanosensitive 

GPCRs, specifically the purinergic receptors P2Y4 and P2Y6 couple to TRPM4 channels 

to mediate pressure-induced depolarisation and myogenic constriction in cerebral 

parenchymal arterioles (Li et al., 2014). Taken together, these findings display that Gq/11-

coupled receptors act as mechanosensors in VSMs, cerebral parenchymal arterioles, renal 

arteries and the aorta (Brancaccio et al., 2003).  L-type Ca2+ channels are another class 

of voltage-gated channels that have been shown to be mechanosensitive in response to 

mechanical deformation in the bilayer in the myocardium (Madias et al.) and cardiac atrial 
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myocytes (Matsuda et al., 1996).  Bilayer deformation and other variations in bilayer 

pressure within the membrane such as bilayer asymmetry or curvature have been reported 

to modulate mechanosensitive channel gating (Perozo et al., 2002).  A study by Perozo 

and co-workers proposed that the mechanotransduction of MS channels is affected by 

local and global asymmetry in the bilayer at the lipid-protein interface (Perozo et al., 2002).  

Biological membranes are typically asymmetric possessing different compositions of lipids 

in their inner and outer leaflets (Van Meer et al., 2008, Elani et al., 2015).   Bilayer 

asymmetry is believed to impact many cell functions by changing the global biophysical 

properties of membranes (Perozo et al., 2002, Elani et al., 2015).  One of these properties 

is bending rigidity, which allows membranes to flex or deform when pressure is applied 

(Elani et al., 2015).  Membrane asymmetry and rigidity impacts on the conformation of 

proteins by changing the lateral pressure profile of the lipid bilayer (Elani et al., 2015). 

 

There are three main types of stretch apart from membrane stretch which have been 

regularly used in different studies to activate SACs in ventricular myocytes including i) 

increasing cell volume (using hypotonic solutions) (Matsuda et al., 1996, Tseng, 1992, 

Vandenberg et al., 1996, Baumgarten and Clemo, 2003); or cell inflation (applying positive 

pressure to a patch pipette) (Matsuda et al., 1996, Hagiwara et al., 1992); ii) radial stretch 

(using magnetic beads attached to integrins by antibodies) (Browe and Baumgarten, 2003, 

Browe and Baumgarten, 2004) and iii) shear stress (Dyachenko et al., 2008, Kamkin et al., 

2000).  While the aforementioned methods could lead to membrane stretch and the stretch 

of T-tubules, SACs situated in T-tubules will experience very different stimuli under these 

conditions compared to standard membrane stretch (Ward, 2010).   

Linear or axial stretch of ventricular myocytes in skeletal muscle is thought to increase 

their plasmalemmal surface area by the opening of caveolae folds in the membrane, 
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therefore the stress on the membrane may be much less than what it appears to be by the 

difference in the surface area (Dulhunty and Franzini‐Armstrong, 1975). Caveolae are 

cholesterol rich microdomains in the sarcolemma which have been shown to be 

functionally linked to mechanosensitive channels (Gervásio et al., 2008, Echarri and Del 

Pozo, 2015).  Caveolae are commonly linked to stress fibers and play a key role in 

regulating membrane tension and cell shape (Huang et al., 2013, Echarri and Del Pozo, 

2015).  Interestingly, plasma membrane tension impacts on the curvature of caveolae 

since they elongate at high levels of tension and invaginate at low tension thereby 

buffering different levels of tension (Echarri and Del Pozo, 2015). Caveolae also play a 

role in modulating several cellular pathways including RhoA-driven actomyosin contractility 

(Echarri and Del Pozo, 2015).  It has been suggested that caveolae may link actin-

controlled fluctuations in tension to mechanotransduction pathways since they are 

associated with stress fibers (Echarri and Del Pozo, 2015).  The association of caveolae 

with stress fibers thus enables cells to cope with mechanical stress (Echarri and Del Pozo, 

2015).     

 After linear stretch the cross-sectional area of myocytes appears to be lower, which 

may lead to the shortening of T-tubule length (Ward, 2010, Soeller and Cannell, 1999).   

The T-tubule system is complex network possessing not only transverse tubules (at right 

angles to the external sarcolemma) but also longitudinal tubules, therefore it is difficult to 

predict how linear or axial strain may affect the gating of channels located in T-tubules 

(Soeller and Cannell, 1999, Ward, 2010).  
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1.2 Mechanosensitive Ion Channels 

 

Mechanosensitive channels (MSCs) are proteins that react to mechanical changes in 

the lipid bilayer and transduce mechanical force (Hamill and Maroto, 2007).  MSCs are 

present in many cell types and are required to allow the interaction of cells and organisms 

with their immediate environment (Hamill and Maroto, 2007).  The MSC super family is 

comprised of a variety of channel types with unique primary structures (Ward, 2010).    In 

terms of function MSCs may be segregated into those which are activated by cytoskeletal 

stretch and those that are activated by lipid bilayer stress (Ward, 2010, Anishkin et al., 

2014).  Channels which are directly or intrinsically mechanosensitive should be activated 

or deactivated by mechanical stimuli with very little delay (submillisecond/ millisecond) 

since the protein should only be constrained by its conformational transitions (Hamill and 

Maroto, 2007, Arnadottir and Chalfie, 2010),  whereas channels that are not directly or 

intrinsically mechanosensitive (dependent on enzymatic action or a secondary messenger) 

are delayed in their opening or closing in response to mechanical stimuli (≥1s) (Hamill and 

Maroto, 2007).  A subfamily of MSCs are stretch-activated channels (SACs), which are 

prevalent in many cell types and opened exclusively by membrane stretch (Ward, 2010, 

Sachs, 2010).  Stretch-activated ion channels are mechano-transducers which participate 

in modulating the contractile performance and the electrical activity of the heart (Ward, 

2010).  Cardiac mechanosensitive ion channels have been shown to be activated when 

negative pressure is applied (by a patch pipette with suction) to the plasma membrane 

(Ward, 2010). 

A number of MSCs are not intrinsically mechanosensitive, where the channel protein 

itself does not respond  directly to mechanical stimuli but exhibits mechanosensitivity 

through linkage to mechanosensitive enzymes which may modulate the channel using a 
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secondary messenger or phosphorylation (Hamill and Maroto, 2007).   An example of this 

is TRPV4 where the channel was responsive to changes in cell volume without exhibiting 

sensitivity to stretch (Hamill and Maroto, 2007).  Therefore, TRPV4 does not appear to be 

directly mechanosensitive but is sensitive to changes in cell volume by interacting with one 

or more mechanosensitive enzymes (Hamill and Maroto, 2007).  It has been suggested 

that TRPV4 couples to Src protein tyrosine kinase, which is an osmotic sensitive 

modulator of channel activity by tyrosine phosphorylation as well as to phospholipase A2 

(PLA2), which is volume sensitive (Hamill and Maroto, 2007).  

Mechanotransduction is triggered by a shift in the conformation of  a mechanosensitive 

channel from closed to open and vice versa in response to an alteration in bilayer 

mechanics (Hamill and Maroto, 2007).  MSCs are activated or inactivated by a variety of 

mechanical stimuli for signal transduction in cells such as bilayer thickness, lateral 

pressure, lipid packing, bilayer curvature or by cytoskeletal and/or extracellular tethers 

which can directly pull on proteins (displayed in Figure 1.3) (Hamill and Maroto, 2007, 

Hamill and Martinac, 2001).     



37 
 

 

Figure 1.3 Lipid bilayer forces which affect the configuration of membrane proteins.   

Lateral forces such as stretch and osmotic pressure are balanced by the lipid head groups 

and hydrophobic tails (top left) of the bilayer, the equilibrium does not affect the 

conformation of the protein and it remains in the closed state (top right).  However, 

external osmotic or stretch force (bottom diagram red arrows) and amphipaths inducing 

positive (red triangle) or negative (green triangle) curvature added asymmetrically to one 

side cause bending or compression of the bilayer which trigger the opening of stretch 

activated channels (Anishkin et al., 2014).   

 

Mechanotransduction is required for major cellular processes such as regulating cell 

volume, shape, motility, proliferation, differentiation and apoptosis (Takahashi et al., 2013, 

Hamill and Maroto, 2007).  Aberrant expression of MSCs has been shown in numerous 

studies to lead to various human pathophysiologies such as cardiac arrhythmia, 

hypertension, muscular dystrophy, kidney disease, xerocytosis and tumour cell 
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proliferation (Hamill and Maroto, 2007, Gottlieb and Sachs, 2012).  In eukaryotic cells 

there are numerous protein families reported to include mechanosensitive channels  such 

as  degenerin/epithelial Na+ channel (DEG/ENaC), acid sensing ion channel (ASIC), piezo 

channels (PIEZO1 and PIEZO2), two pore domain K+ (TREK and TRAAK) channels, touch 

sensitivity channels (MEC4 and MEC-10), voltage-gated sodium channel (NaV), voltage-

gated calcium channel (Cav1.2 ), N-methyl-D-aspartate (NMDA) receptor, cystic fibrosis 

transmembrane conductance regulator (CFTR), acetylcholine receptor (AChR) and 

transient receptor potential (TRP) channels (Gottlieb and Sachs, 2012, Arnadottir and 

Chalfie, 2010, Hamill and Maroto, 2007, Anishkin et al., 2014).   

There are a few mammalian ion channels such as the NMDA receptor and TREK-1 

potassium channel which can be activated by lipid bilayer tension alone (Martinac, 2014).  

However other MS channels including several TRP and and ENaC/DEG channels may 

need cytoskeletal-ECM linkages in order to sense and gate in response to lipid bilayer 

tension (Martinac, 2014).  This is proposed in the “single tether model” and the “dual tether 

model” where ECM (single/dual) and cytoskeletal (dual) elements may be required for MS 

channel gating by mechanical force (Fig 1.4) (Chalfie, 2009, Martinac, 2014).  In the “dual 

tether model” integrins can bind directly to particular MS channels or form a complex with 

other proteins on the surface of the membrane to interact with MS channels, as reported 

for ENaC and Polycystin 1 (TRPP) channels where integrins interact with MS channels in 

focal adhesions (Matthews et al., 2007, Martinac, 2014, Shakibaei and Mobasheri, 2003).  

Thus some MS channels may require a “dual tether model” of activation where mechanical 

forces are transmitted by integrins across the cell membrane rather than by a “membrane 

force model” or “bilayer model” which relies on membrane forces alone (Fig 1.4) 

(Matthews et al., 2007, Martinac, 2014, Chalfie, 2009).  Another model involves indirect 
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gating of a channel by a primary mechanosensor which may release a secondary 

messenger to open a channel (Fig 1.4) (Patel et al., 2010). 

 

 

Figure 1.4 Gating models of stretch activated channels (SACs) 

A) Bilayer model where gating of SACs occurs in response to tension in the membrane 

alone, B) Dual tether model, where proteins of the extracellular matrix and cytoskeleton 

transmit the force to channels.  C) Indirect gating via an individual primary mechanosensor 

(e.g. AT1R), which may be linked to the extracellular matrix or cytoskeleton and cause the 

release of a secondary messenger (e.g. DAG) leading to the opening of a channel (e.g. 

ROC TRPC6).  Adapted from (Patel et al., 2010). 

 

1.3 The TRP Channel Family 

The transient receptor potential or ‘TRP’ gene was the first Drosophila blind fly gene to 

be cloned (Anishkin et al., 2014, Montell and Rubin, 1989, Pedersen et al., 2005, Nilius 

and Owsianik, 2011, Owsianik et al., 2006).  TRP channels are a superfamily of cationic 

channels expressed in eukaryotes (Clapham, 2003, Ramsey et al., 2006, Wu et al., 2010, 

Clapham et al., 2005).  TRP channels mediate a variety of sensations including pain, 
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heat/coldness, taste, vision, pressure, stretch and vibration (Clapham, 2003, Ramsey et 

al., 2006, Wu et al., 2010, Clapham et al., 2005) .  The complex regulation of TRP channel 

expression gives rise to a variety of channel complexes formed by TRP isoforms and cell 

adaptor/signalling, which enables their multi-functionality (Inoue et al., 2009b).   TRPS are 

also polymodal, where a variety of cytoplasmic ligands and other stimuli such as voltage, 

temperature, pH, osmolarity, mechanical force, Ca2+ levels, membrane lipids and 

amphipaths are able to mediate TRP channel activity (Anishkin et al., 2014, Nilius et al., 

2005c).   The TRP superfamily can be categorised into 6 subfamilies including; TRPC1-7 

(Canonical or Classical), TRPV1-6 (Vanillloid), TRPA1 (Ankyrin), TRPP1-4 (Polycystin), 

TRPML1-3 (Mucolipin), and TRPM1-8 (Melastatin) (Figure 1.5) (Inoue et al., 2009b, 

Flockerzi and Nilius, 2014, Nilius et al., 2007b, Wu et al., 2010).  There are 28 mammalian 

TRP channels, each of which has 6 transmembrane spanning domains flanked by long 

cytosolic N- and C-termini containing many different protein-protein interaction motifs 

(Inoue et al., 2009b, Abriel et al., 2012).  All TRP channels are only similar in the core 

sequence of their 5th and 6th transmembrane domain and the pore loop, which favours the 

conduction of Na+, K+ and Ca2+ ions  (Inoue et al., 2009b, Anishkin et al., 2014, Owsianik 

et al., 2006).  Most TRP channels permeate Ca2+, a few have even particularly high 

permeability for Ca2+ (TRPV5, TRPV6), others permeate Mg2+ preferentially with 

permeability to toxic metals as well (TRPM6, TRPM7) or only permeate monovalent 

cations (TRPM4, TRPM5) (Inoue et al., 2009b, Owsianik et al., 2006).  
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Figure 1.5 TRP superfamily phylogenetic tree. 

Evolutionary distances are displayed by the branch lengths in point accepted mutation 

(PAM) units (average number of substitutions per 100 amino acids (Clapham, 2003). 

 

TRPCs are receptor-operated calcium (ROC) or store-operated calcium (SOC) 

channels which are stimulated by diacylglycerol (DAG) (Inoue et al., 2009b).  TRPCs also 

act as store depletion channels when phospholipase C(PLC)-coupled receptors are 

activated (Inoue et al., 2009b).  While other TRPVs, TRPMs and TRPA1 are non-selective 

cation channels, which are activated by lipids, membrane stretch, shear stress, 

hypoosmolarity, oxidative stress, heat/cold or chemically by pungent or cooling agents 

such as capsaicin, acid, menthol and mustard oil (Inoue et al., 2009b).  A few TRP 

channels such as TRPV5, TRPV6, TRPM6 and TRPM7 are constitutively active, whereas 
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TRPM4 and TRPM5 are activated physiologically by elevated levels of intracellular Ca2+ 

(Inoue et al., 2009b).   

Several TRP channels have been reported to be activated by mechanical forces 

arising from osmotic force or membrane stretch. In particular TRPC1, TRPC6, TRPV1, 

TRPV2, TRPV4, TRPM4, TRPM7, TRPP1 and TRPP2 have been suggested to play a role 

in vascular mechanotransduction (Beech, 2005, Inoue et al., 2006, O‘Neil and Heller, 

2005, Yao and Garland, 2005, Folgering et al., 2008). 

Human TRPC1 channels heterologously expressed in Xenopus oocytes was shown to 

be activated by membrane stretch, gated by tension in the lipid bilayer similar to a 

prokaryotic mechanosensitive channels (Maroto et al., 2005), although TRPC1 

mechanosensitivity in lipid bilayers has more recently been somewhat controversial 

(Gottlieb et al., 2008).  Also there was no significant difference in the pressure-induced 

constriction in the cerebral arteries of TRPC1 mice compared to wild type (Dietrich et al., 

2007, Folgering et al., 2008).  However, silencing of TRPC6 expression in mice lead to 

hypertension, increased agonist-induced contractility in individual aortic rings and higher 

myogenic contraction of cerebral arteries (Dietrich et al., 2005, Folgering et al., 2008, 

Welsh et al., 2002).   TRPC6 was previously shown to be stimulated by osmotic and 

mechanical membrane stretch in mammalian cells and inhibited by the tarantula peptide 

GsMTx-4, which typically inhibits mechanosensitive channels by altering the external lipid 

channel boundary (Spassova et al., 2006, Folgering et al., 2008). However, the direct 

mechanosensitivity of TRPC1 and TRPC6 could not be confirmed in transfected 

mammalian cells (COS, CHO and HEK cells) (Folgering et al., 2008, Patel et al., 2010, y 

Schnitzler et al., 2008, Inoue et al., 2009a, Gottlieb et al., 2008, Sharif-Naeini et al., 2008).  

A recent study has demonstrated that GPCR expression is required for TRPC6  

mechanosensitivity, once TRPC6 was expressed with angiotensin II type 1 receptor AT1R 
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the channel exhibited mechanosensitivity (Patel et al., 2010, y Schnitzler et al., 2008).  

TRPC6 was able to be activated by cell swelling and positive pressure even when 

angiotensin II agonist was not present (Patel et al., 2010, y Schnitzler et al., 2008).  Thus 

TRPC6 is likely to be indirectly gated by the GPCRs (AT1R), where the GPCR acts as the 

primary mechanosensor (Fig. 1.4) (Patel et al., 2010, y Schnitzler et al., 2008).  Membrane 

stretch was shown to result in an agonist-independent conformational change of AT1R 

leading to the activation of Gq/11/PLC/DAG/TRPC6 signalling (Patel et al., 2010, y 

Schnitzler et al., 2008).  Other Gq/11-coupled receptors (M5R, H1R, ETAR and V1AR) 

may replace AT1R, but replacement with Gs-coupled receptors (β2-adrenergic receptor) 

and tyrosine kinase receptors does not lead to TRPC6 activation by mechanical stimuli 

(Sharif-Naeini et al., 2008).  TRPC6 has been shown to be activated directly by DAG 

without protein kinase C and binds to various cytoskeletal proteins (Patel et al., 2010, 

Hofmann et al., 1999). Also TRPC3 or TRPC7 which are DAG sensitive may substitute for 

TRPC6, when co-expressed with AT1R they are activated by osmotic pressure (Beech, 

2005, Sharif-Naeini et al., 2008). TRPCs have been reported to bind with cytoskeletal and 

scaffolding proteins such as dystrophin, caveolin 1/3, Homer 1 and α1-syntrophin, thus it is 

likely TRPC activity is regulated by a tether model or indirect gating model (Patel et al., 

2010).    

 

In the TRPV family TRPV1, TRPV2 and TRPV4 have been reported to be 

mechanosensitive (Martinac, 2014).  TRPV1 activity has been exhibited to vary in 

response to differences in osmolarity (hypertonicity and hypotonicity) (Martinac, 2014).  

Additionally, knockout of TRPV1 in mice lead to increased secretion adenosine 

triphosphate (ATP) upon the application of membrane stretch (Martinac, 2014, Jara-

Oseguera et al., 2010).  However, ATP release may not wholly be contributed to TRPV1 

as membrane stretch also stimulates purinergic channels which possess similar 
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conductance and selectivity as TRPV1 (Martinac, 2014, Ahmed et al., 2012).  In murine 

aortic myocytes TRPV2 has also been shown to be sensitive to osmolarity, where the 

channel is stimulated by cell swelling from hypotonic solution, thus may act as a stretch 

sensor in vascular smooth muscle (Muraki et al., 2003, Folgering et al., 2008).  The 

expression of TRPV2 in vascular smooth muscle cells in the aorta, mesenteric and 

cerebral basilar arteries implies that the channel may participate as a regulatory sensor of 

blood flow (Muraki et al., 2003, Folgering et al., 2008).  Additionally chinese hamster ovary 

(CHO) cells transfected with TRPV2 displayed that upon membrane stretch in cell-

attached patches TRPV2 was activated (Muraki et al., 2003, Folgering et al., 2008).  Like 

TRPV1 and TRPV2, TRPV4 has also been shown to be responsive to osmotic pressure.  If 

extracellular osmolarity is decreased from 290 to 270 mosmol l-1TRPV4 activity is 50% 

higher causing swelling, while hypertonic solution lead to cell shrinkage and reduced 

TRPV4 activity (Liedtke et al., 2003, Liedtke and Friedman, 2003, Strotmann et al., 2000).  

A hypothesized mechanism for TRPV channel activation by shear stress or cell swelling is 

believed to be by the stimulation of phospholipase A2, leading to arachidonic acid (AA) 

production, which is metabolised into an epoxyeicosatrienoic acid (5’,6’-EET) that 

modulates TRPV channel activity (Watanabe et al., 2003, Folgering et al., 2008).   

 

Out of the TRPM family TRPM3, TRPM4 and TRPM7 have been suggested to participate 

in mechanotransduction.  TRPM3 and TRPM7 have both been shown to be stimulated by 

osmotic swelling (Martinac, 2014).  In heterologous expression systems, TRPM3 activity 

has been shown to be enhanced by sphingolipids, while TRPM7 was shown to be 

stimulated by shear stress, membrane stretch and translocates in response to laminar flow 

(Martinac, 2014, Numata et al., 2007a, Numata et al., 2007b, Grimm et al., 2003, Grimm et 

al., 2005).  TRPM4 has also been shown to be activated by membrane stretch induced by 

negative pressure applied to the membrane of HEK cells (Morita et al., 2007, Folgering et 
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al., 2008).  Additionally, TRPM4 channels were found to be highly expressed in cerebral 

arteries and their stimulation by membrane stretch lead to vasoconstriction (Earley et al., 

2004).  Thus both TRPM4 and TRPC6 appear to play a role in myogenic constriction of 

cerebral arteries (Earley et al., 2004).  It is hypothesised that the activation of TRPC6 by 

intraluminal pressure may cause Ca2+ influx, which may in turn activate TRPM4 (Earley et 

al., 2007, Folgering et al., 2008).   

 

In the TRPP family TRPP1 and TRPP2 proteins have been shown to form a complex 

which is highly expressed in renal epithelial cell cilia (Martinac, 2014).  The TRPP1/TRPP2 

complex functions as a mechanosensitive channel sensing shear stress from fluid flow 

(Nauli et al., 2003, Praetorius and Spring, 2003).  Whereas the TRPA1 channel localised 

in nociceptive neurons was found to participate in mechanical nociception, however this 

function was shown to be non-existing in TRPA1 null mice (Sharif-Naeini et al., 2008, 

Hofmann et al., 2002, Nilius and Honoré, 2012).   

 

1.3.1 TRPM Subfamily 

 

The melastin transient receptor potential (TRPM) subfamily is named after the first 

member characterised Transient Receptor Potential Channel Type Melastatin 1 (TRPM1), 

where the gene was isolated from metastatic and benign melanoma cells (Kraft and 

Harteneck, 2005, Guo et al., 2012).   Decreased expression of TRPM1 was associated 

with malignant melanomas (Kraft and Harteneck, 2005).   TRPM channels have been 

found to play a role in tumorigenesis, proliferation, cell differentiation and cell death (Kraft 

and Harteneck, 2005).  Additionally, TRPM channels have been shown to be activated by 

many types of stimuli including voltage, Ca2+, temperature, cell swelling, lipids and various 
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endogenous/exogenous ligands (Kraft and Harteneck, 2005).   There are 8 members of 

the TRPM family (TRPM1-8), which all have intracellular N and C termini, contain coiled-

coiled domains and do not have N-terminal ankyrin repeat motifs (Kraft and Harteneck, 

2005). They may be categorised into subgroups due to their structural similarity and 

unique features.  TRPM1 and TRPM3 are non-selective cation channels which permeate 

monovalent and divalent cations (Clapham, 2003, Kraft and Harteneck, 2005, Wu et al., 

2010).  TRPM2 preferably permeates Ca2+ and possesses an ADP-ribose domain 

(Clapham, 2003, Kraft and Harteneck, 2005, Wu et al., 2010).  TRPM4 and TRPM5 are 

monocation selective and require high levels of intracellular Ca2+ for activation (Kraft and 

Harteneck, 2005, Clapham, 2003, Wu et al., 2010).  TRPM6 and TRPM7 are channel 

kinases which permeate divalent cations (Kraft and Harteneck, 2005, Clapham, 2003, Wu 

et al., 2010).  TRPM8, however, is a non-selective cation channel, which is activated by 

cold temperatures and is Ca2+ permeable (Clapham, 2003, Kraft and Harteneck, 2005, Wu 

et al., 2010).   From here on, however, the focus will be on TRPM4, due to its role in a 

variety of physiological and pathophysiological processes.   

 

1.4 TRPM4 Gene 

 

The TRPM4 human gene is located on chromosome 19q13.33, comprised of 25 exons 

which span 54kb of the human genome (Nilius and Vennekens, 2006). In humans and 

mice there are 2 splice variant transcripts of the TRPM4 gene, which are TRPM4a and 

TRPM4b (Nilius and Vennekens, 2006, Abriel et al., 2012). TRPM4a is a shorter version of 

TRPM4b, where 174 amino acids are deleted from the N-terminus (Simon et al., 2013). 

The full length version TRPM4b will be referred to as TRPM4 from hereafter.  
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1.5 Localisation of TRPM4 in cardiac tissue 

 

On a cellular level TRPM4 is expressed in the plasma membrane, endoplasmic 

reticulum and golgi apparatus (Yoo et al., 2010). In the human heart, TRPM4 expression 

has been detected predominately in the purkinje fibres and sino-atrial (SA) node (Abriel et 

al., 2012, Kruse and Pongs, 2014).  TRPM4 is expressed in many cardiac cell types of the 

conduction system, cardiomyocytes, endothelial cells, as well as arterial and venous 

smooth muscle cells (Abriel et al., 2012).   

1.6 Function and Regulation of TRPM4 

 

TRPM4 has been suggested by many studies to be modulator of Ca2+-dependent cell 

functions and Ca2+ influx in ventricular cardiac myocytes and a host of other cell types 

(Kesckes; Mathar 2014; Mathar 2010; Vennekens 2007).  TRPM4 channels are 

nonselective cation channels, which permeate monovalent cations Na+>K+>>Cs+>Li+ 

(Abriel et al., 2012, Kruse and Pongs, 2014, Nilius and Vennekens, 2006, Owsianik et al., 

2006). TRPM4 activity is regulated by ATP, PIP2, PKC-dependent phosphorylation, 

temperature and membrane voltage (Nilius et al., 2006). TRPM4 is also activated by high 

levels of intracellular calcium-induced calcium release from the sarcoplasmic reticulum in 

the repolarization phase (Mathar et al., 2014b). When TRPM4 is activated Na+ is allowed 

to permeate into the cell leading to cellular membrane depolarization which alters the 

driving force for Ca2+ and other ions (Abriel et al., 2012).  The level of intracellular Ca2+ is 

regulated strictly and dependant on many factors since it modulates the events of multiple 
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physiological processes (Abriel et al., 2012).  TRPM4 is activated by intracellular calcium 

(100nM-1mM), which produces an inward current of Na+ influx that alters the driving force 

for Ca2+ and other ions via changing the membrane electrical potential depolarizing the 

membrane (Nilius et al., 2004b, Nilius and Vennekens, 2006, Zhang et al., 2005, Launay 

et al., 2002, Demion et al., 2007, Abriel et al., 2012, Kecskés et al., 2015).  Depolarisation 

of the membrane by TRPM4 limits Ca2+ influx into cells via store-operated calcium 

channels (Kecskés et al., 2015). Previous studies have implied that TRPM4 activity 

influences the modulation of voltage-gated Ca2+ channels (VGCC) and non-voltage-

dependent Ca2+ channels (NVDCC) (Figure 1.6) (Abriel et al., 2012).  TRPM4 has been 

shown to associate with TRPC3 in HEK293T cells, TRPM4 represses store-operated 

calcium entry by its interaction with TRPC3 where upon TRPM4 activation TRPC3 current 

density is reduced (Park et al., 2008).  TRPC3 is calcium activated and calcium permeable 

and has been shown to participate in calcium signalling (Lictenegger 2014).  The TRPC3-

TRPM4 interaction requires future investigation as it is unknown how the TRPC3-TRPM4 

heteromer functions in vivo (Cho et al., 2015). 

 
Given its role in depolarising the membrane TRPM4 activity is believed to lead to 

myocyte contraction as membrane depolarization activates VGCCs which allows Ca2+ 

permeation and limits Ca2+ influx into cells via store-operated calcium channels  (Abriel et 

al., 2012, Kecskés et al., 2015)..  
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Figure 1.6 TRPM4 modulation of the Ca2+-sensitive cellular response.   

A) TRPM4 activation leads to membrane depolarisation which inhibits non-voltage-

dependent calcium channels (NVDCC) and decreases the amount of Ca2+ 

permeating into the cell creating a weak Ca2+-sensitive cellular response  (Abriel et 

al., 2012).  B) While voltage-dependent cation channels (VDCC) are stimulated by 

TRPM4-induced membrane depolarization leading to the influx of Ca2+ and a 

pronounced Ca2+-sensitive cellular response (Abriel et al., 2012).   
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1.7 Role of TRPM4 in Cardiac Pathophysiology 

1.7.1 Ischaemia-Reperfusion Injury 

 

The highest cause of mortality worldwide is ischaemic heart disease (Wang et al., 

2013, Piao et al., 2014, Takahashi et al., 2013).  Arrhythmias are often accompanied by 

ischaemia which potentially leads to myocardial infarction (Minamino, 2012, Piao et al., 

2014, Wang et al., 2013).  Post-ischemia the myocardium can be rescued by early 

reperfusion, however, this is associated with an injury to the myocardium termed 

“ischaemia-reperfusion  injury” (Wang et al., 2013, Minamino, 2012).  Ischaemia-

reperfusion injury diminishes the advantages of thrombolytic therapy and primary 

percutaneous coronary intervention (Minamino, 2012, Wang et al., 2013).  Thus effective 

preventative interventions including pharmacotherapy are required to prevent damage to 

the myocardium caused by ischaemia-reperfusion injury for patients with ischaemic heart 

disease (Minamino, 2012, Wang et al., 2013, Piao et al., 2014).  In a recent study which 

modelled severe ischaemic heart failure in mice, it was determined that knockout of the 

TRPM4 gene improved cardiac reserve after β-adrenergic stimulation (Jacobs et al., 

2015).  An increase in β-adrenergic stimulation after knockdown of TRPM4 was also 

observed in earlier studies (Mathar et al., 2014b, Mathar et al., 2010). Interestingly, a study 

by Wang et al. 2013 demonstrated that isolated rat hearts were protected from ischemia-

reperfusion injury by 9-phenanthrol, an inhibitor of TRPM4 (Wang et al., 2013).  Rat hearts 

pre-treated with 9-phenanthrol prior to being subjected to global ischemia-reperfusion had 

a smaller infarct area and their contractile function recovered significantly (Wang et al., 

2013).  Additionally, the protective effect of 9-phenanthrol was unchanged by 5-
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hydroxydecanoate (5-HD, ATP-sensitive potassium channel blocker), which displays that 

the mechanism of action of 9-phenanthrol is independent of ATP-sensitive potassium 

channels (Wang et al., 2013). At present however it is still early to determine the specific 

clinical applications of 9-phenanthrol as most studies have only applied the drug for in vitro 

experiments or with isolated cells or tissues (Guinamard et al., 2014).  An issue with 9-

phenanthrol is its low solubility which may prevent adequately high concentrations of the 

drug to be delivered in vivo for the inhibition of TRPM4 (Guinamard et al., 2014).  Another 

obstacle is the toxicity of 9-phenanthrol which is a polycyclic aromatic hydrocarbon (Feng 

et al., 2012).  Recent in vitro biochemical assays have shown that it inhibits androgen and 

estrogen biosynthesis in subcellular fractions of carp gonads (Fernandes and Porte, 2013).     

9-phenanthol is a specific TRPM4 inhibitor, however at high concentrations (≥ 100µM) it 

has been shown to affect L-type Ca2+ currents and delayed outward rectifier K+ currents, 

which is dangerous due to the ubiquity of the channels as well as their influence on voltage 

trajectory and intracellular signalling (Kecskés et al., 2015, Simard et al., 2012).  Apart 

from this recovery from 9-phenenthrol at a high concentration (≥ 100µM) is difficult since it 

is highly hydrophobic and likely to accumulate in membranes (Guinamard et al., 2014).   

 

An additional study also displayed in mice that 9-phenanthrol abolished arrhythmias 

caused by ventricular hypoxia and re-oxygenation-induced early after depolarizations 

(EADs), to affirm this the protective effect of 9-phenanthrol was negligent in the TRPM4 

knockout mice (Simard et al., 2013).   A complementary study by Loh et al 2013 also 

demonstrated that inhibition of TRPM4 with 9-phenanthrol after ischemic stroke stimulated 

angiogenesis in Human Umbilical Vein Endothelial Cells (HUVECs) (Loh et al., 2014).  

Also in a rat permanent middle cerebral artery occlusion model they displayed that TRPM4 

was overexpressed in vascular endothelium after stroke (Loh et al., 2014).  In this model 
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upon in vivo siRNA TRPM4 knockdown angiogenesis was stimulated, the structure of 

capillaries improved (capillary fragmentation was reduced) and a twofold decrease in 

infarct volume was observed (Loh et al., 2014). However, this improvement disappeared 

after 5 days implying that TRPM4 expression is required for cerebral damage during the 

acute phase of stroke (Loh et al., 2014).  Combined these studies implicate TRPM4 as a 

future potential target for the treatment of ischemia-reperfusion injury and ischaemic-

stroke. 

1.7.2 Cardiac Conduction Disorders 

 

The activity of TRPM4 combined with hyperpolarization activated nucleotide-sensitive 

(HCN) channels and the Na+/Ca2+ exchangers (NCX) have a critical role in sino-atrial node 

(SAN) pacemaker activity (Kruse and Pongs, 2014).  TRPM4-/- mice presented with 

cardiac arrhythmias, as displayed by the prolonged PR and QRS intervals on 

electrocardiograms (ECGs) and decreased conduction times below and above the His-

bundle of cardiac conduction system with more frequent incidences of atrioventricular 

blockade (AVB) compared to wild type mice (Kruse and Pongs, 2014). TRPM4 activity has 

previously been shown to mediate action potential (AP) duration (Kruse and Pongs, 2014).  

Under pathophysiological conditions TRPM4 activity is increased, which may lengthen AP 

duration triggering EADs causing atrial fibrillation (Kruse and Pongs, 2014), whereas a 

decrease in TRPM4 activity will result in the slowing down of AP duration which could 

prevent re-entry arrhythmias, since under ischemic conditions there is cytoplasmic Ca2+ 

overload due to a decrease in atrial AP duration (Kruse and Pongs, 2014).   
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Figure 1.7  ECG comparison of action potentials from a human patient with and 

without Brugada syndrome vs action potentials from wild type and TRPM4 knockout 

mice. 

A)  Displays action potentials from a normal ECG.  In the epicardium action potential there 

is a notch in Phase 1 due to the ITO current (Santos et al., 2012).  B) Action potentials from 

a Brugada syndrome patient where ionic imbalance in phase 1 impacts the epicardial 

repolarisation to be shorter leading to a transmural voltage gradient (Santos et al., 2012).  

C)  TRPM4-/- mice also displays a decrease in action potential duration by 10-20% in the 

repolarization phase compared to wild type mice (Mathar et al., 2014b).   

 

The action potential duration for TRPM4-/- ventricular myocytes was reduced by 10%-

20% at 50% and 90% repolarisation (Figure 1.7) (Mathar et al., 2014b).  This alteration 

was found to lead to increased L-type Ca2+ influx in the repolarisation phase, however in 

terms of function this effect only appears to impact cardiac excitation-contraction coupling 

during β-adrenergic stimulation (Mathar et al., 2014b).   TRPM4 -/- mice exhibited elevated 

β-adrenergic inotropy and increased contractile force in the myocardium, however basal 

contractility was unaffected (Mathar et al., 2014b, Jacobs et al., 2015).  Interestingly, in a 

different study global knockout of TRPM4 in mice (TRPM4-/-) resulted multilevel cardiac 

C
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conduction blocks (Luciani-Wenckebach AV blocks, PR and QRS lengthening in surface 

ECGs), episodic repetitive ectopic atrial activity and shorter atrial action potential due to 

elevated β-adrenergic inotropy of the heart muscle which triggers ectopic activity (Demion 

et al., 2014).   The shortening of atrial action potentials was found to be unrelated to 

changes in voltage-gated Ca2+ or K+ currents normally involved in the repolarising phase 

(Demion et al., 2014).  Similarly, shortening of action potential duration was observed in 

cardiac-specific TRPM4 knockdown (Trpm4cKO) mice (Kecskés et al., 2015).  Along with 

action potential shortening, higher Ca2+current from voltage-gated Ca2+ channels was 

detected in Trpm4cKO mice, particularly after β-adrenergic stimulation in ventricular 

myocytes (Kecskés et al., 2015, Mathar et al., 2014b, Uhl et al., 2014), which often leads 

to heart failure (Kecskés et al., 2015, Jacobs et al., 2015).   

 

Previous studies have shown that several mutations in the TRPM4 gene are linked to 

cardiac conduction blocks and implied that TRPM4 activity influences the modulation of 

VGCCs and NVDCCs (Abriel et al., 2012, Liu et al., 2010a, Liu et al., 2013). When TRPM4 

is activated it regulates influx of calcium into the cell by mediating membrane potential and 

the entry of calcium via other calcium-permeable pathways, which influences cerebral 

blood flow, myogenic vascular tone and cardiac pacemaking.  (Mathar et al., 2014b, Abriel 

et al., 2012).  The expression of TRPM4 mRNA in human cardiac tissue from highest to 

lowest was in the Purkinje fibres septum, right ventricle, right atrium and left ventricle 

(Kruse and Pongs, 2014).  However, in mice it appears TRPM4 expression is very high in 

the atrium (Kruse and Pongs, 2014).   Immunochemistry on frozen sections of bovine 

hearts displayed that TRPM4 was highly expressed in the Purkinje fibres but a low degree 

of expression was detected in atrial and ventricular tissue (Kruse and Pongs, 2014).   
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Figure 1.8  Diagram of the human cardiac conduction system. 

 
(AnaesthesiaUK, 2014) 
 

 

Arrhythmias due to conduction alteration occur from the block or delay of impulse 

generation or via unidirectional conduction block (Abriel et al., 2012).  Aberrant gain of 

function mutations of the human TRPM4 gene have been identified to cause several 

cardiac conduction disorders including progressive familial heart block type 1B (PFHB1B), 

isolated cardiac conduction disease (ICCD), bifascicular block, atrio-ventricular conduction 

block (AVB) and right bundle branch block (RBBB) (refer to Fig 1.8 for localisation of 

blocks) (Abriel et al., 2012, Kruse and Pongs, 2014, Kruse et al., 2009, Liu et al., 2013, Liu 

et al., 2010a).  A specific example of a gain of function mutation in TRPM4 is the E7K 

mutation which is inherited in an autosomal dominant fashion (Abriel et al., 2012, Kruse et 

al., 2009, Kruse and Pongs, 2014). The E7K mutation leads to constitutive SUMOylation of 

the channel which abrogates its ubiquitination and subsequent removal from the 
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membrane by endocytosis (Fig. 1.9) (Abriel et al., 2012, Kruse and Pongs, 2014, Kruse et 

al., 2009).  This leads to abnormal surface expression of TRPM4 in the plasma membrane 

of Purkinje cells where these channels are densely expressed, the electrophysiological 

consequence of this is an increase in inward current leading to PFHB1(Kruse et al., 2009).   

SUMOylation however does not have an effect on the Ca2+-sensitivity, ATP-sensitivity, 

single channel conductance or voltage-dependence of the channels (Kruse and Pongs, 

2014).  Thus the PFHB1 phenotype is not due to changes in the biophysical properties of 

TRPM4 but because of increased TRPM4 current density (Kruse and Pongs, 2014). 

Current literature reports that there are altogether 18 mutations in the TRPM4 gene, which 

have been identified in patients with cardiac conduction disorders including PFHB1 (Table 

1.1); implying a key susceptibility of the gene in human cardiac conduction disorders (Liu 

et al., 2013, Liu et al., 2010a, Kruse et al., 2009).  Liu and co-workers discovered three 

mutations of TRPM4 (p.R164W, p.A432T and p.G844D) in individuals of French and 

Lebanese descent with isolated cardiac conduction disease (ICCD) (Liu et al., 2010a).  

Expression of the aforementioned TRPM4 mutations in HEK293 cells resulted in a gain-of-

function and increased SUMOylation of these mutant channels (Liu et al., 2010a).   

 

Stallmeyer and co-workers identified six mutations (p.Q131H, p.Q293R, p.G582S, 

p.Y790H, p.K914X and p.P970S) in individuals with RBBB and AVB (Stallmeyer et al., 

2012).  While recently, Liu and co-workers (2013) identified another 8 mutations of the 

TRPM4 gene in patients with Brugada Syndrome (p.R114W, p.G555R , p.F773I,  

p.P779R, p.Q854R, p.T873I, p.L1075P and p.I1204L); the varied mutations led to either 

AVB, RBBB, isolated right bundle brand block (iRBBB), rSr’ complex or left anterior 

hemiblock (LAHB) (Liu et al., 2013).  Intriguingly, analysis of four of these mutations 

revealed that 50% resulted in decreased expression of TRPM4 (p.Pro779Arg and 

p.Lys914X), while the other 50% caused overexpression ((p.Thr873Ile and p.Leu1075Pro) 
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(Liu et al., 2013).  Liu and colleagues also have demonstrated that the aforementioned 

human mutations expressed in HEK cells are voltage-dependent and sensitive to a 

reduction in intracellular calcium levels, which decreased their open probability (10-3M to 

10-6M) (Liu et al., 2013).  However the function of TRPM4 implied by the characterisation 

of these mutations in the TRPM4 gene needs to be confirmed in animal models since 

these claims are based on overexpression studies of the human mutants in HEK cells.  

 

Table 1.1 Cardiac conduction disorders associated with TRPM4 mutations  

 
Adapted from Kruse et al. 2014 (Kruse and Pongs, 2014). 

 

The majority of human TRPM4 mutations studied in heterologous systems are gain of 

function and the electrophysiological repercussions of these mutations are varied (Kruse 

and Pongs, 2014, Liu et al., 2013). Mutations of TRPM4 are thought to increase 

membrane leak conductance which disables action potential propagation along the 
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Purkinje fibres (Kruse and Pongs, 2014).  This notion correlates well with the broadened 

QRS complex shown in the ECGs of patients and may explain the occurrence of the 

aforementioned cardiac conduction blocks (Kruse and Pongs, 2014).    Interestingly, 

phenotypes of aberrant TRPM4 genetic variants such as Brugada Syndrome and 

progressive cardiac conduction disease are similar to the phenotypes exhibited by SCN5A 

variants for the voltage-gated cardiac sodium channel Nav1.5 gene (Liu et al., 2013, Abriel 

et al., 2012, Wilde and Brugada, 2011). Therefore, it is possible that Nav1.5 and TRPM4 

channels may influence each other or participate in the same pathways for impulse 

propagation (conducting Na+ inward currents) and cardiac cellular excitability (Liu et al., 

2013, Abriel et al., 2012).  

The localisation of TRPM4 in the Purkinje fibres and atrial cells correlates well with 

cardiac conduction slowing observed in patients with TRPM4 mutations and the phenotype 

of TRPM4-KO mice (Kruse and Pongs, 2014).  TRPM4 protein expression patterns 

indicate that the channel is likely to influence conduction velocity through a mechanism 

alike to ‘supernormal conduction’, a biphasic event which controls cellular excitability 

(Kruse and Pongs, 2014).  Due to the role of TRPM4 as a modulator of membrane 

potential it is thought that gain or loss of function of TRPM4 channels can lead to 

conduction slowing by decreasing the availability of voltage-gated Na+ sodium channels 

(Nav1.5) (Liu et al., 2013). Gain of function mutations in TRPM4 may cause membrane 

potential depolarisation leading to inactivation of Nav1.5 sodium channels (Liu et al., 

2013), while loss of function may cause hyperpolarization of membrane potential leading 

to decreased cellular excitability and conduction (Liu et al., 2013).   Since it has been 

hypothesised that an increase or loss of TRPM4 function causes conduction slowing 

leading to supernormal conduction, thus future studies should aim to investigate this 

proposed mechanism in animal models.  The high expression of TRPM4 in the Purkinje 
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fibres along with its association with ICCD and PFHBI phenotypes displays that TRPM4 

plays a critical role in the human cardiac conduction system. 

 

1.7.3 Cardiac Hypertrophy and Blood Pressure 

 

Calcium is known to bind to proteins in the contractile system (calmodulin) of SMCs 

leading to arterial constriction and hypertension (Earley et al., 2007, Gonzales et al., 

2010).  Although systemic blood pressure may augment as a result of this, cerebral blood 

flow will remain  steady (Earley et al., 2004, Abriel et al., 2012).  Cerebral blood flow is 

only affected by the constriction and/or dilatation of cerebral arteries caused by the 

myogenic activity of SMCs in vessels (Abriel et al., 2012, Earley et al., 2004).  It has been 

suggested by Earley and co-workers that TRPM4 participates as a mechanosensor in the 

stretch-induced depolarisation of cerebral arterial myocytes (Earley et al., 2007).  TRPM4 

expression was decreased in cerebral artery SMCs using gene silencing, which led to 

impaired pressure-induced depolarization and myogenic constriction (Gonzales and 

Earley, 2012).   

Alternatively, activation of TRPM4 has been shown to depolarize the membrane 

triggering the opening of VGCCs and enabling the entry of calcium leading to the 

constriction of cerebral arterioles (Earley et al., 2004).  PKC-δ activity has been shown to 

play a role increasing the density of TRPM4 in the sarcolemma leading to SMC 

depolarisation; the entry of calcium stimulates calmodulin causing the phosphorylation of 

myosin light chain kinase ultimately leading to vasoconstriction (Fig.1.9) (Crnich et al., 

2008, Crnich et al., 2010).  The overexpression of TRPM4 in the sarcolemma is required to 

produce vasoconstriction, demonstrated by siRNA-knockdown of the proteins and 
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pressure-myograph monitoring of cerebral arteries (Crnich et al., 2010, Crnich et al., 

2008).  Thus TRPM4 was found to detect SMC stretch and play a key role in the myogenic 

response (Crnich et al., 2010, Crnich et al., 2008).   

Knockout of the TRPM4 gene in a different mouse model also led to sustained high 

blood pressure; due to elevated catecholamine secretion and sympathetic tone (Mathar et 

al., 2010). Thus, TRPM4 was found to be a regulator of catecholamine release from 

chromaffin cells which modulates blood pressure (Mathar et al., 2010). Telemetric long-

term blood pressure monitoring of TRPM4-/- mice displayed that they possessed higher 

arterial blood pressure than WT mice (Mathar et al., 2010).  However, there was no 

difference between TRPM4-/- and wild type mice in their basal vascular contractility, serum 

concentrations and kidney excretion of Na+ and K+, renin-angiotensin-aldosterone system, 

vessel myogenic response as well as hematocrit or plasma volume (Mathar et al., 2010, 

Abriel et al., 2012).  The activation of adenylyl cyclase (AC) by forskolin triggered an 

increase in papillary muscle contractility of knockout TRPM4 mice compared to wild type 

(Mathar et al., 2010, Uhl et al., 2014).  This suggests that the impact observed on β-

adrenergic inotropy was independent of β-adrenoceptor stimulation (Mathar et al., 2010). 

Interestingly though, the inhibition of phosphodiesterase (PDE) III produced a similar 

inotropic effect in TRPM4 knockout and wild type muscle preparations (Mathar et al., 

2010).  Thus, intracellular ATP consumption from cAMP synthesis by AC increases the 

inhibitory effect of TRPM4 on β-adrenergic inotropy (Mathar et al., 2010).  Their data 

suggests TRPM4 as a target for modulation of mammalian ventricular action potential 

duration since it is a novel regulator of β-adrenergic stimulation of hypertension and 

ventricular muscle contractility (Mathar et al., 2014b, Mathar et al., 2010, Jacobs et al., 

2015).  This is not surprising as arterial blood pressure is mediated in part by 

neurohumoral mechanisms (Abriel et al., 2012).   In TRPM4-/- mice the number of 
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exocytotic events in chromaffin cells was augmented after the addition of acetylcholine 

which implies that hypertension was triggered by aberrant neuroendocrine regulation 

(Abriel et al., 2012, Mathar et al., 2010). Neuroendocrine regulation involves the 

adrenergic (sympathetic) nervous system (ANS), the renin-angiotension-aldosterone 

system (RAAS), vasopressin and atrial natriuretic peptide (Middlekauff and Mark, 1998);  

activation of neurohumoral pathways is known to exacerbate ventricular dysfunction 

leading to clinical heart failure (Middlekauff and Mark, 1998).    The use of angiotensin 

converting enzyme (ACE) inhibitors, beta receptor blockers and digitalis has benefited 

patients with heart failure mainly via neurohumoral regulation (Middlekauf 1998).  Thus, 

inhibition of TRPM4 has been suggested as a strategy to increase the force of cardiac 

contraction for patients with heart failure associated with elevated plasma catecholamine 

levels to improve cardiac reserve after β-adrenergic stimulation (Jacobs et al., 2015, 

Mathar et al., 2014b, Mathar et al., 2010).  The development of therapeutics which 

modulate neurohumoral activation may be key to the effective treatment of heart failure in 

future years (Middlekauff and Mark, 1998). 

In a study by Guinamard et al. 2006 expression levels of cardiac TRPM4 mRNA were 

found to be elevated in spontaneously hypertensive rats (SHR), which caused delayed 

after depolarizations (DADs) in these rats compared to normotensive rats (Guinamard et 

al., 2006b).  This implies that TRPM4-mediated currents may play a role in the 

arrhythmogenic remodelling of hypertrophied cardiac cells and could explain the more 

frequent DADs in SHR ventricular cardiomyocytes (Guinamard et al., 2006b).  However, it 

is still unknown if TRPM4 modulates the transient inward (Iti) current that occurs when 

there is Ca2+ overload after cardiac hypertrophy (Kruse and Pongs, 2014).  

Cardiac left ventricular hypertrophy is identified by endothelial dysfunction and irregular 

myocardial relation (MacCarthy and Shah, 2000).  A recent study has demonstrated that if 
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TRPM4 expression is suppressed by siRNA there is a reduction in endothelial protein 

expression and upregulation of fibrotic and extracellular matrix proteins (Echeverria et al., 

2015).  The suppression of TRPM4 by siRNA also led to an increase in intracellular 

calcium levels, which can trigger fibrosis (Echeverria et al., 2015).  The mechanism of 

endothelial fibrosis elucidated by the study demonstrates that suppression of TRPM4 

leads to the stimulation of TGF-β1 and TGF-β2 (Fig. 1.9) that operate through activin 

receptor-like kinase 5 (ALK-5) and translocation of the nuclear profibrotic transcription 

factor smad4 (Echeverria et al., 2015).   Thus they discovered TRPM4 was found to 

maintain endothelial cells, once its expression is reduced it leads to the fibrotic conversion 

of endothelial cells into fibroblasts through TGF- β production and the ALK-5 pathway 

(Echeverria et al., 2015).  In inflammatory disease states the modulation of TRPM4 

expression or the ability to restore the expression of TRPM4 may therapeutically re-

establish endothelial function, particularly for endothelial-to-mesenchymal-transition- 

associated endothelial dysfunction (Echeverria et al., 2015).   
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Figure 1.9  Cardiac pathophysiological pathways associated with TRPM4 mutation 

or aberrant activation. 

(Crnich et al., 2010, Guinamard et al., 2010, Kruse et al., 2009, Weber et al., 2010) 

 

In two recent studies TRPM4 expression was detected in both atrial and ventricular 

cardiomyocytes of wild type mice (Kecskés et al., 2015, Demion et al., 2014).  Global 

knockout of TRPM4 expression (TRPM4-/-) produced left ventricular cardiomyocytes, 

which were smaller and of higher density than cardiomyocytes from wild type mice 

(Demion et al., 2014).  While cardiac specific knockout of TRPM4 expression in mice 

(Trpm4cKO) resulted in a significant increase in cardiomyocyte size after 2 weeks of 

regular Angiotensin II treatment (Kecskés et al., 2015). In response to hemodynamic 

stress the size and function of cardiomyocytes was modified leading to hypertrophy 
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(Kecskés et al., 2015).  The difference in size of the cardiomyocytes after TRPM4 

knockdown in the two different studies is likely a result of Ang II treatment after 

knockdown, as there was no significant difference in the cross-sectional area of WT and 

Trpm4cKO cardiomyocytes without Ang II treatment in the study by Kesckes et. al 2015 

(Kecskés et al., 2015).  An increase in heart size, hypertrophic growth and the 

overexpression of hypertrophy-related genes (α-actinin, ANP and Rcan1) was also 

observed in Trpm4cKO mice after chronic Ang II treatment, compared to WT mice 

(Kecskés et al., 2015).  Additionally, lysates from the TRPM4 KO hearts after angiotensin 

II treatment possessed higher levels of calcineurin protein expression and activity 

compared to wild type, leading to stimulation of the calcineurin-NFAT pathway and the 

progression to pathophysiological hypertrophy (Kecskés et al., 2015). Furthermore, the 

overexpression of a few hypertrophy-related genes was detected after AngII treatment in 

TRPM4cKO mice including (Kecskés et al., 2015). Global TRPM4-/- mice also possessed 

an increased heart weight to body weight ratio and eccentric cardiac hypertrophy even 

without chronic angiotensin treatment due to neonatal hyperplasia (Demion et al., 2014).  

Once TRPM4-/- mice were 6-8 months of age they possessed ventricular dilation and 

moderate cardiac hypertrophy (Demion et al., 2014).  The enlargement in chamber size 

and wall thickness was due to compensatory adjustment of heart proportions for function 

(Demion et al., 2014).  However, no significant difference in heart weight was exhibited in 

Trpm4cKO mice untreated with Ang II compared to WT (Kecskés et al., 2015).  Trpm4cKO 

mice also did not present with hypertension, which was observed in global TRPM4-/- mice 

(Kecskés et al., 2015).   

 

In summary, both overexpression and silencing of TRPM4 in the aforementioned 

studies has induced vasoconstriction and hypertrophy.  Thus restoration or 
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pharmacological modulation of TRPM4 expression to normal physiological levels could be 

of therapeutic relevance. 

1.8 TRPM4 in physiology unrelated to cardiac function 

1.8.1 Lessons from KO mice  

 

TRPM4 is integrally involved in the immune system.  It has been established that 

TRPM4 limits the activation of T lymphocytes and mast cells, as well as regulates the 

migration of mast and dendritic cells (Guinamard et al., 2010, Barbet et al., 2008, 

Vennekens et al., 2007).  TRPM4 knockout mice possess increased IgE dependent mast 

cell stimulation since TRPM4 regulates mast cell membrane potential (Vennekens et al., 

2007).  In mast cells, dendritic cells and T-cells calcium is permeated predominantly by 

NVDCC e.g. Ca2+ release-activated Ca2+ channel protein 1 (Orai1) (Abriel et al., 2012, 

Vennekens et al., 2007).   

1.8.2 Lessons from KD studies and pharmacology in primary cells 

 

TRPM4 has been shown to regulate dental follicle stem cell differentiation (Nelson et 

al., 2013).  During osteoblast formation TRPM4 shRNA knockdown lead to increased 

mineralisation and phosphatase enzyme activity, however dental follicle stem cells did not 

undergo differentiation into adipocytes (Nelson et al., 2013).  Thus TRPM4 expression was 

found to be essential in adipogenesis but impeding osteogenesis (Nelson et al., 2013) 

TRPM4 has also been found to play a role in the production and secretion of 

interleukin-2 (IL-2) from T lymphocytes (Weber 2010)  T helper (Th) cells coordinate the 
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immune response and activate B cells, interestingly TRPM4 was found to be expressed 

higher in Th2 cells than Th1 cells (Weber et al., 2010).  When TRPM4 expression was 

silenced there was a rise in Ca2+ influx and oscillatory levels in Th2 cells and a reduction of 

influx and oscillatory levels in Th1 cells (Weber et al., 2010). Silencing of TRPM4 

expression also affected T cell cytokine production and motility (Weber et al., 2010).  It 

was shown that decreased expression of TRPM4 differentially modulates the nuclear 

localisation of nuclear factor of activated T cells (NFATc1) (Weber et al., 2010).  TRPM4 

silencing resulted in a significant increase of NFATc1 nuclear localisation in Th2 cells and 

a substantial decrease in Th1 cells, this correlated with the difference in IL-2 between Th1 

and Th2 cells (Weber et al., 2010).  A reduction in IL-4 in Th2 cells and interferon gamma 

(IFN- γ) in Th1 cells was also observed (Weber et al., 2010). In coincidence with these 

findings, TRPM4 silencing had no effect on the transcription factors T-bet and GATA-3 

levels, which remained unchanged (Weber et al., 2010).  Therefore, TRPM4 has different 

levels of expression in T helper cells and has a key role in T cell function by modulating 

Ca2+ signalling and the localisation of NFATc1(Weber et al., 2010).   

1.8.3 Lessons from cell lines 

 

T cell activation relies on intracellular Ca2+ oscillatory frequency, embrane 

depolarization by TRPM4 has been shown to decrease the influx of Ca2+ permeation 

(Abriel et al., 2012, Launay et al., 2004, Guinamard et al., 2010).  In turn this reduces the 

amount of intracellular Ca2+ thereby decreasing the allergic response (Abriel et al., 2012, 

Launay et al., 2004, Guinamard et al., 2010).   

 

In pancreatic beta cells, cerebral artery SMCs and inspiratory neurons, TRPM4 is 

activated via PLC-PKC stimulation from G-protein coupled receptors (GPCRs) and 



67 
 

ER/sarcoplasmic reticulum (SR) calcium release (Abriel et al., 2012).  High intracellular 

Ca2+ concentrations induce glucagon release from pancreatic α-cells. Interestingly 

knockdown of TRPM4 expression with shRNA significantly reduced the extent of calcium 

permeation and signalling leading to decreased glucogen secretion (Nelson et al., 2011).  

A few studies have also shown that TRPM4 regulates insulin secretion from pancreatic β-

cells and glucogen release from pancreatic α-cells (Nelson et al., 2011, Marigo et al., 

2009, Cheng et al., 2007).  Inhibition or knockdown of TRPM4 in pancreatic β-cells 

decreased intracellular Ca2+ permeation, which in turn reduced insulin secretion in 

response to glucose (Marigo et al., 2009, Cheng et al., 2007).  Interestingly however, there 

is no current evidence about TRPM4 knockout mice exhibiting the phenotype of reduced 

insulin secretion in response to glucose.  Perhaps a genetic pre-disposition or vulnerability 

predisposes individuals to regulation of insulin release by TRPM4. Another possibility is 

that TRPM4 may regulate insulin release via its interaction with SUMO1, since SUMO1 

has been shown to reduce glucose-stimulated insulin secretion by weakening β-cell 

exocytotic response when intracellular Ca2+ is elevated (Dai et al., 2011).  Nevertheless 

whether TRPM4 may regulate glucagon release and glucose homeostasis requires further 

study (Nelson et al., 2011).   

 
In summary, TRPM4 plays many roles in human physiology, thus it is important to also 

recognise that regulation of TRPM4 levels is critical.  Aberrant or dysregulated expression 

of TRPM4 has been shown to lead to myogenic constriction of cerebral parenchymal 

arterioles, CNS injury, cerebral haemorrhage, cancer and a variety of cardiac 

pathophysiologies.   
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1.9 TRPM4 in Pathophysiology Unrelated to 

Cardiovascular Diseases 

 

Aberrant TRPM4 expression has also been linked to several non-cardiac related 

pathologies such as multiple sclerosis, myogenic constriction of cerebral parenchymal 

arterioles, central nervous system injury, cerebral haemorrhage and cancer.   

Multiple sclerosis is an inflammatory disease of the central nervous system (CNS) 

where axonal and neuronal loss is the major cause for irreversible neurological disability 

(Schattling et al., 2012). However, which molecules contribute to axonal and neuronal 

injury under inflammatory conditions remains predominantly unknown (Schattling et al., 

2012). Schattling and co-workerss displayed that the transient receptor potential 

melastatin 4 (TRPM4) cation channel is crucial in this process. TRPM4 knockout or 

inhibition by glibenclamide (an antidiabetic drug) was found to decrease axonal and 

neuronal degeneration as well as reduce experimental autoimmune encephalomyelitis 

(EAE) clinical disease scores without affecting EAE-related immune function (Schattling et 

al., 2012).  In addition, TRPM4 deletion from the neurons of mice was found to be 

protective against inflammatory excitotoxic stress and energy deficiency in vitro (Schattling 

et al., 2012). While electrophysiological recordings from wild type mouse neurons after 

excitotoxic stimulation exhibited TRPM4-dependent oncotic cell swelling and neuronal ion 

influx (Schattling et al., 2012).  Thus, inhibition of TRPM4 may be a promising 

neuroprotective treatment option in the future (Schattling et al., 2012).   

 

Cerebral parenchymal arterioles (PAs) have been shown to regulate blood flow and 

perfusion pressure in the brain (Li et al., 2014).  In vivo suppression of TRPM4 expression 
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with 9-phenanthrol dramatically decreased myogenic tone of isolated PAs which exhibits 

the key role of TRPM4 in PA myogenic tone development (Li et al., 2014).  Additionally 

TRPM4 downregulation decreased vasoconstriction produced by specific P2Y4 and P2Y6 

receptor ligands UTPγS and UDP by 37% and 42% (Li et al., 2014).  Furthermore, 9-

phenanthrol significantly attenuates purinergic ligand-induced membrane depolarization, 

constriction of PAs and inhibits ligand induced TRPM4 activation in isolated PA myocytes 

(Li et al., 2014).   Taken together, TRPM4 channels are a key player in myogenic 

constriction of cerebral PAs (Li et al., 2014).   

 
Sufonylurea receptor 1 (SUR1)-TRPM4 channels have been found to regulate necrotic cell 

death in several central nervous system (CNS) injuries including ischemic stroke, 

traumatic brain injury and spinal cord injury (Woo et al., 2013b, Kahle et al., 2010, 

Gerzanich et al., 2009).  Co-expression of TRPM4 with Sur1 doubled the affinity of 

calmodulin binding to TRPM4 which increased the sensitivity of the channel to intracellular 

Ca2+ (Woo et al., 2013b). TRPM4 and SUR1 channels have been found to form 

heteromers, which was displayed by co-immunoprecipitation and in vitro expression 

experiments from spinal cord tissue (Kruse and Pongs, 2014).  Sufonylurea receptors 

were previously believed to only associate with Kir 6.1 and Kir 6.2 channels to create KATP 

channels (Kruse and Pongs, 2014).  SUR1-TRPM4 channels are activated by ATP 

depletion and have similar pharmacological properties (Kruse and Pongs, 2014).  The 

formation of SUR1-TRPM4 channels has been shown to influence voltage-dependence, 

decrease rundown and cause cell depolarisation (Kruse and Pongs, 2014).  In rat models, 

SUR1-TRPM4 was found to be expressed in brain epithelial cells and mediate oedema 

formation after trauma or ischemic injury (Kahle et al., 2010).  A depletion of intracellular 

ATP stimulates SUR1-TRPM4 activity, leading to sustained oedema irrespective of cellular 

energy levels (Kahle et al., 2010).  The continuous activation of SUR1-TRPM4 by depleted 
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ATP levels also causes oncotic endothelial cell death resulting in capillary fragmentation, 

microvascular failure and secondary haemorrhage (Kahle et al., 2010).  Interestingly, a 

study by Gerzanich and co-workers (2009) displayed in a rat model of spinal cord injury 

that in vivo knockdown of TRPM4 expression using TRPM4 antisense conserved capillary 

structure, prevented secondary haemorrhage, reduced lesion volume and significantly 

improved neurological function (Gerzanich et al., 2009).  They also found in Cos-7 cells 

expressing TRPM4 that removal of ATP, followed by channel activation led to cell death 

(Gerzanich et al., 2009).  Additionally TRPM4 was found to be overexpressed in tissue 

near spinal cord injuries in rats, the expression of TRPM4 was then downregulated using 

TRPM4 antisense treatment and the TRPM4 inhibitor flufenamic acid (FFA) (Gerzanich et 

al., 2009). The injured rats healed remarkably well to near normal and a three-fold 

decrease in lesion volume was observed 7 days after the treatment (Gerzanich et al., 

2009).  Similarly TRPM4 knockout mice had under half the amount of extravasated blood 

compared to WT mice and also exhibited near total recovery 7 days after spinal cord injury 

(Gerzanich et al., 2009).  The data also showed that when there is TRPM4 overexpression 

in capillary vessel endothelial cells, depleted ATP and high intracellular Ca2+ it leads to 

complete depolarisation of TRPM4 and uninhibited Na+ influx, ultimately causing cell 

swelling and oncotic cell death (Gerzanich et al., 2009).  Thus future therapeutics to 

silence or inhibit TRPM4 pharmacologically may be of value for patients with CNS injuries. 

 

Lastly TRPM4 mRNA expression was found to be upregulated, in various malignant 

neoplastic diseases such as B-cell non-Hodgkin lymphoma, prostate and cervical cancer 

and believed to be involved in the genesis and/or progression of cancer cells (Armisen et 

al., 2011).  A study by Armisen and co-workers displayed that silencing of TRPM4 

expression in a cervical cancer cell line (HeLa cells) reduced the proliferation of cancer 

cells by promoting degradation of β-catenin by GSK-3β and decreased β-catenin/Tcf/Lef-
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dependent transcription (Armisen et al., 2011).  While overexpression of TRPM4 in T-Rex 

293 cells (HEK-293-derived cells) and HeLa cancer cells was found to enhance the 

expression and stability of β-catenin (Armisen et al., 2011).  This enabled β-catenin to 

perform in the nucleus as a transcriptional co-factor which induced the proliferation of T-

Rex 293 and HeLa cells (Armisen et al., 2011). Hence TRPM4 was found to be a key 

modulator of the β-catenin pathway (Armisen et al., 2011).  Abrogated signalling in the β-

catenin pathway is linked to cancer, thus targeting of TRPM4 expression in the future for 

B-cell non-Hodgkin lymphoma, prostate and cervical cancer would be therapeutically 

relevant (Armisen et al., 2011).     

1.10 TRPM4 and Oxidative Stress 

TRPM4 activity is regulated by oxidative stress (Simon et al., 2013).  Hydrogen 

peroxide (H2O2) was found to prevent channel deactivation in cells overexpressing 

TRPM4, this lead to sustained TRPM4 activation without a difference in intracellular 

calcium dependence (Simon et al., 2013).   Remarkably, the mutation of cysteine 1093 

(Cys1093) to alanine was shown to abolish H2O2-mediated desensitization of TRPM4 

(Simon et al., 2013).  Cys1093 is situated near several proline and arginine residues which 

decreases the pKa of Cys1093 and increases its vulnerability to reactive oxygen species 

(ROS) (Simon et al., 2013).  TRPM4 overexpression in cells, has been shown to increase 

their susceptibility to H2O2-mediated cell death due to the sensitivity of Cys1093 to ROS 

(Simon et al., 2013).  In addition, lipopolysaccharide (LPS) derived production of ROS has 

been shown to regulate endogenous TRPM4 currents (Simon et al., 2013).  Thus the 

effect of oxidative stress on TRPM4 is not only endogenous but also exogenous (Simon et 

al., 2013).  TRPM4 is also affected by ROS generated by trauma, which increases the 

expression of TRPM4 in the area of injury (Simon et al., 2013).   A study by Becerra and 

co-workers displayed that TRPM4 plays a key role in LPS-induced endothelial cell death 
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using human umbilical vein endothelial cells (HUVEC) (Becerra et al., 2011).  The 

dysfunction of endothelial cells has been found to assist the progression of cardiovascular 

diseases (Becerra et al., 2011).  Endothelial cell death as a result of lipopolysaccharide 

(LPS)-induced ROS is a hallmark of inflammation from endotoxaemia, which is a leading 

cause of mortality for patients in intensive care units (Becerra et al., 2011).  Interestingly, 

blockade of TRPM4 by 9-phenanthrol or glibenclamide protected the endothelial cells for 

48h from LPS-induced Na+-dependant cell death (Becerra et al., 2011). Additionally, 

suppression of TRPM4 expression by siRNA in a dominant negative mutant also 

decreased LPS-induced endothelial cell death (Becerra et al., 2011).   

A different study also displayed that TRPM4 expression is upregulated in spinal cord 

capillary endothelial cells after spinal cord injury, the inflammation from spinal cord injury is 

similar to that seen in endothelial cells in the presence of LPS; thus it is possible that the 

inflammation was produced by the same ROS inflammatory pathways, however further 

research is required to prove this (Gerzanich et al., 2009, Becerra et al., 2011).  The 

knowledge that TRPM4 inhibition or silencing can prevent LPS-induced endothelial cell 

death will be valuable in the design and development of therapeutics to treat LPS injury 

and sepsis.  

 
 

1.11 TRPM4 Biophysical Properties  

 

Colquhoun and colleagues were the first to identify in 1981 Ca2+-activated non-

selective cation channels or “CAN” channels (Nilius et al., 2007a, Vennekens and Nilius, 

2007, Nilius et al., 2007b).  CAN single channel currents were recorded from neonatal rat 

cardiomyocytes with a conductance ranging from 30-40pS (Guinamard et al., 2006a, 
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Guinamard et al., 2006b).  The CAN channels were shown not to preferentially permeate 

K+ over Na+, however, unfortunately their permeability to Ca2+ was not explored (Abriel et 

al., 2012, Nilius and Vennekens, 2006, Colquhoun et al., 1981, Guinamard et al., 2006a). 

TRPM4 is a CAN channel, which is activated by high levels of intracellular Ca2+ 

(Guinamard et al., 2006a, Nilius et al., 2006).   Analysis of human full length TRPM4 cDNA 

expressed in HEK cells using electrophysiology displayed that TRPM4 activity is 

modulated by calcium and voltage (Nilius et al., 2003, Nilius et al., 2004b). The single 

channel conductance of TRPM4 has been reported to range from 20-30pS (Zhang et al., 

2005, Nilius et al., 2004a, Demion et al., 2007, Launay et al., 2002), this is similar to the 

values reported for classical CAN channels, however the open probability of TRPM4 is 

comparably smaller (Nilius and Vennekens, 2006). TRPM4 currents deactivate quickly at 

negative voltages in both whole cell and cell detached configurations (Nilius et al., 2003), 

while at positive voltages TRPM4 currents are higher and slowly activated (Nilius et al., 

2003).  In HEK293 cells expressing TRPM4, cation currents were recorded using patch-

clamp in whole-cell mode, once cells were loaded with a concentration of intracellular Ca2+ 

the current-voltage relationship was found to be strongly outward rectifying or quasi-linear 

and very large currents  of 10nA (+100mV) were recorded (Nilius and Vennekens, 2006).  

The instantaneous current-voltage relationship was found to be linear (ohmic), taken from 

the tail current amplitudes after a pre-pulse to positive potentials (Nilius et al., 2003).  The 

macroscopic currents from inside-out and outside-out patches were also outwardly 

rectifying, however TRPM4 rectification can be extremely variable (Nilius and Vennekens, 

2006).  The number of open channels is higher at positive potentials and lower at negative 

potentials indicating a Boltzmann type of voltage dependence (Nilius et al., 2003).   

 

Nilius and co-workers designed a minimal kinetic model, which displays the Ca2+ and 

voltage-dependent gating of TRPM4 (Nilius et al., 2004a).  Since voltage alone is not able 
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to activate TRPM4 in the absence of Ca2+ , a linear three-state sequential model was 

determined where the binding of Ca2+ occurs before voltage-dependent activation (Fig. 

1.10) (Nilius et al., 2004a).  C and C* signify the Ca2+-free and Ca2+-bound closed states of 

the channel and O is the open state of the channel (Nilius et al., 2004a).  When voltage (V) 

is applied α(V) rises and β(V) declines exponentially proportional to the amount of voltage 

(Nilius et al., 2004a).  The binding of Ca2+ (Kd = k-1/k1) is predicted to be more rapid than 

voltage-dependent gating (Nilius et al., 2004a).   

 

 

 

Figure 1.10  Minimal kinetic model of the calcium and voltage-dependent gating of 

TRPM4. 

(Nilius et al., 2004a) 

 
 

TRPM4 was also recorded from mouse sino-atrial node (SAN) cells and HEK293 cells 

using the excised inside-out configuration (Nilius et al., 2004a, Demion et al., 2007).  The 

kinetics of current activation directly after patch excision was determined to be faster than 

at stationary level and Ca2+ concentration had a significant effect on activation rate and 

current amplitude (Nilius et al., 2004a).  Where currents produced from 300 µM Ca2+ were 

larger than the currents from 3 µM Ca2+, which is typical for a Ca2+-activated channel 

(Nilius et al., 2004a).  Nilius and co-workers displayed that the decay of the current after 

patch excision is due to a reduction in the affinity of TRPM4 for Ca2+, which is why there is 

faster current decay at low Ca2+ concentrations compared to high concentrations of Ca2+ 
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(Nilius et al., 2004a).  It is thought that this due to the gradual loss of an intracellular 

modulator of TRPM4, this may also account for the widespread difference in the Ca2+ 

sensitivity of TRPM4 in different cells (Nilius et al., 2004a).  In excised inside-out patches 

from  mouse SAN cells the current-voltage relationship was linear or ohmic with a slope 

conductance of 20.9±0.5 pS and a reversal potential of -0.4±1.1 mV (Demion et al., 2007).  

While the conductance from excised inside-out patches of HEK293 was 25pS (Nilius et al., 

2004a). In mouse SAN cells channel activity increased with depolarization, as shown by 

the open probability determined at different membrane potentials (Demion et al., 2007). 

The ion selectivity of TRPM4 was determined by varying the composition of ions on the 

cytoplasmic face (Demion et al., 2007).  By reducing the concentration of NaCl from 145 

mM to 42 mM or 14 mM it shifted the reversal potential to more positive voltages and 

yielded a conductance of 24.1±2.4 pS (n=4) and 21.8±1 pS (N=5) respectively (Demion et 

al., 2007).   This monovalent cation selectivity was further assessed by replacing 145 mM 

NaCl with 145 mM KCl, and the conductance only increased slightly to 25.3±0.3 pS (n=4) 

(Demion et al., 2007).   

 

The voltage dependence of TRPM4 is not reliant on voltage-dependent binding of Ca2+ 

to an active site or block by divalent cations, since it has intrinsic voltage-sensing 

capability (Nilius et al., 2003). TRPM4 is a non-selective monovalent cation channel (Na+ > 

K+ >> Cs+ > Li+), which relates to possessing a reasonably high field strength binding site 

inside the channel pore (Nilius and Vennekens, 2006).   TRPM4  is Ca2+ impermeable due 

its selectivity filter being highly acidic, possessing three aspartates or glutamates (Nilius 

and Vennekens, 2006, Nilius et al., 2005a).  Interestingly mutation of one of these residues 

(E997Q) rendered the channel weakly permeable to Ca2+ (Nilius et al., 2005a). The 

activation of TRPM4 by calcium is followed by fast densensitization and run down within 

30-120 seconds in whole cell mode (Nilius and Vennekens, 2006). A few groups have 
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reported sustained TRPM4 currents from inside-out patches, while others describe a 

decrease to the steady-state level (Nilius and Vennekens, 2006). The rate and duration of 

desensitisation depends inversely on the concentration of Ca2+ added to the inner side of 

the patch (Nilius and Vennekens, 2006).  An increase in intracellular Ca2+-stimulated 

activation is followed by a decrease in currents through TRPM4 (Nilius and Vennekens, 

2006, Nilius et al., 2003). During whole cell and cell-free modes, current through TRPM4 is 

deactivated quickly at negative potentials, however, in cell-free patches inactivation is 

significantly less (Nilius et al., 2003).  Whereas at positive potentials TRPM4 currents 

activate gradually and are larger (Nilius et al., 2003).  The behaviour of TRPM4 voltage-

dependent, exhibiting an outward rectification steady state currents (Nilius et al., 2003). 

The calcium sensitivity of TRPM4 relies on several conditions including the presence of 

calmodulin, decavanadate, PKC-mediated phosphorylation and PIP2 (Nilius and 

Vennekens, 2006).  When PIP2 was applied to the cytosolic end of excised inside-out 

patches it reversed the desensitisation of TRPM4 (Nilius and Vennekens, 2006).  Thus the 

calcium sensitivity of TRPM4 is highly regulated by different cellular components.   

1.12 Pharmacology and Physical Activators / Deactivators 

of TRPM4 

 

There are several activators of TRPM4, two of which are pharmaceutical compounds -

decavanadate and BTP2 (N-(4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl)-4-methyl-

1,2,3-thiadiazole-5-carboxamide).    Decavanadate (1.9-50 µM) specifically activates 

TRPM4, causing an increase in the inward current through TRPM4 at negative potentials, 

which inhibits voltage-dependent closure of the channel (Nilius et al., 2004a, Simon et al., 

2013).  The exact mechanism is unknown, but decavandate activation is thought to involve 

the C-terminus of TRPM4 (Abriel et al., 2012, Nilius et al., 2004a).  BTP2 is a pyrazole that 
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has been shown to inhibit interleukin 2 release from lymphocytes through blocking calcium 

release activated channels (CRAC) (Abriel et al., 2012).  BTP2 (2.2-10 µM) was shown to 

activate TRPM4 in heterologous expression systems and decrease the desensitisation of 

TRPM4 current after activation (Abriel et al., 2012, Takezawa et al., 2006).   BTP2 

however lacks specificity for TRPM4 alone as it  also inhibits store operated ICRAC, TRPC3 

and TRPC5b currents (Abriel et al., 2012).   Naturally occurring, intracellular agonists of 

TRPM4 such as hydrogen peroxide (H2O2, 200 µM), calcium (100nM-1mM ) and 

phosphatidylinositol 4,5-biphosphate (PIP2, 10 µM) have also been shown to stimulate 

TRPM4 activity (Nilius et al., 2004b, Nilius and Vennekens, 2006, Zhang et al., 2005, 

Launay et al., 2002, Demion et al., 2007, Launay et al., 2004, Morita et al., 2007).  When 

PIP2 is cleaved by phosopholipase C (PLC) it produces several messengers including 

inositol 1,4,5-triphosphate (IP3), diacylglycerol (DAG) and phosphatidyl inositol 

triphosphate (PIP3), which modulate many voltage-gated K+ and Ca2+ channels (Nilius et 

al., 2006).  PIP2 has been shown to regulate TRPM4 activity in the presence of Ca2+ by 

increasing its sensitivity to Ca2+and shifting its voltage-dependence of activation to 

negative potentials, which affects the desensitization of the channel (Kruse and Pongs, 

2014).  TRPM4 activation is also regulated by protein kinase C (PKC) and ATP (Nilius et 

al., 2006).   Phorbol 12-myristate 13-acetate (PMA, 1 µM), an activator of PKC, amplified 

TRPM4 Ca2+ sensitivity fourfold and reduced desensitization (Nilius et al., 2005b, Nilius 

and Vennekens, 2006).  However, this effect was removed when either of the C-terminal 

residues of TRPM4 (S1145 or S1152), which are phosphorylated by PKC, were mutated 

(Nilius and Vennekens, 2006).  Additionally Mg-ATP (2 mM), but not free ATP, was shown 

to play a role in preventing TRPM4 channel desensitisation (Nilius and Vennekens, 2006).  

Desensitisation of TRPM4 currents was also inhibited by hydrogen peroxide (200 µM 

H2O2) which oxidised certain cysteine residues leading to sustained activation of the 

channel (Simon et al., 2010). Another activator of TRPM4 was found to be heat, most ion 
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channels are responsive to temperature with a gating temperature coefficient (Q10) of 3-4, 

however, TRP channels are known for having high Q10 values (Nilius and Vennekens, 

2006).  At 25mV TRPM4 has a high Q10 value of 8.5±0.6 at 15-25°C (Nilius and 

Vennekens, 2006).  Higher temperatures stimulated voltage-dependant channel opening 

at negative potentials, however had a negligent effect on the calcium dependence of the 

channel (Nilius and Vennekens, 2006). Therefore, the heat dependence of TRPM4 is not 

via changing its calcium sensitivity but by shifting voltage-dependent activation curves, this 

mechanism of temperature detection is the similar to TRPV1 (Nilius and Vennekens, 

2006).  

 

TRPM4 was shown to be inhibited by several compounds including flufenamic acid, 

glibenclamide, MPB-104 (5-butyl-7-chloro-6-hydroxybenzo[c]quinolizinium chloride), 

clotrimazole, and intracellular nucleotides (Abriel et al., 2012, Nilius et al., 2004b). 

Flufenamic acid (FFA) is a non-steroidal anti-inflammatory drug (NSAID), which inhibits 

TRPM4 (Abriel et al., 2012).  FFA has been used in multiple studies to identify 

endogenously or heterologously expressed TRPM4 currents (Abriel et al., 2012, Ullrich et 

al., 2005).  However, not only does it inhibit TRPM4 but also Ca2+ activated chloride 

channels (White and Aylwin, 1990, Yau et al., 2010, Hill et al., 2004). Glibenclamide is an 

anti-diabetic, sulfonylurea compound which has also been shown to inhibit TRPM4  

(Schattling et al., 2012, Mathar et al., 2014a), SUR1 and KATP , however it does not block 

heterologously-expressed TRPM4 unless it is co-expressed with SUR1 (Kruse and Pongs, 

2014, Abriel et al., 2012).  Glibenclamide is an anti-diabetic compound and an established 

inhibitor of ATP-binding cassette proteins, it is predicted that it binds to the two ABC 

transporter signalling motifs of TRPM4, however the actual mechanism is unknown (Abriel 

et al., 2012, Simard et al., 2014). Additionally, clotrimazole (1-10 µM), an antifungal drug, 

also inhibits TRPM4 along with other channels including the Ca2+-activated K+ channel 
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(Abriel et al., 2012, Ullrich et al., 2005). Interestingly, MPB-104, a cystic fibrosis 

transmembrane conductance regulator also inhibits TRPM4 without affecting the 

conductance of the channel by changing its membrane potential and driving force which 

affects ion flux (Abriel et al., 2012, Grand et al., 2008).  TRPM4 is also inhibited by 

intracellular nucleotides including ATP (1.7-500 µM), ADP (2.2 µM), AMP (19 µM), 

adenosine (630 µM) and AMP-PNP (19 µM). (Simon et al., 2013, Demion et al., 2007, 

Nilius et al., 2004b).      

Channel blockers of TRPM4 include 9-phenanthrol, spermine and ATP.  9-phenanthrol 

(20 µM) is a hyroxytricyclic inhibitor of TRPM4, which is a voltage-independent blocker and 

has no effect on its homologues of TRPM4 like TRPM5, TRPC3, TRPC6 and a variety of 

K+ channels (Grand et al., 2008, Kruse and Pongs, 2014).  However, its specificity is also 

somewhat questionable because the compound also has been shown to affect certain 

voltage-gated K+ and Ca2+ channels in primary cardiomyocytes (Kruse and Pongs, 2014).  

TRPM4 is also blocked by the polyamine Spermine (61 µM), which is delivered on the 

inner side of the plasma membrane to quickly and reversibly block TRPM4 currents (Nilius 

et al., 2004b).  Additionally, ATP at higher concentrations (2-19 µM) has been shown to 

block TRPM4 but the mechanism is unknown (Nilius et al., 2004b).  TRPM4 is highly 

sensitive to intracellular ATP levels because ATP is a mediator of TRPM4 Ca2+ sensitivity 

by binding directly to the channel or as a substrate for lipid kinases to maintain an 

adequate level of PIP2 for channel activation (Nilius and Vennekens, 2006).  Mutation of 

different ATP binding sites decreased the sensitivity of TRPM4 to Ca2+ (Nilius and 

Vennekens, 2006).  It was proposed by Nilius et al. (2004) that TRPM4 may have a role in 

the protection of metabolically injured cells by depolarizing the membrane in response to 

activation by elevated intracellular Ca2+ and depleted intracellular ATP levels (Nilius et al., 

2004b).  Under normal physiological conditions it is thought that membrane depolarization 
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by TRPM4 would reduce the permeation of Ca2+ into metabolically injured cells to prevent 

excessive Ca2+ overload (Nilius et al., 2004b).    

 
As many of the compounds which activate, inhibit or block TRPM4 often lack specificity 

or only bind weakly in micromolar range the development of more specific compounds is 

required for clinical usage once more is known about TRPM4 structure.      

1.13 TRPM4 Structure 

 

Taken together, TRPM4 has been implicated by multiple studies as a pharmacological 

target for the treatment of heart failure and numerous other pathophysiologies, therefore it 

is important to investigate the functional and structural properties of the protein.  TRPM4, 

like other TRP channels, is expected to have similar tetrameric structure to the superfamily 

of voltage and ligand-gated potassium channels due to the high sequence similarity in their 

transmembrane domains (Harteneck et al., 2000). The TRP family may be divided into 

several subfamilies based on their sequence similarity, cytosolic domain homology and 

function (see Figure 1.11 for the structural domains of different members of the TRP 

superfamily).   
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Figure 1.11  Structural domains of the TRP superfamily. 

(Clapham, 2003) 

 

All TRPM channels have no ankyrin repeats in their cytoplasmic N-terminus in contrast 

to other TRP channels, however they possess four regions with high homology (TRPM 

homology regions = MHR) (Gaudet, 2006, Nilius et al., 2006).    A missense mutation in 

the MHR1 region of TRPM6 (S141L) has been shown to lead to hereditary 

hypomagnesemia and disable the oligomerisation of the  channel (Gaudet, 2006).  

Additionally, a splice variant of TRPM1 comprised of only the N-terminal segment 

prevented the translocation of full length TRPM1 to the plasma membrane (Gaudet, 2006).  
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Therefore, it is speculated that the MHR could also play a role in the oligomerisation 

and/or may assist in transport of TRPM channels to the plasma membrane (Gaudet, 

2006).  The TRPM channel family also all have C-terminal coiled-coil domains.  C-terminal 

coiled-coil domains are predicted to mediate interaction with secondary messenger lipids, 

however, this potential function has not yet been demonstrated experimentally (Nilius et 

al., 2005a).  Interestingly, deletion of the R1136ARDKR1141 sequence in the C-terminal 

coiled-coil domain (~100 amino acids) of TRPM4 eliminated the effect of decavanadate on 

TRPM4 activation, suggesting this domain may play a key role in its structure and function 

(Nilius et al., 2004a, Nilius and Vennekens, 2006, Nilius et al., 2007a).   

Out of the TRPM subfamily, TRPM4 most closely resembles TRPM5 sharing 50% 

sequence homology (Nilius and Vennekens, 2006).  The amino (N)-terminus and carboxy 

(C)-terminus of TRPM4 are both cytoplasmic and contain many protein-protein interaction 

motifs including 4 x Walker B motifs, 2 x ABC transporter motifs, a TRP domain, 2 x 

pleckstrin homology (PH) domains, protein kinase A (PKA) and protein kinase C (PKC) 

phosphorylation sites, a coiled–coil domain and several calmodulin binding domains 

(Figure 1.12) (Kruse and Pongs, 2014, Nilius and Vennekens, 2006). TRPM4 has 5 

calmodulin binding domains (CaMBD), two on the N-terminus and 3 on the C-terminus 

(Nilius and Vennekens, 2006, Kruse and Pongs, 2014).  Deletion of any one of three 

CaMBDs on the C-terminus of TRPM4 decreased current activation by removing Ca2+ 

sensitivity and the voltage dependence was shifted to highly positive potentials (Nilius and 

Vennekens, 2006).   TRPM4 sensitivity to PIP2 requires functional PH domains, which 

contain positively charged amino acids (Nilius and Vennekens, 2006, Nilius et al., 2008).  

PH domains are also a binding site for decavanadate (Nilius and Vennekens, 2006).  

Neutralisation of the positive amino acids in the domain led to rapid desensitization and 

decreased sensitivity to PIP2 (Nilius et al., 2006).  Unlike other TRP channels, the TRP 
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domain has been shown not to be important for the sensitivity of TRPM4 to PIP2 (Kruse 

and Pongs, 2014, Nilius et al., 2008).  The N-terminal ABC and Walker motifs have also 

been shown to regulate TRPM4 activity, where mutations led to faster and almost 

complete desensitisation of TRPM4 currents (Kruse and Pongs, 2014).   

 

 

Figure 1.12  Structural scheme of a TRPM4 monomer/subunit with functional 

domains and disease mutations sites displayed. 

Transmembrane spanning helices (TM1-TM6) are represented by grey cylinders.  

Functional domains are indicated by coloured boxes.  Walker B = Walker B motif, ABC= 

ABC domain, CaM = calmodulin binding site, TRP = TRP-homology domain, PH = 

pleckstrin homology domain, PKC = PKC phosphorylation site.  Coloured stars are 
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positioned at cardiac conduction disease mutation sites.  CHB = complete heart block, 

AVB = atrio-ventricular block, RBBB = right bundle branch block (Kruse and Pongs, 2014).   

 

Each TRPM4 monomer (or alpha subunit) is comprised of six transmembrane-spanning 

helical domains (S1-S6) (Fig1.12 and Fig 1.14) (Nilius and Vennekens, 2006, Kruse and 

Pongs, 2014, Abriel et al., 2012).  The sensor region of TRPM4 has been reported to be 

located in helices S1-S4, which serves to receive signal/s and transduce the signal to the 

gate opening or closing the pore (Li et al., 2011, Abriel et al., 2012).  The region from S4 to 

the S4-S5 linker of TRPM4 possesses 37% similarity to voltage –gated K+ channel Kv1.2 

by sequence alignment (Nilius and Vennekens, 2006). The main voltage sensor region in 

Kv channels is located in S4, where there is a group of positively charged amino acids, 

thus the S4 region of TRPM4 is also predicted to play a role in voltage-sensing, however 

this has not yet been demonstrated experimentally (Nilius and Vennekens, 2006).  

Interestingly, only two of the four arginines which enable voltage sensing in Shaker-type K+ 

channels are expressed in TRPM4. This decreases the positive charge in the region which 

creates a shift in voltage-dependent activation, making TRPM4 less susceptible to voltage 

than Shaker-type K+ channels  (Nilius and Vennekens, 2006). 

The selectivity pore is located between the fifth and sixth transmembrane domains (S5-

S6) spanning the lipid membrane and functions to pass ions and/or hydrophilic molecules 

(Li et al., 2011, Abriel et al., 2012).  The S5-S6 transmembrane domains are highly 

conserved among all the TRPM channels and also have some degree of homology to 

KcsA potassium channel and TRPV channels (Fig 1.13) (Nilius and Vennekens, 2006). 

Mutagenesis of TRPM4 has demonstrated that the residues in the S5-S6 selectivity filter 

transmembrane domain are critical in determining the conductance and ion selectivity of 

the channel (Abriel et al., 2012, Nilius et al., 2005a).  The selectivity pore of TRPM4 is 
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formed by the association of transmembrane domains from each subunit of the protein (Li 

et al., 2011, Abriel et al., 2012).  The region contains a hydrophobic stretch followed by a 

highly conserved aspartate (Nilius and Vennekens, 2006).  There are three sites with 

conserved negatively charged amino acids between the pore helix and the invariant 

aspartate (Fig 1.13) (Nilius and Vennekens, 2006).  If the six amino acid motif  EDMDVA 

containing the conserved aspartate and the two nearby negative charges are replaced with 

the TRPV6 selectivity filter (highly Ca2+ permeable) it will change the channel properties to 

be weakly calcium permeable possessing both the gating properties of TRPM4 (activated 

by intracellular Ca2+, voltage dependence) and TRPV6 (blockade by extracellular Mg2+ and 

Ca2+) (Nilius and Vennekens, 2006).   If the second aspartate of the EDMDVA motif is 

neutralised, TRPM4 is no longer functional and its expression is dominant negative if co-

expressed with wild type TRPM4 (Nilius and Vennekens, 2006).  Additionally, point 

mutations in the EDMDVA motif changed the permeability for monovalent cations and  the 

inactivation properties of TRPM4, thus the motif is highly likely  to be part of its selectivity 

filter (Nilius and Vennekens, 2006). 
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Figure 1.13  Structure of the TRPM4 pore. 

A) TM5-TM6 pore region displaying the transmembrane helices, pore helix and positioning 

of the selectivity filter residues.  The model was formed using a template of the potassium 

crystallographically-sited activation (KcsA) channel pore.  B) Alignments of the selectivity 

filter sequences of TRPM4, TRPM5, TRPV6 and KcsA.  Positioning of the alpha helices, 

selectivity filter and common residues are highlighted.  C) Modelling of the electrostatic 

potentials in the selectivity filter of TRPM4, negative charges are colour-coded red, 

positive charges are blue and neutral charges are white.  The localisation of key residues 

are labelled (Nilius and Vennekens, 2006).  
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Since TRPM4 lacks repetitive transmembrane motifs it is expected that it oligomerises 

to form a functional ion channel (Coste et al., 2012). TRPM4 has been predicted to form 

tetramers whether they are homo- or heterotetramers as functional units (Figure 1.14) 

(Abriel et al., 2012).    

 
 

Figure 1.14 Proposed monomeric and tetrameric structures of transient receptor 

potential channels. 

A)  The monomeric structure has 6 transmembrane domains with the pore region between 

the 5th and 6th transmembrane domains.  B)  Predicted tetrameric structure with the pore 

loops in the centre to form the selectivity pore (Watanabe et al., 2009).   

 

A few TRP channels have already been shown to form tetramers by electron 

microscopy and cryo-electron microscopy including TRPV1 (Fig 1.15), TRPV4, TRPA1, 

TRPC3 and TRPM2 (Liao et al., 2013, Maruyama et al., 2007, Paulsen et al., 2015, 

Shigematsu et al., 2010, Mio et al., 2005, Mio et al., 2007, Cao et al., 2013b).    
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Figure 1.15  3D reconstruction of TRPV1 derived from single particle cryo-electron 

micrographs. 

c) Images of 3 different 2D class averages which display detailed characteristics of the 

TRPV1 tetrameric channel (d-g). Different orientations of TRPV1 from a 3D density map 

filtered to 3.4 Å resolution, each monomer is colour coded.  The TRPV1 channel is 

presented in four different orientations from the side (d,e), top (f) and bottom (g).  The 

arrow in the side orientation of TRPV1 (d) points to the β-sheet structure of the cytosolic 

domain (Liao et al., 2013). 

 

Recent evidence by Clemençon and colleagues has also suggested that TRPM4 is 

tetrameric, based only on negative stain electron micrographs displaying  low resolution 

particles of different size (Clemencon et al., 2014). The majority of the projections are of 
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TRPM4 in its monomeric form, while larger particles were identified as potential tetramers 

based on their overall size (Fig. 1.16) (Clemencon et al., 2014).  

 

 

 

Figure 1.16  Negative stain TEM micrographs of heterologously expressed, purified 

human TRPM4 monomers and oligomers. 

Top panel features 5 selected images of TRPM4 in its monomeric form.  The lower panel 

features 5 selected images of TRPM4 in its oligomeric form which is suggested to be 

tetrameric (Clemencon et al., 2014).  

 

However, more evidence is required to affirm this finding.  In this project the supra 

molecular structure of TRPM4 was investigated using a variety of methods.  In addition, 

liposomal reconstitution was used to determine the functional characteristics of the 

heterologously expressed and purified TRPM4 protein. 
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1.14   Techniques Employed in This Project for 

Investigating the Oligomeric Structure of TRPM4 

1.14.1 Blue Native Gel Electrophoresis 

 

Blue native gel electrophoresis (BN-PAGE) is a sensitive, high resolution method used 

to investigate the molecular mass, oligomeric state and homogeneity of native proteins 

(Schagger et al., 1994, Wittig et al., 2006).  BN-PAGE differs from standard native gel 

electrophoresis by the addition of Coomassie blue G-250 to the cathode buffer and to 

proteins prior to fractionation on the native gel (Wittig et al., 2006).  Coomassie blue G-250 

is soluble in water yet possesses sufficient hydrophobicity to bind to membrane proteins 

(Wittig et al., 2006).  The binding of many Coomassie blue G-250 molecules creates a 

charge shift to proteins which even enables basic proteins to fractionate toward the anode 

at pH 7.5 (Wittig et al., 2006).  However, this doesn’t mean that proteins are resolved by 

their charge to mass ratio but rather by their size in the native acrylamide gradient gel 

(Wittig et al., 2006, Schagger et al., 1994).  The migration of proteins through native 

gradient gels slows with running distance and smaller pore size, proteins will halt their 

migration once they reach their specific pore size limit (Schagger et al., 1994, Wittig et al., 

2006).  Since negatively charged protein surfaces repel each other the inclusion of 

Coomassie dye has the ability to decrease aggregation and precipitation  by coating these 

proteins which changes their surface charge (Wittig et al., 2006, Schagger et al., 1994).  

Additionally membrane proteins behave as water soluble proteins once coated with the 

dye since membrane surface areas lose their hydrophobicity, which means that the 

addition of detergent to proteins is not required for BN-PAGE gels if Coomassie dye is 
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added (Schagger et al., 1994, Wittig et al., 2006).  However, the conformation adopted by 

the native protein can cause ~15% error when estimating the expected size (Coste et al., 

2012). Therefore, BN-PAGE is a method which provides higher protein resolution based 

on protein size compared to standard native gel electrophoresis and provides reasonable 

accuracy when estimating size of a native protein complex (Coste et al., 2012, Schagger 

et al., 1994).  

1.14.2 Crosslinking 

 

The subunit structure of protein complexes may be investigated using crosslinkers 

since they only bind to surface residues which would be in close proximity in the native 

state (Kapoor, 1996).  Chemical crosslinkers may be homo- or hetero-bifunctional 

reagents with the same or different reactive groups at each end, respectively, which 

enable inter-and intra-molecular crosslinking (Kapoor, 1996).  Inter-subunit crosslinking is 

useful for investigating the quarternary structure and subunit arrangement of homo-

oligomeric proteins, while intra-subunit crosslinking can preserve and stabilise the tertiary 

structure of proteins (Kapoor, 1996).  Homo-bifunctional crosslinkers which react with 

primary amine groups (e.g. amino group of Lysine) are commonly used because they are 

water soluble and create stable inter- and intra- subunit bonds (Kapoor, 1996).  Examples 

of popular homo-bifunctional crosslinkers are formaldehyde, bis-sulfosuccinimidyl suberate 

(BS3) and dithiobis(succinimidyl propionate) (DSP) (Kapoor, 1996, Adikwu, 2009).  Each 

of these crosslinkers join individual protein monomers by inducing nucleophilic attack of 

the primary amines of amino acids which forms covalent “amidine” bonds between the 

monomers via the bifunctional crosslinker (Adikwu, 2009, Kapoor, 1996).  Crosslinkers 

which are homo-bifunctional with varying spacer arm length are useful for determining the 

length between crosslinked residues on neighbouring subunits of oligomeric proteins 
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(Kapoor, 1996).  Thus, use of more than one chemical crosslinker with a different spacer 

arm length is straightforward and convincing evidence of the close proximity of proteins 

and their subunit structure (Kapoor, 1996).   

1.14.3 Size-Exclusion Chromatography-Multi-Angle Laser 

Light Scattering (SEC-MALLS) 

 

SEC-MALLS (static light scattering) is presently one of only two methods available 

(apart from sedimentation equilibrium centrifugation) to measure the absolute molecular 

mass of a protein in a protein-detergent micelle without already assuming the amount of 

detergent (and/or lipid) bound (Slotboom et al., 2008).  It is challenging to investigate the 

subunit stoichiometry of membrane proteins in detergent solution because the size of the 

detergent (and or lipid) micelle/s bound to the proteins is normally unknown (Slotboom et 

al., 2008).  The ratio of protein to detergent in protein-detergent micelles is hugely variable 

and relies on the properties of the protein and the detergent (Slotboom et al., 2008).  

Therefore, methods which calculate the molecular mass of proteins by their Stokes radius 

are unsuitable for protein-detergent complexes (Slotboom et al., 2008).  Size-exclusion 

chromatography (SEC) is often used to determine the molecular mass of proteins, where 

larger proteins will elute earlier than smaller species since the elution volume depends on 

the size of the Stokes radius of a protein (Slotboom et al., 2008).  After a SEC column is 

calibrated with globular, soluble standard proteins of known molecular weight and Stokes 

radius, the elution volumes can be used to form a plot to predict the Stokes radii of other 

proteins (Slotboom et al., 2008).  If the protein is globular like the standard proteins then its 

molecular weight may be inferred using this method since the partial specific volume of all 

soluble proteins are similar (Slotboom et al., 2008).  However this method is unsuitable for 

calculating the molecular weight of membrane proteins due to bound detergent micelles. 
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Nevertheless, the overall size of the protein-detergent complex  can be estimated 

(Slotboom et al., 2008).  This issue applies for other methods, which estimate the 

molecular mass of proteins from their hydrodynamic radius, including sedimentation 

velocity measurements, native gel electrophoresis, dynamic light scattering and 

Fluorescence Correlation Spectroscopy (FCS) (Slotboom et al., 2008).   

For these reasons SEC-MALLS (Multi Angle Laser Light Scattering) is one of the 

methods preferred to determine the absolute molecular weight of membrane proteins in 

detergent and/or lipid micelles (Slotboom et al., 2008).  It is emphasised in SEC-MALLS 

that SEC is used to only physically separate different protein and detergent species 

(protein aggregates, degraded protein or empty micelles) from the protein of interest.  The 

elution volumes of proteins or detergent are not used in any equations for molecular 

weight determination (Slotboom et al., 2008). In SEC-MALLS measurements from the 

difference in ultra-violet (ΔUV280), refractive index (ΔRI) and light scattering (ΔLS) signals 

between solutions with and without the protein are collected simultaneously and 

continuously through a SEC run, see Fig 1.17 (Slotboom et al., 2008).  The reference flow 

cell is filled with the same buffer solution that the protein is maintained in (without the 

protein) to ascertain the baseline values for the UV, RI and LS signals (Slotboom et al., 

2008).  This is important since the RI signal is sensitive to and fluctuates with minor 

differences in solutes or ions (Slotboom et al., 2008).  SEC ensures that the reference flow 

cell is in identical buffer to the sample because it is an isocratic technique, which allows 

accurate calculation of the baselines for each of the detectors (Slotboom et al., 2008).  

Other chromatography methods including ion-exchange or affinity chromatography are not 

suitable since the buffer composition needs to be changed to elute the proteins from the 

column which forms gradients in the RI signal leading to inaccuracies (Slotboom et al., 

2008).  



94 
 

 

Figure 1.17 Chromatogram displaying the signals from RI, Light scattering and UV 

detectors used to determine protein molecular weight.   

RI = green, Light scattering = red and UV280 = blue, the light scattering and UV traces are 

superimposed.  The black and brown lines are fitted to the signals of the peak to calculate 

the molecular mass of bovine serum albumin (BSA) (Slotboom et al., 2008). 

 
For light scattering measurement, solutions pass through a measurement cell beamed 

with a 658 nm laser and scattered light is detected at 3 different angles (49°; 90° and 131°) 

using a miniDAWN TREOS detector (Wyatt Technology).  The molecular mass values of 

proteins obtained by light scattering measurements are weight-averaged molecular 

masses, if a protein is not monodisperse because there are aggregates contaminating the 
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sample even in minor amounts, the protein molar mass will not be the same as the weight-

averaged molecular mass (Slotboom et al., 2008).  The formula below in Fig 1.18 has 

been used to calculate the molecular masses of proteins at any position in a 

chromatogram using the signals from ΔUV280, ΔRI and ΔLS (Slotboom et al., 2008).   

 
 

Figure 1.18 Equation used to determine the molecular weight of a protein in a 

detergent/lipid micelle.   

The “three detector method” equation enables the molecular weight of the protein to be 

calculated without knowing the dn/dc (specific refractive index increment) values of the 

protein or detergent in the micelle.  However, this equation may only be used if the 

detergent does not absorb UV light at 280 nm which is used for obtaining protein 

concentration.  In which case, the more complex “ASTRA method” should be used, where 

the specific refractive index increment (dn/dc) values of the protein and detergent must be 

known.  K = a constant reliant on the RI of the solution without protein, wavelength of the 

light, Avogadro’s number, the angle between the incident and scattered light and distance 

between the scattering molecule and the detector (Slotboom et al., 2008). 

 
 

An advantage of using SEC-MALLS is that it does not require that the shape of the 

protein or the amount of detergent bound to the protein to be known to calculate protein 

molecular mass (Slotboom et al., 2008). The accuracy of SEC-LS for calculating protein 

molecular weight has been demonstrated for many soluble proteins, where overall error 
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was less than 5% which suggests that it is suitable for investigating the stoichiometry of 

homo-oligomers with up to 20 monomers (Slotboom et al., 2008).  Unfortunately, the 

accuracy of SEC-MALLS in determining the molecular weight of membrane proteins in 

protein-detergent micelles was slightly lower since three detectors are used rather than 

two, also extinction co-efficients and dn/dc values must be calculated, which can introduce 

error if the values are inaccurate (Slotboom et al., 2008). However, membrane protein 

oligomers of up to 10 subunits have been characterised previously (Slotboom et al., 2008).  

Interestingly, the calculation of the amount of detergent conjugated to the protein is even 

less accurate because the dn/dc of the protein and detergent are required and if they are 

inaccurate it produces additional error (Slotboom et al., 2008).  Another possible source of 

error is that there could be other molecules conjugated to the membrane protein (lipids or 

carbohydrates) (Slotboom et al., 2008). The dn/dc of lipid is similar to the dn/dc of 

detergent for most detergents and phospholipids, frequently a single value is used to 

determine the mass of a lipid-detergent micelle (Slotboom et al., 2008).   Nonetheless, the 

calculation of the molecular weight of the protein is unaffected by any inaccuracies in the 

calculated molecular weight of the detergent, lipid or carbohydrate when using the three-

detector method (Slotboom et al., 2008).   

1.14.4 Transmission Electron Microscopy 

 

Transmission electron microscopy (TEM) is an imaging method which enables the 

shape, structure, size and principal surface features of proteins to be elucidated with 

nanometer scale resolution (Cole, 2012, Reimer, 2013). During conventional TEM a 

specimen is irradiated with an electron beam which has uniform current density, electron 

energy ranges from 60-150 kilo-electronvolt (keV) (Reimer, 2013). Electrons are 

discharged from an electron gun using field emission from pointed tungsten filaments or 
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thermionic emission via tungsten hairpin electrodes of LaB6 rods (Reimer, 2013).  When 

gun brightness is required field emission from pointed tungsten filaments is used (Reimer, 

2013).  To illuminate an area of a specimen the illumination aperture is varied using a two-

stage condenser-lens system (Reimer, 2013).  The distribution of electron-intensity behind 

a specimen is imaged using a three- to four-stage lens system which projects to a 

fluorescent screen (Reimer, 2013).  To record images, direct exposure of a photographic 

emulsion inside a vacuum may be used (Reimer, 2013).  The astigmatism of the beam is 

corrected by the objective lens (Reimer, 2013).  It is preferable to use very small objective 

apertures (10-20 milliradian (mrad)) to obtain high resolution 0.2-0.5 nm (Reimer, 2013).  

Bright-field contrast is obtained via the absorption of electrons scattered through angles 

which are greater than the objective aperture (scattering contrast) or by interference in the 

middle of the scattered and the incident waves at the point of imaging (phase contrast) 

(Reimer, 2013).  Behind a specimen the phase of electron waves  is altered by the wave 

aberration in the objective lens (Reimer, 2013).  Electrons cooperate with atoms by elastic 

and inelastic scattering (Reimer, 2013). High resolution can be obtained from TEM since 

elastic scattering involves interaction between electrons and atoms which is local to an 

area occupied with the screened Coulomb potential of the nuclei of atoms, while inelastic 

scattering is more dispersed over the area of around a nanometer (Reimer, 2013). 

The most efficient and direct way to gain information about the morphology of proteins 

using TEM would be to perform negative staining (Cole, 2012).  To negative stain a protein 

it involves drying the sample in salt solution of electron-dense heavy metal, which 

contrasts the sample (Cole, 2012). TEM of negative stained proteins enables their size, 

shape and surface features to be elucidated (Cole, 2012). These proteins are visualised as 

light structures which exclude the dark electron dense stain surrounding them (Cole, 

2012).   
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An issue for imaging biological samples with TEM is the radiation sensitivity of 

samples, however negative staining with heavy metal salts not only provides high contrast 

but protects the sample from radiation and breakdown of molecules (Bortolini and Dong, 

2014).  The staining of biological samples relies on pH, hydrophobicity and other chemical 

factors, therefore only a few heavy metal salts are appropriate for negative staining 

biological samples (Bortolini and Dong, 2014).  Negative staining with heavy-atom stains 

can occasionally cause artifacts like flattening spherical or cylindrical structures (Bortolini 

and Dong, 2014).  Ideally, negative staining should have no effect on the sample structure 

or with its binding to the surface, however there are a few common side effects including 

sample aggregation, for example sometimes uranyl stains binds peptide structures and 

proteins (Bortolini and Dong, 2014). This aggregation causes visualisation of protein 

structures to be difficult (Bortolini and Dong, 2014). Unfortunately, since uranyl stains are 

low pH it is not advised to be used for use with samples that are fragile in acidic pH 

(Bortolini and Dong, 2014). Uranyl stains also precipitate at physiological pH and when 

exposed to many types of salts (Bortolini and Dong, 2014).  Deposition of salts from a salt 

rich buffer (like PBS) can cause undesirable diffraction events (Bortolini and Dong, 2014).  

Salts are characterised by high contrast because they crystalline which can affect the 

weaker contrast of biological specimens and can also mix with the stain, which is why 

buffers with low salt are preferred during negative staining (Bortolini and Dong, 2014).   

Popular negative stains include sodium or potassium phosphotungstate (PTA), 

ammonium molybdite, uranyl formate and uranyl acetate (Cole, 2012, Bortolini and Dong, 

2014).  Phosphotungstic acid (PTA) 1-3% solution is a suitable stain for many biological 

samples, particularly for viruses which dissociate in the low pH range (Bortolini and Dong, 

2014).  PTA may be used at physiological pH and precipitates less often in the presence of 

salts compared to uranyl acetate, however the contrast obtained is slightly less than when 
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using uranyl acetate (Bortolini and Dong, 2014).  Additionally, it has a notably disruptive 

effect on many membrane structures and does not act as a fixative, thus it is not ideal for 

use when imaging membrane proteins (Bortolini and Dong, 2014).   

To obtain the high resolution TEM images however, the preferred negative stains are 

uranyl stains including 0.75% uranyl formate or 1-3% uranyl acetate dissolved in distilled 

water (pH 4.2-4.5) (Bortolini and Dong, 2014, Ohi et al., 2004).  In particular, uranyl 

acetate is frequently used and is advantageous since it generates high electron density 

and image contrast; additionally it provides a fine grain to images which is useful for small 

samples  of only a few microns (Bortolini and Dong, 2014).  Uranyl formate however, 

affords slightly higher grain resolution for proteins, which is important if they are less than 

100 kDa (Ohi et al., 2004).  Moreover, uranyl acetate is stable over many months while 

uranyl formate is stable only over a few days (Ohi et al., 2004).   

1.14.5 Number and Brightness Analysis 

 

Number and molecular brightness analysis (N&B) is a method which enables the 

quantification of protein oligomerisaton state, stoichiometry and higher order aggregates 

by mapping the brightness of fluorophore labelled proteins at each pixel in laser scanning 

confocal microscopy (LSM) images (Digman et al., 2008c, Digman et al., 2009). Similar to 

fluorescence correlation spectroscopy (FCS), N & B uses moment-analysis to measure the 

intensity fluctuations of the average number of molecules and brightness in each pixel due 

to molecular diffusion in an illumination volume (Digman et al., 2008b, Trullo et al., 2013). 

Average particle brightness is determined from the ratio of variance compared to the 

average intensity of individual pixels (Digman et al., 2008b). To determine the average 

number of particles moving the average intensity at one pixel is divided by the brightness 
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(Fig. 1.19) (Digman et al., 2008b). The intensity variance of each pixel allows a large 

numbers of dim molecules in the pixel to be distinguished from high order aggregates 

which display a higher amount of variance in the average signal (Digman et al., 2008b). 

 

𝑁 =
(< 𝐼 >  −𝑜𝑓𝑓𝑠𝑒𝑡)

𝜎2 −  𝜎0
2

2

 

𝐵 =  
𝜎2 −  𝜎0

2

< 𝐼 >  −𝑜𝑓𝑓𝑠𝑒𝑡
 

 

Figure 1.19  Number and brightness analysis equations. 

 

Where N is the apparent number of molecules, B is the intrinsic brightness of each 

molecule < 𝐼 > is the average signal intensity, the offset is a constant quantity 

characteristic of the detector settings, 𝜎2 is the variance and 𝜎0
2 is the readout variance of 

the detector (Digman et al., 2008b, Moens et al., 2011). 

 
 

N & B analysis may be used with low cencentrations of protein, where low 

concentrations in the nanomolar range increases the resolving power (Digman et al., 

2008b, Ossato et al., 2010, Digman et al., 2009). Additionally, N & B analysis provides 

single molecule sensitivity and may be used for in vivo (live cells) and ex vivo (proteins in 

solution) measurements of protein oligomerization state (Digman et al., 2009, Digman et 

al., 2008b).  However, a few limitations of N & B analysis include that only fluctuating 

particles can be measured, molecular blinking can obscure measurements and a sample 

with a variety of species can make measurement and analysis of the results difficult (Nagy, 

2011). For homogenous samples the moment analysis is sufficiently accurate to determine 
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the number and brightness  of particles (Digman et al., 2008b).  However, in a mixture of 

species with different brightness the individual particles cannot be resolved since N & B 

analysis averages the brightness (Digman et al., 2008b, Ossato et al., 2010).  To 

counteract this problem higher moments are required and a large data set (Digman et al., 

2008b). 

Another possible source of error is pixel dwell time, which should be faster than the 

decay time of fluctuations (Ossato et al., 2010). If the dwell time is longer variance is 

decreased, particles are less bright and more particles are apparent (Ossato et al., 2010).   

Photobleaching and cell motion increase the variance and brightness of particles (Ossato 

et al., 2010), which can lead to overestimates of cluster size and subunit stoichiometry 

(Trullo et al., 2013). These errors may be corrected however, by using high pass boxcar 

filtering algorithm to the time sequence for every pixel in the stack, which removes the 

trend due to photobleaching or cell movement and re-establishes the original average 

intensity for pixels (Trullo et al., 2013, Ossato et al., 2010).   

1.15 Fluorescence Lifetime Imaging Microscopy (FLIM) 

for Determining the Incorporation of Fluorescently 

Tagged Proteins into Lipid Bilayers and Liposomes 

 

The average time the stimulated electron of a fluorophore spends in the excited state prior 

to its decline to the ground state is the fluorescence lifetime (τ) (Lakowicz, 2013, Chen et 

al., 2003).  Generally, the fluorescence lifetime of most fluorophores is in the nanosecond 

range (Lakowicz, 2013). FLIM is a technique that overcomes the difficulties associated 

with most spectroscopy methods such as optical scattering and the inability to quantify a 

fluorophores concentration, as the lifetime of a fluorophore is independent of its 
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concentration (Lakowicz, 2013).  The lifetime of a fluorophore is only vulnerable to its 

interaction with the environment (pH, oxygen density etc), the proximity of the fluorophore 

to other molecules and the intrinsic aspects of the fluorophore (Lakowicz, 2013, Chen et 

al., 2003).   

 

Frequency domain and time-sampling approaches are used to measure the decay in the 

fluorescence lifetime of fluorophores (Digman et al., 2008a). In the frequency domain 

approach incident light at high frequencies is regulated sinusoidally where the incident light 

and emission occur at the same frequency (Berezin and Achilefu, 2010). However, the 

emission has a phase delay and the amplitude (M) fluctuates relative to the incident or 

excitation light (Berezin and Achilefu, 2010).  FLIM data acquired in the time domain may 

be analysed by fitting the decay at each pixel using a number of exponentials to measure 

decay times and amplitudes in order to identify different molecular species and their 

concentration (Digman et al., 2008a).  However, there are a few limitations of the time 

domain approach since multiple fluorescent proteins have a complex decay and there is a 

relationship between amplitudes and the typical exponential times (Digman et al., 2008a).  

Analysing the fluorescence decay of each pixel  using exponential fitting requires 

experience to extract information accurately about the number and concentration of 

different species in a sample (Digman et al., 2008a). Even though the frequency and time-

sampling approaches use different instruments and acquisition methods they are 

mathematically similar, where the data acquired from either approach may be 

interconverted by Fourier transform (Berezin and Achilefu, 2010).  Data collection in the 

time domain involves exciting a sample with short pulses of light with enough delay 

between pulses (using flash lamps, pulsed lasers, laser diodes and LEDs) (Berezin and 

Achilefu, 2010).  There are many fluorescence detection methods available for lifetime 

measurements but time-correlated single photon counting (TCSPC) is the most 
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advantageous since it possesses superior quantitative photon counting compared to other 

detectors and data collection is simplified (Berezin and Achilefu, 2010).   

 

The phasor approach is a simple way to analyse FLIM data to avoid the issues associated 

with exponential analysis and offers a graphical global view of the processes which 

influence fluorescence decay at individual pixels (Digman et al., 2008a).  The phasor 

concept is not exclusive to the frequency domain, data collected by the TCSPC method 

may be also used (Digman et al., 2008a).  In the phasor method a histogram of the time 

delays at individual pixels are transformed in a phasor, which is like a vector (Digman et 

al., 2008a).  A phasor plot is a two-dimensional histogram which displays the values of the 

sine-cosine Fourier transforms in a polar plot (Digman et al., 2008a).  Phasor plots may 

also be used in reciprocal mode where every occupied point of the phasor plot may be 

mapped to a pixel of an image (Digman et al., 2008a).  Given that different molecular 

species have a specific phasor individual molecules may be identified via their location on 

the phasor plot (Digman et al., 2008a).  

 

In fluorescence confocal microscopy there are often different species in a sample which 

are excited by the same laser wavelength (Berezin and Achilefu, 2010).  An advantage of 

FLIM is that it detects and differentiates lifetime components which are emitted from 

various molecular species or multiple conformations of the same molecule (Nomura et al., 

2012, Digman et al., 2008a).  This is achieved by the simultaneous detection and analysis 

of different fluorophores in parallel by multiplexing, which depends on the differentiation 

between emission spectra (Berezin and Achilefu, 2010).  In spectral multiplexing 

fluorescent probes with similar spectral properties but varying lifetimes are suitable to 

prevent spectral overlap and signal bleed through which are common issues with normal 

fluorescence intensity measurements (Berezin and Achilefu, 2010). Any organic dyes, 
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fluorescent proteins, lipids or quantum dots may be used as long as they possess enough 

difference in their fluorescence lifetimes that it is within the capability of the instrument to 

resolve the different emission spectra (Berezin and Achilefu, 2010).  An example of this is 

shown in a paper by Berezin et al. where the localisation of different fluorescent and 

autofluorescent species lie in a phasor plot (Figure 1.20) (Berezin and Achilefu, 2010).  

Therefore, FLIM is a suitable method for use to distinguish between fluorescently 

conjugated proteins and the autofluorescence of membrane structures.  

 

 

 

Figure 1.20 Combined phasor plot of a multiple FLIM images from mammalian cells 

transfected with different fluorescent proteins. 
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B) CHO-K1 expression of YFP (306); C) MEF expression of paxillin-CFP (442); D) CHO-

K1 expression of EGFP (1537); E) CHO-K1 expression of Raichu-Rac1 and F) 

Untransfected cells for measurement of autofluorescence (AF) and fibronectin (573). The 

red dashed line represents a hypothetical fluorescence resonance energy transfer (FRET) 

trajectory moving through the phasor clusters corresponding to the cells in the field 

(Berezin 2010). 

1.16 Liposomal Reconstitution for Studying the 

Functional Properties of Purified Proteins 

 

Functional assays for a purified ion channel are dependent on the reconstitution of the 

protein which affords a hydrophobic environment and a barrier across which the channel 

can  facilitate the movement of ions (Williams, 1994).  The insertion of purified proteins into 

an artificial membrane of known phospholipid composition is advantageous in elucidating 

the biophysical properties of the protein (Williams, 1994).   Compared to a cellular 

expression system little or no background current is recorded from other channels due to 

the insertion of a purified protein into the lipid bilayer. In addition, liposomal reconstitution 

enables investigation of the effect of membrane lipid composition on the gating of the 

channel (Williams, 1994).  The effect of net membrane surface charge on channel gating 

can be explored by changing the phospholipid composition of the bilayer in which the 

channel is incorporated into (Williams, 1994, Cao et al., 2013a, Nomura et al., 2012).  

Additionally, the ionic composition of buffers on both sides of the patch with the channel 

protein can be set or varied (Williams, 1994).  The ability to vary these conditions is 

required for investigating ion channel conduction and ion selectivity (Williams, 1994).  

Liposomal reconstitution of a channel protein also enables the investigation of whether a 
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channel may be intrinsically stretch-activated or mechanosensitive without the presence of 

complex signalling pathways or other cellular components (no cytoskeleton, focal 

adhesions, extracellular matrix or interacting binding proteins) (Kloda et al., 2007, Maroto 

et al., 2005).   

 

1.17 Aims 

 

In this study, the supramolecular structure of heterologously expressed hTRPM4 was 

studied using a variety of methods, and the functionality of the channel was assessed. 

Furthermore, given that mechanosensitivity is essential for heart function, playing a part in 

normal physiology and cardiovascular diseases (including arrhythmia, hypertrophy and 

ischemia-reperfusion injury), the mechanosensitive properties of this channel were 

investigated.  The in vivo localisation of TRPM4 in mouse heart tissue and cardiomyoytes 

was also explored to provide insight into its functional role in cardiac physiology. 

1.17.1 Overall Aim 

 

 To investigate the oligomeric structure, function and mechanosensitivity of 

heterologously expressed and purified TRPM4 fusion protein.  
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1.17.2 Specific Aims 

 

1. To express a full length hTRPM4-GFP fusion protein in insect Sf9 cells, then purify 

the hTRPM4-GFP fusion protein using affinity and fluorescence size-exclusion 

chromatography (FSEC).    

2. To determine the oligomeric structure of the hTRPM4-GFP fusion protein.    

3. Reconstitute the hTRPM4-GFP fusion protein into liposomes to assess functionality 

and pharmacology of the protein, and whether it is intrinsically stretch-activated.   

4. To determine the in vivo localisation of TRPM4 in heart tissue and isolated 

cardiomyocytes. 
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Chapter 2 Materials and Methods 
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2.1 hTRPM4 Expression in Sf9 Cells 

2.1.1 hTRPM4 Amplification and Insertion into pFastBacDual 

Expression Vectors 

 

The hTRPM4 sequence was amplified from human TRPM4 cDNA in a pcAGGS-IRES-

GFP dicistronic expression vector obtained as a gift from the Flockerzi lab (Saarland 

University, Germany), using the sequence and ligation independent cloning SLIC primers 

listed below:   

hTRPM4b Fwd Primer:  
CAGGGGCCCCAAAGGCCTGTGGTGCCGGAGAAGGAG 
 
hTRPM4b Rev Primer:   
GCTCGTCGACGTAGGCCTGTCTTTGGACCCAGGCAGGTCA 
 
 
The reaction mixture for the PCR: 
 

Material Amount 

milli Q H2O 28.5µL 

10 X PfU Ultra reaction buffer 5µL 

dNTP mix 2.5mM 6µL 

5µM hTRPM4b Forward primer 4µL 

5µM hTRPM4b Reverse primer 4µL 

10 ng/µL hTRPM4b template 1µL 

PfU Ultra polymerase (Agilent Technologies) 1.5µL 
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The PCR reaction mixture was placed in a thermal cycler (PTC-100, MJ Research) and 

the program below was run: 

 

Cycles Temperature Time 

1 95°C 2 min 

17 97°C 20 sec 

 
46°C 30 sec 

 
72°C 11 min 

1 4°C ∞ 

 
 

The PCR product was mixed with loading dye and run on a 0.8% (wt/vol) Agarose gel 

containing ethidium bromide (EtBr, 0.57 µg/mL, Sigma-Aldrich E1510) and 1 X TAE buffer.  

The agarose gel was run at constant voltage (120 V).  Since the PCR product contained 

multiple bands, the correct size band was excised from the gel and cleaned up using a 

Wizard SV Gel and PCR clean up system kit (Promega).   

The following pFBDual FPLR_TEVGFPHIS vectors (GeneArt) were digested with StuI 

then cleaned up (Promega PCR clean up kit): 

1. FLAG-<protein>-TEVsite-GFP = 7.3 kb  (M4 V1) 

2. HA-FLAG-<protein>-TEVsite-GFP = 7.3 kb  (M4 V2) 

3. GP64-FLAG-<protein>-TEVsite-GFP = 7.4 kb (M4 V3) 

The purified PCR insert was mixed with the digested vectors at a 1:1 molar ratio in 10 

µL (TRPM4 PCR insert = 6.8 µL, 199.7 ng; digested pFBDual vectors (1, 2 or 3) = 2 µL, 

200 ng and the remaining volume milli Q H2O = 1.2 µL).  The 10 µL mixtures of vector, 

insert DNA and water were added individually to separate In-fusion Dry-Down pellets (In-

Fusion HD EcoDry Mix, Clontech; Takara Biotechnology (Dalian)) and mixed well by 

thoroughly pipetting.   
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To perform the ligations, reactions were incubated for 15 min at 37°C, then 15 min at 

50°C using a thermal cycler (PTC-100, MJ Research), then the tubes were placed on ice 

for 2-5 mins. Each in-fusion rection mixture was diluted with 40 µl Tris-EDTA (TE) buffer 

(pH 8) and mixed well before proceeding with transformation. For transformation, 3 µl of 

each ligation reaction mix was combined with 30 µl of competent DH5α E.coli (NEB; 

Ipswich, MA).  After heat shock at 42 °C for 45 sec, cells were recovered in 450 µl of SOC 

media and incubated for 1 h at 37 °C, 180 rpm.  Then 150 µl of each cell suspension was 

plated onto Luria broth Ampicillin (mg/mL) plates then incubated overnight at 37 °C.  The 

following morning colonies were screened for inserts using colony PCR or alternatively 

picked and incubated in 5 mL LB supplemented with ampicillin then incubated overnight at 

37°C.  The next day plasmid DNA was isolated and purified using a Wizard Plus SV 

Minipreps DNA Purification System (Promega, USA REFA1460, LOT0000025092), then 

digestion with Stu I (NEB; Ipswich, MA) and run on a 1% agarose gel containing ethidium 

bromide (0.5 µg/ml) [Sigma-Aldrich, 129K8709, EW30431].  Positive clones were 

sequenced by the ACRF (Australian Cancer Research Foundation, Garvan Institute of 

Medical Research).   

2.1.2 Formation of hTRPM4 Bacmids 

 

The positively sequenced plasmids were transformed into competent DH10Bac E.coli 

(Invitrogen, cat # 10361-012) to produce recombinant bacmids.  To begin each plasmid 

was diluted to a concentration of 10-15 ng/µl.  DH10Bac competent cells were thawed on 

ice, then 1 µl of the diluted plasmid was added to home-made competent cells and 100 µl 

of sterile 1 M potassium chloride (KCl) solution was added.  The transformation mixtures 

were incubated on ice for 30min prior to heat shock at 42 °C for 45 sec, then chilled on ice 

for 2 min.  Then 900 µl of SOC media was added to each mixture then incubated at 37 °C, 
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180 rpm for 4 h to recover the cells.  DH10Bac plates were prepared [500 mL LB agar was 

supplemented with 500 µl tetracycline (10 mg/ml), 1000 µl kanamycin (25 mg/ml), 500 µl 

gentamycin (7 mg/ml), 1000 µl X-gal (20 mg/ml) and 80 µl IPTG (1 M)] and pre-warmed for 

30 min.  Then 200 µl of cell suspension was spread onto each plate then incubated for at 

least 48 h at 37 °C. After 48 h of incubation blue (negative transformation) or white 

(positive transformation) colonies grew.   White colonies were re-streaked onto fresh 

DH10Bac plates and incubated for 24 h at 37 °C to select for a pure white positive clone.    

To isolate the recombinant bacmids white colonies from the aforementioned plates 

were inoculated in 2 mL LB medium containing 50 µg/ml kanamycin, 7 µg/ml gentamycin 

and 10 µg/ml tetracycline.  Cultures were incubated at 37 °C, 180 rpm overnight (until cells 

reach stationary phase).  1.5 mL of each culture was aliquoted into 1.5 ml microcentrifuge 

tubes then centrifuged at 14,000 xg for 1 min to collect the cells.  The supernatant was 

removed and the cell pellets were resuspended in 0.3 ml of Solution I [15 mM Tris-HCl pH 

8.0, 10 mM EDTA, 100 µg/ml RNase; filter sterilized and stored at 4 °C].  To lyse the cells 

0.3 ml of Solution II [ 0.2 M sodium hydroxide (NaOH), 1% (w/v) sodium dodecyl sulfate 

(SDS); filter-sterilized] was added to this, gently mixed then incubated at room temperature 

for 5 min.  To neutralize the reaction, 0.3 mL of 3.1 M potassium acetate pH 5.5 was 

added drop-wise and mixed gently.  A thick white precipitate of protein and E.coli genomic 

DNA formed, then the samples were incubated on ice for 5-10 min.  After this samples 

were centrifuged for 10 min at 14,000 xg the supernatant was transferred carefully 

(avoiding the transfer of white precipitate) into a microcentrifuge tube containing 0.8 mL 

isopropanol.  Tubes were inverted several times to mix the components then placed on ice 

for 5-10 min.  Following this the sample was centrifuged at 14,000 xg for 15 min at room 

temperature.  Once again the supernatant was removed carefully in order to prevent 

disruption of the DNA pellet.  The pellets were washed by adding 0.5 mL 70% ethanol to 
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each tube, inverting the tubes several times then centrifuging the samples at 14,000 xg for 

5 min at room temperature.  The previous step was repeated once more for sample purity.  

Then the supernatant (70% ethanol) was removed without disturbing the pellet.  The DNA 

pellets were air dried for 10-20 min at room temperature, taking care not to overdry the 

pellets.  DNA pellets were then re-suspended in 40 µl 1 x TE Buffer pH 8.0 by gently 

flicking the tube after the buffer was added in order to avoid shearing of the bacmid DNA.  

Bacmid DNA was stored at 4 °C until further analysis and transfection.   

Bacmid DNA cannot be sequenced, thus to confirm the insertion of channel sequences 

bacmid DNA was analyzed by PCR.  The same primers listed for SLIC cloning were used 

for amplifying the channels sequences to screen the bacmid DNA.  

2.1.3 Bacmid Transfection and Generation of Recombinant 

Baculoviruses 

 
Transfection of bacmids and recombinant baculovirus was generated according the 

manufacturer’s protocol (Bac-to-Bac expression system, Invitrogen).  Sf9 cells (Invitrogen) 

were cultured in a T75 flask (Corning) with Sf900 media (Invitrogen) for 2 days then 

stripped from the flask and counted.  At a density of 1.2 million cells/mL, 1 mL of the 

suspension was seeded in each well of a 6 well plate (Costar 6 well clear TC-treated, 

Corning).  The 6 well plate was incubated for 1 hr at 28 °C to allow the cells to attach.  In 

the meantime aliquoted 100 µL Grace’s Insect Cell Medium, Unsupplemented (Invitrogen) 

to 6 eppendorf tubes, then added the bacmid DNA to each of the tubes (1 µg (1.1 µL) M4 

V1; 3 µg (3.3 µL) M4 V1; 2 µg (2.2 µL) M4 V2; 1 µg (2.3 µL) M4 V3; 3 µg (6.9 µL) M4 V3 

and as a control 3 µg (4.5 µL) BILF1 bacmid donated by Dr Chu Kong Liew.  Next to a 

separate eppendorf tube 600 µL Grace’s Unsupplemented media and 48 µL Cellfectin II 

reagent (Invitrogen) was added and vortexed briefly.  A 1 mL graduated pipette was used 
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to add 100 µL of the Grace’s media and Cellfectin II mixture to each of the other 6 

eppendorf tubes containing bacmid DNA and incubated for 30 min at room temperature.  

The media was removed from the Sf9 cells after 1 h  incubation and  replaced  

immediately  with 2.5 mL Grace’s Insect Medium (Unsupplemented)  per well.  Each of the 

premixed Cellfectin-bacmid mixtures in eppendorfs was added drop-wise separately in 

each well and incubated in a stationary incubator at 28 °C for 5 h.  After 5 h the 

transfection  mixtures were removed from the cells and replaced with 2 mL of Sf900 media 

(Invitrogen) with 10% fetal bovine serum (FBS) and 200 µg Penicillin/100units/mL 

Streptomycin (Pen Strep, 15070-063 Life Technologies).  After 48 h incubation of the Sf9 

cells were detached from 6 well plates by re-suspending and washing the cells in the same 

media they were cultured in for 48 h using a pipette.  The cell suspensions were then 

transferred to 10 ml tubes and centrifuged at 1000 x g for 1 min.  The supernatant was 

removed and cell pellets were resuspended in 1 x PBS pH 7.5.  The O.D. of each sample 

was measured by diluting 100 ul of each cell suspension in 900 µl of 1 x PBS pH 7.5 per 

cuvette, O.D was measured at A600 using a spectrophotometer using 1000 µl 1 x PBS pH 

7.5 as a reference.  Aliquoted an O.D. of 0.3 for each sample into microcentrifuge tubes 

then centrifuged the samples for 1 min at 14,000 xg.  The supernatant media which had 

baculovirus secreted into it was removed and stored at 4 °C (passage 1 (P1) virus), then 

each cell pellet was resuspended in 1 x Laemmli loading dye (blue, β-mercaptoethanol).   

The P1 virus (150 µL) was used to infect sf9 cells in suspension (25ml).  Cells were 

incubated with P1 virus at 28 °C for 72-90 h.  After collecting the cells by centrifugation 

(1000 x g) for analysis, the supernatant media which contained the P2 baculovirus was 

kept and stored at 4 °C and  a small aliquot (5 mL) at -80 °C (long term) for future infection 

of Sf9 cells. 
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For large scale protein expression sf9 cells were infected with the recombinant P2 or 

P3 baculovirus and harvested 72-80 h after infection.  The highest usable passage number 

for the baculovirus was P3 since the baculovirus is not able to be amplified indefinitely and 

mutations in the sequence may be acquired with higher passage numbers.  Cells were 

flash frozen after infection with P2 or P3 baculovirus for 72-80 h with liquid nitrogen and 

stored at -80 °C or used immediately after infection.   

2.2 Detergent Screens for FLAG-hTRPM4-eGFP-8His and 

HA-FLAG-HTRPM4-eGFP-8His Fusion Proteins 

 

To determine which detergents were best to maintain the fusion proteins to prevent 

aggregation, preserve oligomeric structure and extract high yields of the protein, detergent 

screens were performed using Fluorescence Size-Exclusion Chromatography (FSEC).  

Detergent screens were only carried out for the FLAG-hTRPM4-eGFP-8His (M4 V1) and 

HA- FLAG-hTRPM4-eGFP-8His (M4 V2) fusion proteins because their expression was 

much higher (70-95% of cells) in Sf9 cells compared to the GP64- FLAG-hTRPM4-eGFP-

8His (M4 V3) fusion protein (1-2% of cells). 

The detergent screen was first performed for the M4 V2 fusion protein, 5 mL pellets of 

frozen M4 V2 infected cells were solubilised in an array of different detergents (all 

purchased from Anatrace) including 2.5% n-dodecyl-β-D-Maltopyranoside (DDM), 1% 

Decyl Maltoside (DM), 1% Decyl Maltose Neopentyl Glycol (DMNG),1% 3-[(3-

Cholamidopropyl)dimethylammonio]-2-Hydroxy-1-Propanesulfonate (CHAPSO), 1% 

Triton-X-100, 1% Fos-choline-12, 1% Fos-choline-14, 1% Fos-choline-15, 1% Fos-choline-

16 and 1% digitonin (wt/vol) dissolved in a base buffer containing (40 mM Tris pH 7.5, 150 
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mM NaCl, 150 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 6 mM β-mercaptoethanol, 5 mM L-

Arginine and 10% glycerol).   

A second detergent screen was performed for the M4 V1 fusion protein, where 5 mL 

pellets of frozen M4 V2 infected cells were solubilised in several different detergents 

including 1% Fos-choline-14, 2% DDM, 1% DM, 1% Lauryl Maltose Neopentyl Glycol 

(LMNG), 1% digitonin and a mixture of 0.5% DDM plus 0.5% LMNG (wt/vol) dissolved in a 

base buffer containing (40 mM Tris pH 7.5, 150 mM NaCl, 150 mM KCl, 1 mM MgCl2, 2 

mM CaCl2, 6 mM β-mercaptoethanol, 5 mM L-Arginine and 10% glycerol).   

All cell pellets were solubilised for 2 h at 4°C with rotation before being subjected to 

fluorescence size-exclusion chromatography (FSEC) to determine the size homogeneity of 

the proteins after solubilisation (whether they be aggregated, oligomeric or degraded). 

FSEC was performed on an AKTA purifier system (Amersham Biosciences) using a 

Superose 6 10/300 GL column (GE Healthcare) pre-equilibrated with the base buffer and 

0.01% (wt/vol) of the detergent the cell pellet was solubilised in.  1 mL of the solubilised 

material was injected per run onto the Superose 6 column and fractions were collected.  

Samples from individual fractions (80 µL each) were aliquoted into in a black 96 well 

microplate (Corning) and scanned for fluorescence using a BMG PHERAstar FS 

multimode plate reader (BMG Labtechnologies, Durham, NC). 
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2.3 Confocal Imaging of hTRPM4-eGFP Baculovirus 

Infected sf9 stained with FM4-64 Lipophylic Styryl Dye 

 

Confocal imaging was used to determine the expression and the localisation of the 

hTRPM4-eGFP fusion protein in baculovirus infected sf9. Firstly, a stock solution of the 

lipophilic probe membrane stain FM4-64FX (Life Technologies, F34653) was prepared by 

dissolving 1 µg/1 µL of the dye in DMSO. Then the stock solution was diluted to 5 µg/mL of 

FM4-64FX in 1 x PBS which was kept chilled on ice. Subsequently, a 1 mL suspension 

culture of hTRPM4-EGFP infected cells was harvested (72-80 hrs post infection), and then 

pelleted by centrifugation at 800 x g for 2 min at 4°C. The supernatant was removed and 

100 µL of FM4-64FX working solution was added to the cell pellet, resuspended and kept 

on ice. The suspension was then placed in a Fluorodish (WPI, FD35-100) just prior to 

imaging on the confocal microscope. Imaging was performed using a Zeiss LSM700 

inverted confocal microscope using 488- and 594-nm diode laser lines.  

2.4 Gel Fluorescence Scan  

 

The presence of the GFP tag on the C-terminus protein was confirmed by performing a 

473 nm laser scan of the gel. Crude lysates from TRPM4-eGFP baculovirus infected sf9 

and/or purified TRPM4-eGFP fusion protein were mixed with 5 x Laemmli loading buffer 

then run on an SDS-PAGE gel (TGX 4-12% Bio-Rad).  Subsequently the gel was scanned 

using the 473 nm laser line on Fujifilm Image Reader FLA-5000 V1.0. The data was 

processed using Multi Gauge 2.3 software. 
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2.5 Western blotting 

 

Expression of the full length fusion protein was confirmed by Western blotting.  Purified 

protein (~50 μg) was mixed with 5 x Laemmli dye (4:1) and then fractionated on a pre-cast 

SDS-PAGE gel (TGX 4-12%, Bio-Rad, Hercules, CA) for 40 mins at 200 V (Bio-Rad Mini-

PROTEAN). Fractionated proteins were then transferred onto a PVDF membrane using an 

Invitrogen wet transfer cassette at 35 mV for 1 h. The membrane was washed briefly with 

Tris-Buffered Saline Tween-20 buffer (TBST, 5min with rotation) and then blocked with 5% 

skim milk in TBST for 1 hour at room temperature with rotation. The membrane was then 

incubated with the following primary antibodies separately: anti-FLAG M2 (N-term) mouse 

monoclonal antibody (1:3000, Sigma Aldrich, F1804), anti-TRPM4 (C-term) rabbit 

polyclonal antibody (1:2000, ab63080) and anti-His (C-term) mouse monoclonal antibody 

with Alkaline Phosphatase Conjugate (1:6000, Life technologies, R932-25), in a diluent of 

1% skim milk in TBST. The membrane was incubated with the primary antibodies for 1 h at 

room temperature, then overnight at 4 °C with mixing/rotation. Following this, the 

membrane was washed with TBST (3 x, 10 min each with rotation) and then probed with 

secondary antibodies (1:8000 goat anti-rabbit IgG-HRP, Thermo Fisher Scientific; or 

1:5000 ECl Anti-Mouse IgG-HRP from sheep, GE healthcare NA931V) in 1 % skim milk in 

TBST diluents. The secondary antibodies were incubated with the membrane for 2 h at 

room temperature with rotation.  Finally the membrane was washed with TBST (3 x 10 min 

each, with rotation) and proteins detected using SuperSignal West Pico Chemiluminescent 

substrate ECL (Thermo Fisher Scientific, 34080) and imaged onto Hyperfilm ECL 

(Amersham).  
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2.6 Protein Purification of FLAG-hTRPM4-eGFP-8His  

 

Cells were resuspended in Buffer A (150 mM NaCl, 150 mM KCl, 25 mM disodium 

hydrogen orthophosphate, 1.8 mM potassium dihydrogen orthophosphate, 5 mM L-

arginine, 10% glycerol pH 7.5 adjusted with HCl) containing 1.5% n-dodecyl-β-D-

maltopyranoside (DDM) (Anatrace) or 0.5% lauryl maltose neopentyl glycol 

(LMNG)(Anatrace) and supplemented with an EDTA (ethylenediaminetetraacetic acid) - 

free protease inhibitor cocktail tablet (Roche).  The detergent to protein ratios for DDM and 

LMNG were 1:4.6 and 1:13.8 respectively.  The suspension was homogenised using 20 

strokes of a Dounce homogenizer, the protein was solubilised for 2 h with rotation at 4 °C. 

After solubilisation, cell debris was cleared by low-speed centrifugation (5000 x g, 20 min) 

and then the supernatant fraction was incubated with cobalt talon resin (Clontech) for 2 h 

with rotation at 4 °C.  Following this the resin was pelleted by low speed centrifugation 

(300 x g, 5 min) and washed with Buffer A containing 0.1% DDM or 0.01% LMNG and 5 

mM Imidazole. The protein was then eluted from the resin with Buffer A containing 0.1% 

DDM or 0.01% LMNG and 250 mM imidazole. One mL of buffer was applied at a time to 

collect concentrated elutions in 1 mL aliquots. The fluorescence of the histidine affinity-tag-

purified protein fractions was determined using a BMG PHERAstar FS multimode plate 

reader (BMG Labtechnologies, Durham, NC) and 96 well black microplates (Corning).  

Subsequently, the most highly fluorescent fraction eluted from the His-affinity matrix was 

subjected to size-exclusion chromatography (SEC) on an AKTA purifier system 

(Amersham Biosciences) using a Superose 6 10/300 GL column (GE Healthcare) 

equilibrated with Buffer A.  

Alternatively, after His-affinity purification TRPM4-eGFP protein was dialysed against 

buffer A and then the C-terminal EGFP-8His tag was proteolytically cleaved by incubation 
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with TEV protease for 30 min at room temperature, followed by overnight incubation with 

rotation at 4 ˚C.  Cleaved TRPM4 was incubated with the amphipathic surfactant, 

Amphipol A8-35 (Anatrace) at 1:3 (wt/wt) with mixing overnight at 4 ˚C. Bio-Beads SM2 

adsorbants (15 mg, Bio Rad) were added to the sample and the sample mixed gently for 4 

h at 4 ˚C to scavenge excess detergent.  Subsequently, the sample was subjected to size-

exclusion chromatography (as described above) in Buffer A without detergent added.   

The size homogeneity of samples was assessed by FSEC, where aliquots of each 

fraction from SEC were placed in a black 96 well microplate (Corning) and scanned for 

fluorescence using a BMG PHERAstar FS multimode plate reader (BMG Labtechnologies, 

Durham, NC). The identity of the TRPM4 sequence was confirmed using MALDI-TOF 

peptide mass fingerprinting (Sydney Proteome Group, Sydney University).  

2.7 Methods to Determine the Oligomeric Structure of 

hTRPM4-eGFP and Cleaved hTRPM4 Proteins 

2.7.1 Number and Brightness Analysis 

 

Baculovirus infected cells were collected by centrifugation (800 x g, 5 min), 

resuspended in PBS then placed in a Fluorodish (WPI, FD35-100) for imaging. Purified 

protein was also imaged in a Fluorodish (WPI, FD35-100).  Number and Brightness data 

for the purified TRPM4-eGFP protein and baculovirus infected cells were acquired using a 

Zeiss LSM780 laser scanning microscope. The settings used for acquisition on the Zeiss 

LSM780 were the 100x UPlan SApo 1.4 NA objective with the 488 nm laser line and 

detectors were set to photon counting mode. Images were acquired in 256 x 256 pixel 

array and laser dwell time of 12.5 µS; 100 frames per experiment. All analysis was carried 
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out with SimFCS software developed at the Laboratory for Fluorescence Dynamics 

(www.lfd.uci.edu). 

2.7.2 Native Gel Electrophoresis 

 

To determine the overall size of the purified hTRPM4-eGFP fusion protein was 

separated using Blue Native PAGE.  Running buffer 1X (600 mL) was prepared for the 

outer chamber (anode) of the cell by diluting NativePAGE Running buffer 20X (Life 

Technologies) with deionised water.  The light blue cathode buffer 1X (200 mL) to fill the 

inner chamber of the tank was prepared by adding 10 mL of NativePAGE Running buffer 

20X (Life Technologies), 1 mL of Cathode buffer additive 20 X (Life Technologies) and 189 

mL deionised water.  The NativePAGE Novex 3-12% Bis-Tris protein gel (Life 

Technologies, 1 mm, 10 well) was inserted into the inner cassette of the XCell SureLock 

mini-cell tank (Life Technologies), then the light blue cathode buffer was added to the inner 

chamber and Running buffer 1 X to the outer chamber.  To prepare the sample hTRPM4-

eGFP protein (33.4 µL) was mixed with NativePAGE sample buffer 4X (11.2 µL), then 

NativePAGE 5% G-250 Sample Additive (0.4 µL of G-250 stock diluted 1 in 4 in milli Q 

H2O) was added immediately prior to electrophoresis.   The fusion protein was fractionated 

alongside NativeMark Unstained Protein Standard (5 µL, Life technologies) for size 

comparison on a non-denaturing NativePAGE Novex 3-12% Bis-Tris protein gel (Life 

Technologies, 1 mm, 10 well) at 150 V for 2 hours.  The native gel was then removed from 

the cassette and rinsed with deionised water. Finally, the native gel was silver stained 

using SilverQuest Silver Staining Kit (Invitrogen) in accordance with the ‘basic staining 

protocol’ of the SilverQuest manual (MAN0000736). 

 

http://www.lfd.uci.edu/
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2.7.3 Crosslinking with Formaldehyde and BS3 

 

TRPM4-eGFP was crosslinked using the imidoester crosslinkers formaldehyde 

(Sigma-Aldrich) and bis-sulfosuccinimidyl suberate (Thermo Fisher Scientific). Purified 

hTRPM4-eGFP protein (27 µL) was incubated with or without 0.2% formaldehyde (FA) at 

room temperature for varying time points (10 min, 20 min and 30 min). Additionally purified 

hTRPM4-eGFP (27 µL) was incubated with or without 2.6 mM bis-sulfosuccinimidyl 

suberate (BS3) for different times (2 min, 5 min and 10 min). After incubation of the 

samples with their respective crosslinker for various times, NuPAGE LDS sample buffer 

11.2 µL (4X, Life Technologies) and NuPAGE Reducing Agent 4.5 µL (Life Technologies) 

were added and mixed. The samples were then denatured at 70 °C for 10 min then 

fractionated alongside HiMark Pre-stained protein standard (Life Technologies) on a 3–8% 

NuPAGE Tris-Acetate gel (Life Technologies) under denaturing conditions in Tris-Acetate 

SDS running buffer 1X (diluted from Tris-Acetate SDS running buffer 20X (Life 

Technologies) in deionised water) at 150 V for 1 hour and 20 minutes.  Gels were imaged 

using a Fujifilm Image Reader FLA-5000 V1.0 (473 nm laser line) and data processed 

using Multi Gauge V2.3 software. 

2.7.4 SEC-MALLS  

 

The molecular mass of oligomeric TRPM4-eGFP and cleaved TRPM4 were 

determined using a miniDAWN TREOS three-angle static-light scattering detector and a 

WYATT refractive index detector (Wyatt Technology, Santa Barbara, CA). Size-exclusion 

purified TRPM4-eGFP (500 µL)  was injected onto the Superose 6 column (GE Healthcare 

Life Sciences, pore size 400 Å and protein MW range 5-5000 kDa) pre-equilibrated in 
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running buffer A (pH 7.8) containing 0.1% DDM, and eluted at a rate of 0.5 mL/min on the 

Wyatt SEC-MALLS system. Alternatively, size exclusion purified cleaved TRPM4 (500 µL) 

in amphipols was injected onto a Superose 6 column equilibrated in running buffer A 

without detergent at 0.5 mL/min using the Wyatt SEC-MALLS system. Refractive index 

and light scattering detectors were calibrated following the manufacturer’s guidelines. The 

data was processed and analysed using the protein conjugate template of the ASTRA 

6.1.2 software (Wyatt Technology). The dn/dc values used for the analysis were 0.185 

mL/g for proteins, 0.1435 mL/g for DDM detergent (Anatrace) and 0.1424 mL/g for 

amphipol A8-35. The dn/dc value for amphipol A8-35 was determined according to the 

method outlined in a study by Strop & Bunger, 2005 (Strop and Brunger, 2005).  Different 

concentrations of A8-35 (0.044, 0.092, 0.138, 0.184, 0.28, 0.368 and 0.46 mg/mL) were 

run twice in batch (determine dn/dc) mode on an Optilab rEX refractometer (Wyatt 

Technology, Santa Barbara, CA) and data was analysed with Astra 6.1.2 software, for the 

linear regression r2 =0.999. The extinction coefficient used for DDM was 0.0044, the 

extinction coefficient for amphipol A8-35 was determined to be 0.0386 at 280 nm. While 

the extinction co-efficients for TRPM4-eGFP and cleaved TRPM4 at 280 nm were 

calculated using the ProtParam tool on the ExPasy server (expasy.org) to be 1.297 mL g−1 

cm−1 and 1.409 mL g−1 cm−1, respectively.  

2.7.5 Negative Stain Transmission Electron Microscopy 

 

Carbon-coated 200 mesh copper TEM grids (ProSCiTech, Australia) were 

rendered hydrophilic by exposure to UV light (254 nm) for 30 min and then floated on the 

surface of a drop of cleaved, purified TRPM4 (10 uL at 50 µg/µL) for 1 min. Excess sample 

was removed from the grids by contact with filter paper. The grids were then washed by 

floating briefly on a 10 µL drop of filtered MilliQ water and blotted dry. The samples were 
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negatively stained by floating on a 20 µL drop of 2% wt/vol uranyl acetate for 2 min, 

followed by filter paper blotting. EM grids were imaged on a Phillips CM120 Biofilter TEM, 

operating at 120 kV at the Australian Centre for Microscopy and Microanalysis, University 

of Sydney. Images were recorded at a magnification of 55,000X using a 1024 x 1024 post 

column Gatan Imaging Filter (GIF) camera. 

2.8 Preparation of Proteoliposomes 

 

Functionality of the protein was assessed by patch-clamp recording after reconstitution 

into liposomes.  Soybean azolectin lipid (Avanti) was dissolved in chloroform at 10 mg/mL.  

The lipid (2 mg) was dehydrated under a Nitrogen stream and then resuspended in 1 mL 

Dehydration-Rehydration (D-R) buffer (200 mM KCl, 5 mM HEPESm pH 7.2) by vortexing 

and sonication until the solution looked cloudy and uniform. Purified hTRPM4-eGFP was 

mixed with the lipid suspension at a ratio of 1:50 or 1:200 for 1 h with rocking at 4 °C.  To 

remove the detergent, Biobeads SM2 (Bio-Rad) (15 mg/mL) were added and the mixture 

incubated for 3 h at 4 °C. The supernatant was collected and ultracentrifuged at 43,000 

rpm for 30 minutes (50.2Ti, Beckman) to collect the proteoliposomes.  The supernatant 

was removed and the pellet resuspended in 50 µL of D-R buffer and aliquots of the 

liposomes were placed on glass slides and dehydrated overnight at 4 °C in a dessicator. 

The following day the dried liposomes were rehydrated with 20 uL D-R buffer for 24 hours 

at 4 °C in a petri dish containing a sheet of wet filter paper, before being used for imaging 

and/or patch-clamp recording. 
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Figure 2.1  Diagram of method for liposomal reconstution of hTRPM4-eGFP fusion 

protein. 

2.9 Fluorescence Lifetime Imaging Microscopy (FLIM) 

 

Fluorescence lifetime imaging (FLIM) was used to demonstrate that hTRPM4-eGFP 

was incorporated into azolectin liposomes/lipid. When soybean azolectin is excited by a 

488 nm laser on a confocal microscope it appears to be fluorescent (Nomura et al., 2012); 

thus to differentiate between azolectin liposomes and TRPM4-eGFP proteliposomes we 

used fluorescence lifetime imaging since the lifetime of eGFP is shorter than that of 

azolectin alone. A 10 µL aliquot of rehydrated liposomes was placed in a Fluorodish (WPI, 
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FD35-100) and diluted with 200 µL buffer containing 140 mM NaCl, 5 mM KCl, 0.1 mM 

CaCl2 and 5mM HEPES, pH 7.5.  FLIM images were acquired on a PicoQuant MicroTime 

200 inverted confocal microscope using a 60 x, 1.2-NA water immersion objective at the 

University of NSW Biomedical Imaging Facility (BMIF). Samples were pulsed at 470 nm 

with a fiber-coupled, pulsed laser diode with a pulse width under 200 ps. A single-photon 

avalanche diode (SPAD, microphoton devices) detected signals in the range of 489-532 

nm, which was connected to time-correlated single-photon counting (TCSPC) electronics 

(PIcoHarp 300; PicoQuant). FLIM data were analysed by a phasor approach (Digman et 

al., 2008a) using SimFCS software developed at the Laboratory for Fluorescence 

Dynamics (www.lfd.uci.edu). 

In phasor analysis of FLIM data, the decays are Fourier transformed and the data 

represented in a 2D plot of s (imaginary part) versus G (real part) of the Fourier 

transformation. The s and g component are given by the following expressions: 

 

𝑠(𝜔) =
∫ 𝐼(𝑡)sin (ωt)𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡
∞

0

 

 

𝑔(𝜔) =
∫ 𝐼(𝑡) cos(𝜔𝑡) 𝑑𝑡

∞

0

∫ 𝐼(𝑡)𝑑𝑡
∞

0

 

 

2.10 Electrophysiology 

 

An aliquot (3 uL) of rehydrated liposomes was added to a patch clamp chamber filled 

with recording solution containing 140 mM NaCl, 5 mM KCl, 10 µM CaCl2 and 5 mM 

HEPES pH 7.5.  Pipettes were made from borosilicate glass (Sigma-Aldrich) and pulled 

http://www.lfd.uci.edu/
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using a micropipette puller (Narashige, Japan) to an average resistance of 8-10 M. Both 

the pipette and bath were loaded with the same recording solution.  Gigaohm seals were 

obtained after applying suction with the pipette to a unilamellar blister. Episodic voltage 

ramps were applied from -100 mV to +100 mV over 2.5 seconds. Single channel events 

were recorded at +/-80 mV and +/-100 mV from excised inside-out patches.  After 

obtaining single channel activity, an inhibitor of TRPM4 channels, Flufenamic acid (FFA) 

(20 µM) was added to the bath. Stretch was also applied to the membrane patch using a 

syringe to apply suction to the patch pipette. The pressure applied was detected by a 

pressure monitor (World Precision Instruments,WPI) or High Speed Pressure Clamp (ALA 

Scientific instruments).   An AxoPatch 200B amplifier (Axon Instruments) was used to 

amplify currents and data acquired at 5 kHz sampling rate with 2 kHz filtration.  Data were 

acquired using pClamp 10.2 software, and then analysed using Clampfit 10.2 (Axon 

Instruments, CA) and QuB version 2.0.0.22 software (University of Buffalo).  Statistical 

significance was determined using an unpaired t-test (GraphPad Prism 6 software).   

 

2.11 Immunostaining of Wild Type and TRPM4-/- Null 

Heart Tissue 

 

Wild type heart tissue sections (provided by Dr Jane Yu) and TRPM4 -/- null heart 

tissue sections (provided by Dr Marie Demion) were fixed using 4% PFA for 5 minutes at 

room temperature then permeabilised with 0.1% Tween-20 in PBS for 2 minutes.  

Following permeabilisation, sections were washed with PBS thoroughly then incubated 

with 10% normal goat serum (NGS) for 1 hour at room temperature to minimize non-

specific antibody binding. The 10% NGS was removed and sections were incubated 
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directly with the primary antibodies for TRPM4 (1:400, Abcam ab63080) and Cav-3 (1:500, 

BDB610421) in 1% BSA PBS for 1 hour at room temperature.  Slides were then rinsed 

with PBS for 5 minutes then incubated with the secondary antibodies goat anti-rabbit IgG 

(H + L) Alexa Fluor 488 (1:1500, Life technologies A-11008) and goat anti-mouse IgG (H + 

L) Alexa Fluor 594 (1:1000, Life technologies A-11032) in 1% BSA PBS for 45 min.  Then 

sections were rinsed with PBS for 5 minutes and mounted with Mowiol mounting media.  

The specificity of the secondary antibody was checked in the positive control samples by 

omitting the inclusion of the primary antibodies.  The immunostained sections were imaged 

at 63 x magnification using the LSM 700 upright confocal microscope (Zeiss).  

2.12 Immunostaining of Cardiomyocytes 

 

Isolated cardiomyocytes (~200 µg) were washed with PBS twice, allowed to settle by 

gravity and the PBS was removed.  The washed cardiomyocytes were then fixed with 4% 

PFA in PBS and allowed to incubate in the solution for 30 minutes at room temperature.  

The cardiomyocytes settled at the bottom of the solution and 4% PFA was removed.  The 

cells were permeabilised immediately after with 0.1% Triton X-100 in PBS for 3 min at 

room temperature, then spun down at 100 x g for 30 seconds and the permeabilisation 

solution was removed.  Following this the cardiomyocytes were resuspended with normal 

goat serum (10%, Life Technologies), then split into two 1.2 mL tubes and incubated for 30 

min.  Cells were allowed to settle in solution and the 10% normal goat serum blocking 

solution was removed.  One tube of cardiomyocytes was incubated with 1% BSA in PBS 

as a positive control.  While the other tube of cardiomyocytes was incubated with TRPM4 

primary antibody (1:250 Abcam ab63080) dissolved in 1% BSA in PBS.  Both tubes were 

incubated for 1 hour at room temperature and the cardiomyocytes were allowed to settle at 
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the bottom of the tubes.  After 1 hour the solutions were removed and the cardiomyocytes 

were resuspended and washed in PBS.  Once the cells settled at the bottom the PBS was 

removed and secondary antibody diluent containing goat anti-rabbit IgG (H + L) Alexa 

Fluor 488 (1:1500, Life technologies A-11008) alone in 1% BSA in PBS or along with goat 

anti-mouse IgG (H + L) Alexa Fluor 594 (1:1000, Life technologies A-11032).  The 

cardiomyocytes were incubated with the secondary antibody diluents for 45 minutes at 

room temperature and cell were allowed to settle at the bottom during this period.  The 

secondary antibody diluents were removed and the cells were washed with PBS and then 

allowed to settle.  Finally the PBS was removed, the cardiomyocytes were resuspended in 

Mowiol mounting media then mounted onto glass slides.  The immunostained 

cardiomyocytes were imaged at 63 x magnification using a LSM 700 upright confocal 

microscope (Zeiss).   
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3.1 hTRPM4-eGFP Fusion Protein Expression 

 

Expression of the full length hTRPM4-eGFP fusion protein was confirmed by Western 

blotting and a 473 nm laser scan of a SDS-PAGE gel. A diagram of the construct encoding 

the full length FLAG-TRPM4-eGFP fusion protein is displayed in Figure 3.1A. The 

presence of the FLAG tag, 8-Histidine tag and the C-terminal TRPM4 sequence in the 

overexpressed protein was confirmed by Western blotting, which revealed a band of 

approximately 167 kDa in each blot (Fig. 3.1B, C and E).  The presence of the eGFP tag 

on the fusion protein was confirmed by performing a 473 nm laser scan of the gel. A 

prominent band was detected at 167kDa, which is the expected size of the full-length 

monomeric fusion protein (Fig. 3.1D).   
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Figure 3.1  Expression of FLAG-TRPM4-eGFP-8His fusion protein in Spodoptera 

frugiperda (Sf9) insect cells.  

(A) Diagram of the FLAG-TRPM4-eGFP-8His pFastbac construct.  (B) Lysates from 

TRPM4-eGFP fusion baculovirus-infected Sf9 cells were visualised by SDS-PAGE. The 

proteins were immunoblotted and an anti-FLAG antibody was used for detection.  (C) 

Immunoblot with anti-TRPM4 antibody.  (D) Scan of an SDS-PAGE gel at excitation and 

emission wavelengths appropriate for GFP fluorescence.  (E) Immunoblot with anti-His 

antibody. Arrows indicate the migration position (Mr 167 kDa) of the full length TRPM4-

eGFP fusion protein. 
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3.2 Cellular Localisation of hTRPM4-eGFP Fusion Protein  

 

Localisation of overexpressed TRPM4-eGFP protein in baculovirus-infected sf9 cells 

was determined using confocal microscopy and staining using the FM4-64FX membrane 

dye.  FM4-64FX fluoresces strongly when bound to the outer leaflet of the plasma 

membrane and yields discrete plasma membrane staining (Koch et al., 2012). TRPM4-

eGFP was visualised using the GFP moiety. As shown in Figure 3.2A, hTRPM4-eGFP 

appears to co-localise with the FM4-64FX dye within the plasma membrane and around 

the perinuclear region of an infected sf9 cell.  The localisation of hTRPM4-eGFP protein 

and FM4-64FX dye individually are shown in Figures 3.2B and 3.2C respectively. 

 

Figure 3.2  Localisation of the FLAG-hTRPM4-eGFP-8His fusion protein in 

Spodoptera frugiperda (Sf9) insect cells.   

Confocal images showing hTRPM4-eGFP fusion protein (green channel, 488 laser line) 

distributed within the plasma membrane and perinuclear region.  Baculovirus-infected cells 

were stained with FM4-64 membrane dye (red channel, 594 laser line). (A) Merged image 

from the green and red channels showing TRPM4-eGFP co-localisation with the FM4-64 

membrane dye. The black scale bar represents 10 µm.  (B)  Image of TRPM4-eGFP 

A B C
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protein localisation (green channel only).  (C) Image of FM4-64 membrane localisation (red 

channel only).  

 

3.3 Detergent Screening to Optimise hTRPM4-eGFP 

Fusion Protein Purification 

 

To determine the size and homogeneity of the FLAG-TRPM4-eGFP-8His fusion protein 

following solubilisation with different detergents (to determine whether the protein is 

aggregated, oligomeric or degraded), samples were subjected to fluorescence size-

exclusion chromatography (FSEC).  Solubilisation of FLAG-TRPM4-eGFP-8His (M4 V1) 

with 1% LMNG, 1% digitonin, 2% DDM, 1% DM or 1% Fos-choline-14 yielded mainly 

oligomeric protein, with some aggregation and degradation (Figs. 3.3 & 3.4).  Although 

solubilisation of FLAG-hTRPM4-eGFP-8His (M4 V1) with 1% Fos-choline-14 provided 

approximately 80% oligomeric protein compared to the other detergents, however, the 

overall yield of protein solubilised was much lower than for other detergents (Fig. 3.3). 

Solubilisation of FLAG-hTRPM4-eGFP-8His (M4 V1) with 1% LMNG, 2% DDM or 1% 

digitonin appeared to provide the highest yield of oligomeric protein. Interestingly, 

solubilisation of FLAG-hTRPM4-eGFP-8His (M4 V1) with a mixture of 0.5% DDM and 

0.5% LMNG yielded the least amount of oligomeric protein, where the majority of the 

protein was either aggregated or degraded (Fig. 3.3).   
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Figure 3.3  Overlaid FSEC profiles of the FLAG-hTRPM4-eGFP-8His fusion protein 

solubilised in different detergents.   

The FSEC elution profiles of FLAG-hTRPM4-eGFP-8His solublised in 1% LMNG, 1% 

digitonin, 2% DDM, 1% Fos-choline-14, 1% DM or 0.5% DDM + 0.5% LMNG are depicted 

in the line graph above, common peaks are labelled 1-4.  Peak 1 is aggregated proten, 

Peak 2 is oligomeric protein, Peaks 3 and 4 contained truncated and/or degraded protein.  

The identity of the peaks was based on their elution retention time.   

 

 
 
Figure 3.4  GFP scan of a SDS-PAGE gel with samples corresponding to peaks 1-4 

from the FSEC profile of the FLAG-TRPM4-eGFP-8His fusion protein solubilised in 

2% DDM.   
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All other detergents used for solubilisation of FLAG-TRPM4-eGFP-8His displayed similar 

bands for each peak.  Lane 1 (peak 1 of Fig. 3.4) represents an aggregate peak as it 

elutes in the void volume, lane 2 (peak 2 of Fig. 3.4) represents an oligomeric protein 

peak, lane 3 (peak 3 of Fig. 3.4) represents a mixture of monomeric TRPM4, degraded 

protein and/or truncated proteins, lane 4 (peak 4 of Fig. 3.4) represents degraded protein 

and/or truncated protein/s.  

 

3.4 Purification of hTRPM4-eGFP 

 

The hTRPM4-eGFP fusion protein was solubilised in mild detergents such as 1.5% 

DDM or 0.5% LMNG in order to isolate the protein under non-denaturing conditions. 

Isolation of hTRPM4-eGFP protein using Histidine affinity and size-exclusion 

chromatography yielded protein of sufficient quantity and purity for downstream 

biochemical and biophysical characterisation.  The UV and fluorescence chromatograms 

after a second round of size-exclusion chromatography displayed a large peak at 11-12 

mL volume and a minor peak eluting at the void volume (Fig. 3.5, panels A & C). The 

fractions of the large peak at 11-12 mL were run on SDS-PAGE then scanned for GFP 

fluorescence (473 nm) or Coomassie stained. An intense band was evident at ~167 kDa in 

both the fluorescent scan and the coomassie gel, which was likely to be the hTRPM4-

eGFP fusion protein (Fig. 3.5, panelsB & D). The identity of this band was confirmed as 

hTRPM4 using peptide mass fingerprinting analysis (MALDI-TOF, Mass Spectrometry 

Core Facility (MCSF), Sydney University). A MASCOT search yielded a protein top score 

of 108 (p<0.05) corresponding to transient receptor potential cation channel, subfamily M, 

member 4, isoform CRA_b [Homo sapiens].  The top 3 scores which were 108, 99 and 87 



137 
 

(protein scores higher than 86 are significant p<0.05), were all matches to the transient 

receptor potential cation channel subfamily M member 4 [Homo sapiens]. 

 

 
 
Figure 3.5  Purification of the FLAG-hTRPM4-eGFP-8His fusion protein. 

(A) UV chromatogram of the second round of size-exclusion chromatography purified 

hTRPM4-eGFP in DDM.  (B) Coomassie-stained SDS-PAGE gel of the size exclusion 

chromatography purified hTRPM4-eGFP protein in DDM.  (C) Fluorescence (Ex 488, Em 

514) chromatogram of the second round of size-exclusion chromatography to purify 
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hTRPM4-eGFP in DDM.  (D) eGFP scan (Ex 473 nm, Em 514nm) of an SDS-PAGE gel 

with size exclusion chromatography purified hTRPM4-eGFP in DDM.   

3.5 Purification of Cleaved hTRPM4 

 

After the first round of size-exclusion chromatography, the hTRPM4-eGFP protein was 

cleaved with TEV protease, exchanged into amphipol A8-35 and subjected to a second 

round of size-exclusion chromatography.  The size-exclusion UV chromatogram of cleaved 

TRPM4 in A8-35 displayed a single monodispersed peak after the second round of 

purification using size exclusion chromatography (Fig. 3.6A).  A fraction from the 

monodispersed peak was run on SDS-PAGE and Coomassie stained to reveal a band at 

approximately 137 kDa (Fig. 3.6B), which is the expected size of cleaved hTRPM4. 

 

Figure 3.6  Purification of the cleaved hTRPM4 protein in amphipol A8-35. 

A) UV chromatogram of the second round of size-exclusion chromatography of hTRPM4 in 

amphipol A8-35 following TEV protease cleavage. B) Coomassie-stained SDS-PAGE gel 
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of the size exclusion chromatography purified and TEV-cleaved hTRPM4 protein in 

amphipol A8-35. 

3.6 Number and Brightness Analysis of hTRPM4-eGFP in 

Sf9 Cells and Purified hTRPM4-eGFP Protein 

 

Number and brightness (N & B) analysis was used to study the oligomeric state of 

TRPM4-eGFP ex vivo (within sf9 cells) (Fig. 3.7) and in vitro (using purified protein) (Fig 

3.8). The N & B method is based on the analysis of the fluctuation of fluorescence intensity 

(as described in section 1.9.5), which gives an average value of the number of molecules 

(N) and the brightness (B) of a Z stack of fluorescence microscopy images at each pixel, 

from data acquired from laser scanning confocal microscopy.  N is directly linked to the 

concentration of protein, while B provides the dimensions of the molecules at each pixel to 

determine oligomeric state.  

The brightness values for background fluorescence and monomeric protein were 

determined to be 1 and 0.3, respectively, in the distribution plots of B values per single 

pixel versus fluorescence intensity (Figs. 3.7 & 3.8).  The different oligomeric species in 

the distribution plots are indicated by boxes colour-coded to provide information about the 

oligomeric state of the protein in different regions of the plot (Figs. 3.7 & 3.8).   

In Figure 3.7 it is evident from the distribution plots in the left column that there are 

trimeric, tetrameric and pentameric species of TRPM4-eGFP protein expressed in Sf9 

cells.  Interestingly, in the corresponding images of the selection maps in the right column 

of Figure 3.7, tetrameric and trimeric species of the protein appear to be localised 

predominantly around the nuclear and plasma membranes of the Sf9 cells, while 



140 
 

pentameric species (blue pixels) appear to be common in the cytoplasmic space.  N & B 

analysis of the purified TRPM4-eGFP protein indicates that there are also trimeric, 

tetrameric and pentameric species, as displayed by the distribution plots and selection 

maps (Fig. 3.8).  Overall, N & B analysis revealed heterogeneity in the oligomeric species 

of TRPM4-eGFP in both Sf9 cells and purified protein. 
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Figure 3.7  Number and brightness analysis of hTRPM4-eGFP protein in Sf9 cells.   

In the left column are distribution plots of intensity vs. brightness. The corresponding 

colour selection maps are featured to the right (n= 5). 



142 
 

 

Figure 3.8  Number and brightness analysis of purified hTRPM4-eGFP protein.   

In the left column are distribution plots of intensity vs. brightness.  The corresponding 

colour selection maps are featured to the right (n= 4). 
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3.7 Characterisation of the Oligomeric Status of the 

hTRPM4-eGFP Fusion Protein Using Blue Native 

PAGE and Chemical Crosslinking 

 

Non-denaturing blue native PAGE displayed a prominent band at an approximate Mr of 

638,000/~638kDa, which is ~3.8x the molecular weight of monomeric TRPM4-eGFP 

(167kDa), this corresponds to the oligomeric form of TRPM4-eGFP, indicated to most 

likely be tetrameric (Fig. 3.9A). To further confirm the oligomeric state of TRPM4-eGFP, it 

was crosslinked using the imidoester crosslinkers, FA or BS3. Imidoester crosslinkers 

initiate nucleophilic attack of lysine amino groups, which enables covalent binding via the 

crosslinker; however, they only bind surface residues in relatively close proximity to each 

other in the native state. By increasing the duration of the incubation of FA and BS3 with 

the sample, three additional bands were formed.  During the longest incubation times, 

TRPM4-eGFP appeared mostly as a single, high molecular weight band (Figs. 3.9, panels 

B & C). The sizes of the four bands on the 3-8% gradient gels are consistent with 

monomeric (167kDa), dimeric (334kDa), trimeric (501kDa) and tetrameric (668kDa) 

TRPM4-eGFP species (Figs. 3.9, panels B & C) in comparison to the standard.  



144 
 

 

Figure 3.9  Blue native PAGE and chemical crosslinking of the hTRPM4-eGFP fusion 

protein suggests it is tetrameric.   

(A) Representative image of purified TRPM4 fusion protein (arrow) run on a silver stained 

native gel. (B)  Purified hTRPM4 fusion protein crosslinked with formaldehyde (FA); 

samples were run on a denaturing tris acetate gel and scanned for eGFP fluorescence (Ex 

473 nm, Em 514nm). The migration positions of putative monomeric (1x), dimeric (2x), 

trimeric (3x) and tetrameric (4x) species are indicated by arrows. (C) Crosslinking of 

hTRPM4-eGFP with bis-sulfosuccinimidyl suberate (BS3); samples were run on a 

denaturing tris acetate gel and scanned for eGFP fluorescence (Ex 473 nm, Em 514nm). 

The migration position of the putative monomeric and various crosslinked species are 

indicated as in (b).  
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3.8 Characterisation of the Oligomeric State of the 

hTRPM4-eGFP Fusion and Cleaved (eGFP tag free) 

hTRPM4 Proteins Using SEC-MALLS 

 

To accurately determine the stoichiometry and molecular weight of the oligomers of 

hTRPM4-eGFP and cleaved TRPM4, the proteins were separated on the basis of their 

Stokes radius using a size-exclusion column (Superose 6, GE) and the (approximate) 

sizes of the proteins were measured by light scattering (SEC-LS/UV/RI). The analysis of 

the SEC-LS/UV/RI data (using ASTRA software) for the hTRPM4-eGFP and cleaved 

(eGFP tag free) TRPM4 is shown in Figures 3.10A and 3.10B respectively. The molecular 

weights of TRPM-eGFP protein and hTRPM4, calculated using the protein-conjugate 

analysis tool in the ASTRA 6 software, were determined to be 644.7kDa (±0.336%) and 

539.4kDa (± 1.899%).  These values are close to the expected values of 668kDa for 

hTRPM4-eGFP and 548kDa for cleaved (eGFP tag free) hTRPM4, indicating that the 

protein forms a tetramer.   
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Figure 3.10  SEC-MALLS of hTRPM4-eGFP fusion protein and cleaved (eGFP tag 

free) TRPM4 indicates they are tetrameric.   

(A) SEC-MALLS chromatogram of the hTRPM4-eGFP fusion protein; molar mass (g/mol) 

of the protein was calculated from the light scattering, UV and refractive index signals.  

The black dotted line represents the fitting of the molar mass across the three signals. (B) 

SEC-MALLS chromatogram of cleaved (eGFP tag-free) TRPM4 protein, molar mass 

(g/mol) of the protein was calculated from the light scattering, UV and refractive index 

signals. The black dotted line represents the fitting of the molar mass across the three 

signals. 

 

 

 

 

 

 

Light scattering

Refractive index

UV 
Light scattering

Refractive index

UV A B



147 
 

3.9 Transmission Electron Microscopy of Cleaved (eGFP 

Tag Free) hTRPM4 Protein 

 

The EM images collected from purified TRPM4 revealed distinct oligomers with a 

diameter of ~12 nm, which was observed in a number of orientations (Fig. 3.11). The most 

distinct orientation displays a symmetrical “four leaf clover” shape, suggesting tetrameric 

packing of the protein subunits (Fig. 3.11, top row). Other orientations present a view of an 

electron-lucent pore ringed by protein or an apparent side view of the channel (Fig. 3.11, 

middle and bottom rows).  To display the structural similarity of TRPM4 and TRPV1, the 

EM images of TRPM4 that we have obtained were aligned against the EM images of 

TRPV1 from previous studies (Fig. 3.12, panels A-G). 

 

Figure 3.11  Negative stain transmission electron microscopy of cleaved (eGFP tag 

free) hTRPM4 protein displays its tetrameric structure.   

Transmission electron microscopy (TEM) images of cleaved hTRPM4-eGFP protein 

display a channel protein containing fourfold symmetry, with a diameter of approximately 
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12-14 nm (top row; white scale bar is 10 nm). The middle and bottom rows display side 

views of the channels or the electron-lucent pore ringed by protein.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12  Comparison of raw images from TEM of TRPM4 to class averages of 

cryo-EM and TEM images of TRPV1.  
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Images of TRPV1 in the left column are adapted from Liao and colleagues (Liao et al., 

2013), (Cao et al., 2013b). Images in the right column contain raw TEM data of TRPM4 

from Figure 11. (A) Left; 3-dimensional reconstruction of the top down view of TRPV1 from 

single particle cryo-EM data (Fig. 1F, Laio et al. 2013), right; TRPM4 TEM raw data 

displaying the fourfold symmetry.  (B) Left; 2D class average of TRPV1 bottom view from 

cryo-EM data (Extended Fig 3C, Cao et al. 2013), right; TRPM4 TEM raw data.  (C)  Left; 

2D class average of TRPV1 side view from cryo-EM data (Extended Fig 1C, Cao et. al. 

2013), right; TRPM4 TEM raw data.  (D) Left; 2D class average of TRPV1 cryo-EM 

particles (Extended Fig 4E, Laio et al. 2013), right; TRPM4 TEM raw data image depicting 

the electron-lucent pore. (E) Left; 2D class average of TRPV1 cryo-EM particles (Extended 

Fig 1C, Cao et. al. 2013), right; TRPM4 TEM raw data. (F) Left; 2D class average of 

TRPV1 cryo-EM particles (Extended Fig 1C, Cao et. al. 2013), right; TRPM4 TEM raw 

data. (G) Left; 2D class average of TRPV1 cryo-EM particle images from the side 

(Extended Fig 1D, Cao et. al. 2013), right; TRPM4 TEM raw data. 

 

3.10 FLIM 

 

After it was determined that purified hTRPM4 forms a tetramer, we reconstituted the 

channel into liposomes in order to characterise its functional properties. To confirm that 

hTRPM4-eGFP was successfully reconstituted into the liposomes we used fluorescence 

lifetime imaging (FLIM). The FLIM image of the hTRPM4-eGFP proteoliposomes shows 

that there are regions of shorter lifetime (colour coded in blue, Fig. 3.13 C), compared to 

control liposomes containing azolectin alone (Fig. 3.13 A). The corresponding lifetime 

histogram to the FLIM image of the hTRPM4-eGFP proteoliposomes shows that there are 
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several peaks from 2-4 ns (Fig. 3.13 B), while the lifetime histogram for the control 

azolectin liposomes only has a peak at 4 ns (Fig. 3.13 D).   

The raw FLIM data were analysed in the Phasor plot (Fig. 3.14 A) by selecting clusters 

of pixels, with different lifetime clusters differentiated by colour selection. The phasor 

approach provides a model-free method for analyzing the data. The phasor position lies on 

a line between the individual components. The hTRPM4-eGFP protein incorporated into 

azolectin liposomes has a phasor position shifted from that of the autofluorescence 

component, indicating a difference in the fluorescence lifetimes of the two species (Fig. 

3.14, panels B-C). Encapsulated eGFP is highlighted by the green cursor on the phasor 

and its position is highlighted in the intensity image (Fig. 3.14, panels D-E). Thus, a 

significant difference in the fluorescence lifetime between azolectin and TRPM4-eGFP 

liposomes was detected, since eGFP has a much shorter fluorescence lifetime compared 

to the autofluorescence from the azolectin lipids alone.   
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Figure 3.13  Fluorescence lifetime imaging (FLIM) of hTRPM4-eGFP fusion protein 

incorporation into azolectin liposomes.   

(A) FLIM image of an azolectin (100%) liposome no protein incorporated (n=6). (B) FLIM 

image of azolectin liposome with TRPM4-eGFP fusion incorporated 1:200 (n=6).  (C) 

Fluorescence lifetime count histogram for azolectin liposomes with no protein 

incorporated. (D) Fluorescence lifetime count histogram for azolectin liposomes with 

hTRPM4-eGFP fusion protein incorporated.   
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Figure 3.14  Phasor analysis of TRPM4 fusion protein incorporation into azolectin 

liposomes.   

(A) In Phasor analysis, all single exponential lifetimes lie on the universal circle, with multi 

exponential lifetimes being a liner combination of their components. The position on the 

line between the two components is determined by their fractional contribution (Digman et 

al., 2008a, Hinde et al., 2013). (B) Phasor plot showing autofluorescence phasor. (C) 
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Phasor plot showing combination of autofluorescence and eGFP incorporated Phasor. (D) 

Phasor colour map of azolectin liposomes with no protein incorporated.  Pixels in the 

image are colour coded according to the same coloured region of interest (ROI) selection 

in the phasor plot.  (E) Fluorescence lifetime Phasor colour map of azolectin liposomes 

with TRPM-eGFP fusion protein incorporated. The eGFP protein localisation is 

represented by green pixels in the image. All FLIM data were collected using time 

correlated single photon counting, and all phasors are shown in the 1st harmonic (n=6). 

 

3.11 Functional Properties of hTRPM4-eGFP Incorporated 

into Proteoliposomes 

 

To determine if purified hTRPM4-eGFP was functional and possessed similar channel 

properties to TRPM4 overexpressed in mammalian cells (HEK293 cells) we characterised 

hTRPM4-eGFP incorporated into liposomes using patch clamp electrophysiology. Under 

symmetric bath conditions (0.14 M NaCl, 0.005 M KCl) the current-voltage (I-V) 

relationship for the hTRPM4-eGFP channel showed that the single channel current was 

ohmic between -100 mV and +100 mV (Fig. 3.15, panels A&B) with a slope conductance 

of ~28 ± 1 pS (Fig. 3.15B, n=7). Kinetic modelling of the single channel recordings from 

hTRPM4-eGFP in proteoliposomes indicated that the fusion protein has a conductance of 

24 pS (Fig. 3.15C) and possesses 2 closed states and 1 open state (Fig. 3.15, panels D-

E).  
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Figure 3.15  Conductive properties and kinetic model of hTRPM4-eGFP. 

(A) Single channel traces recorded at different voltages from an excised inside-out patch.  

Pipette contained 140 mM NaCl, 5 mM KCl, 10 µM CaCl2 and 5 mM HEPES at a pH of 

7.5. Vm represents the membrane potential.  (B) Current (I)-voltage (V) relationship 

determined under the same ionic conditions as in (A), slope conductance of ~28 ± 1 pS 

(data points represent mean ± SEM, n=7).  (C) Amplitude histogram of hTRPM4-eGFP at 

100 mV, using the same ionic conditions as in (A), inset are expanded regions of a 

different longer trace which was used to form the amplitude histogram and for modelling 

the number of open and closed states .  Single channel modelling of hTRPM4-eGFP using 

QuB software indicated that the channel has 2 closed states (D) and one open state (E).   
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3.11.1 hTRPM4-eGFP Activity in the Presence of Flufenamic 

Acid  

 

Recordings were also obtained in the presence of 20 µM flufenamic acid (FFA) to 

ensure functional selection (Simard et al., 2013). The channel activity was inhibited when 

20 µM FFA was added to the bath (Fig. 3.16, panels A & B) causing the open probability 

Po to decrease significantly (Fig. 3.16 C). 

 

Figure 3.16  hTRPM4-eGFP inhibition by Flufenamic acid.   
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(A) Single channel trace of hTRPM4-eGFP recorded from an excised inside-out patch. 

Pipette and bath contained 140 mM NaCl, 5 mM KCl, 10 µM CaCl2 and 5mM HEPES at a 

pH of 7.5.  (B) Single channel trace of hTRPM4-eGFP in the presence of 20 µM flufenamic 

acid (FFA). The trace displayed is from the same experiment shown in (A). (C) Normalised 

open probability histogram of hTRPM4-eGFP before and after addition of 20 µM FFA (data 

points represent mean ± SEM, n=5, p<0.0001). 

 

3.11.2 hTRPM4-eGFP Activity in Response to Membrane 

Stretch 

 

To determine whether the activity of purified hTRPM4-eGFP was modulated by 

membrane stretch, excised liposome patches were subjected to varying pressure (-5 

mmHg, -10 mmHg and -20mmHg). Interestingly, the activity of the channel protein 

remained unaffected despite subjecting the liposome patches to various degrees of 

membrane stretch (Fig. 3.17, panels A & B), where no difference in open probability Po 

was evident (Fig. 3.17 C). 
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Figure 3.17  hTRPM4-eGFP is not affected by affected by membrane stretch. 

(A) Representative single channel trace of hTRPM4-eGFP without stretch applied to the 

patch. Pipette and bath contained 140 mM NaCl, 5 mM KCl, 10 µM CaCl2 and 5 mM 

HEPES at a pH of 7.5.  (B) Representative single channel trace of hTRPM4-eGFP with -10 

mmHg stretch applied to the patch. The trace displayed is from the same experiment 

shown in (A), pipette and bath contained the same solution as in (A).  (C)   Normalized 

open probability histogram of hTRPM4-eGFP under varying amounts of stretch (0 mmHg , 

-5 mmHg, -10 mmHg and -20 mmHg) (data points represent mean ± SEM, 0mmHg, n=4; -

5mmHg, n=3; -10mmHg, n=4; -20mmHg, n=4;, p> 0.05). 
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3.12  Localisation of TRPM4 Expression in Mouse 

Ventricular Heart Tissue 

 

The data displays that TRPM4 (green) expression is localised in striated structures of 

the plasma membrane (Fig. 3.18, panels C & D). While for the immunostained positive 

control   TRPM4-/- tissue (Fig. 3.18 A) and the negative control (Fig. 3.18 B) only faint 

diffuse staining with no particular localisation to a distinct structure is apparent.   

 

Figure 3.18  Immunostaining of TRPM4 in ventricular heart tissue from wild type and 

TRPM4-/- null mice.   
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(A) Positive control; ventricular tissue from TRPM4-/- null mouse heart immunostained with 

both TRPM4 primary and fluorescent secondary antibodies.  (B) Negative control; 

ventricular tissue from wild type mouse heart immunostained only with fluorescent 

secondary antibody.  (C-D) Ventricular tissue from wild-type mouse heart immunostained 

with TRPM4 primary and fluorescent secondary antibodies (N=3).   

3.13 Localisation of TRPM4 and Caveolin-3 in Isolated 

Ventricular Cardiomyocytes from Wild Type Mice 

 

The localisation of TRPM4 and Caveolin-3 (Cav-3) in isolated ventricular 

cardiomyocytes was determined by immunohistochemistry using anti-TRPM4 and anti-

Cav-3 antibodies.  The results demonstrate that both TRPM4 (green) and Cav-3 (red) are 

expressed in ventricular cardiomyocytes and that they co-localise in plasma membrane 

structures.  Merged images with yellow areas indicate the co-localisation of TRPM4 and 

Cav-3 (Fig. 3.19 A and Appendix Fig. 5 A). The single channel images of both TRPM4 

(green, Fig. 3.19 B) and Cav-3 (red, Fig. 3.19 C) displays expression of the two proteins in 

striated structures of the cardiomyocyte plasma membrane.  For the negative control, only 

faint, diffuse staining is apparent in both the merged (Fig. 3.19 D) and single channel 

images (Fig. 3.19, panels E-F). 
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Figure 3.19  Immunostaining of TRPM4 and Cav-3 in isolated ventricular 

cardiomyocytes (N=3).   

 (A) Co-localisation of TRPM4 (green) and caveolin-3 (red) in a wild type ventricular 

cardiomyocyte,  (B)   Localisation of TRPM4 (green channel) in a wild-type ventricular 
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cardiomyocyte.  (C)   Localisation of Caveolin-3 (red channel) in a wild-type ventricular 

cardiomyocyte.  (D) Negative control, including only secondary antibodies.  (E)  Negative 

control, only the Alexa fluor 488 secondary antibody.  (F)  Negative control, only the Alexa 

fluor 594 secondary antibody. 
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Chapter 4 Discussion 
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4.1 Expression and Localisation of Various TRPM4 

Fusion Proteins in Baculovirus-Infected Sf9 Cells  

 

The expression and localisation of three different baculovirus fusion protein constructs 

in sf9 cells was determined (FLAG-TRPM4-eGFP-8His (V1); HA-FLAG-TRPM4-eGFP-

8His (V2); GP64-FLAG-TRPM4-eGFP-8His (V3)).  The FLAG-TRPM4-eGFP-8His fusion 

protein (V1) expressed highly, where 60-90% of the cells were infected and expression 

appeared to be localised in the perinuclear region and plasma membrane of Sf9 cells 

(Appendix Fig. 7.1).  The second fusion protein HA-FLAG-TRPM4-eGFP-8His (V2) also 

expressed well, where 60-90% of the cells were infected, however, expression only 

appeared to be localised in the perinuclear region of Sf9 cells (Appendix, Fig. 7.1). 

Interestingly, the addition of the human influenza hemagglutunin tag (HA-tag) to the V1 

fusion protein prevented targeting of the protein to the plasma membrane.  The addition of 

HA-tag to the N-terminus may have impeded trafficking of fusion protein to the plasma 

membrane since targeting peptide sequences, which ensure proteins are targeted and 

inserted in the correct membrane compartments are often located on the N-terminus of 

membrane proteins  (Vecchio et al., 2014, Rapoport and Blobel, 1986)   Since the N- and 

C-termini of TRPM4 are cytoplasmic it’s possible that the addition of the HA-tag could 

have made the N-terminus of the protein less hydrophilic or positive at the terminal part of 

the signal peptide, which could have affected insertion of the protein into the membrane by 

the ‘loop model’ (Rapoport and Blobel, 1986), furthermore, the N-terminus of the protein 

would not have been cytoplasmic (Rapoport and Blobel, 1986). This indicates the 

importance of the N-terminus sequence to TRPM4 localisation in the cell. The third fusion 

protein GP64-FLAG-TRPM4-eGFP-8His (V3) exhibited poor expression, where only 1% of 

sf9 cells were infected and expression was diffuse throughout the cell (Appendix Fig. 7.1).  
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This result was unexpected as GP64-tag is a major envelope fusion glycoprotein for the 

baculoviruses (Autographica californica nucleopholyhedrovirus (AcMNPV)) generated in 

this study, which should assist infection of host Sf9 cells rather than provide lower 

expression (Okano et al., 2006, Blissard and Wenz, 1992).  Since the expression of the 

GP64-FLAG-TRPM4-eGFP-8His (V3) fusion protein was too low for downstream protein 

purification, detergent screens were only performed for the FLAG-TRPM4-eGFP-8His (V1) 

and HA-FLAG-TRPM4-eGFP-8His (V2) fusion proteins.    

 

4.2 Detergent Screens for FLAG-TRPM4-eGFP-8His (V1) 

and HA-FLAG-TRPM4-eGFP-8His (V2) Fusion Proteins 

 

Detergent screens were performed for the FLAG-TRPM4-eGFP-8His (V1) and HA-

FLAG-TRPM4-eGFP-8His (V2) fusion proteins to determine which detergents yielded the 

highest amount of solubilised protein and which detergents were best at preserving the 

native structure of TRPM4 (as judged by its profile on size exclusion chromatography). To 

perform the detergent screen, different types of detergents were trialled to solubilise the 

fusion proteins, including non-ionic detergents and zwitterionic detergents.  Ionic 

detergents were not trialled (e.g. SDS) because they are denaturing and disrupt both intra- 

and inter-molecular protein-protein interactions (Lau and Bowie, 1997). Zwitterionic 

detergents are milder than ionic detergents because they are electrically neutral, 

containing both a positive and negative charge in their hydrophilic head groups (Seddon et 

al., 2004). Examples of zwitterionic detergents include fos cholines and CHAPS/CHAPSO; 

although these compounds are electrically neutral they are still able to dissociate protein-

protein interactions like ionic detergents, therefore they are of intermediate mildness 
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(Seddon et al., 2004, le Maire et al., 2000).  Non-ionic detergents possess uncharged 

hydrophilic head groups; these include maltosides, glucosides, polyoxyethylene glycols 

and digitonin (Seddon et al., 2004).  These detergents are mild and non-denaturing since 

they disturb protein-lipid and lipid-lipid interactions but don’t interfere with protein-protein 

interactions (Seddon et al., 2004, le Maire et al., 2000).  Another advantage of using mild 

non-ionic detergents is that non-ionic detergents like digitonin and DDM are much less 

efficient at solubilising misfolded or ‘non-functional’ protein compared to zwitterionic or 

ionic detergents (Thomas and Tate, 2014).  Due to these properties, non-ionic detergents 

are most commonly used for membrane protein purification and structural studies (Thomas 

and Tate, 2014).   

The monodispersity of the solubilised proteins was assessed using fluorescence size-

exclusion chromatography (FSEC). FSEC is a useful method for screening detergents 

using fluorescently tagged proteins as it allows the monodispersity of a protein in a specific 

detergent without needing it to be purified or produced in large quantities (Kawate and 

Gouaux, 2006). 

According to the FSEC profiles, solubilisation of HA-FLAG-TRPM4-eGFP-8His (M4 V2) 

in non-ionic detergents (2.5% DDM, 1% DMNG, 1% Triton-X 100 and 1% digitonin) and 

the zwitterionic detergent 1% CHAPSO yielded only aggregated and degraded species of 

the protein (Appendix Fig. 7.2).  Solubilisation of HA-FLAG-hTRPM4-eGFP-8His (M4 V2) 

with the zwitterionic detergent 1% Fos-choline-12 yielded mainly aggregated protein but 

also a small peak containing oligomeric species of the protein and much less degradation 

(Appendix Figs. 7.2 & 7.3).  Subsequently, solubilisation of HA-FLAG-hTRPM4-eGFP-8His 

(M4 V2) with 1% Fos-choline-14, 1% Fos-choline-15 and 1% Fos-choline-16 yielded 

approximately 50% aggregated protein, 40-45% oligomeric species and 5-10% degraded 

protein (Appendix Figs. 7.2 & 7.3). Solubilisation of HA-FLAG-hTRPM4-eGFP-8His (M4 
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V2) with Fos-choline-16 appeared to yield the highest amount of oligomeric protein.  This 

is not surprising as Fos-choline-16 has the longest hydrophobic tail, which allows the 

detergent to efficiently extract the protein from the lipid bilayer during solubilisation and 

masks the large hydrophobic transmembrane regions of the protein to prevent aggregation 

(Rosen and Kunjappu, 2012).  

Conversely, solubilisation of FLAG-hTRPM4-eGFP-8His (M4 V1) with non-ionic 

detergents (1% LMNG, 1% digitonin, 2% DDM and 1% DM) yielded mainly oligomeric 

protein, with some aggregation and degradation (Figs. 3.3 & 3.4).  Solubilisation of FLAG-

hTRPM4-eGFP-8His (M4 V1) with 1% fos choline 14 provided approximately 80% 

oligomeric protein compared to the other detergents.  However, the overall yield of protein 

solubilised was much lower than for other detergents (Fig. 3.3). Interestingly, solubilisation 

of FLAG-hTRPM4-eGFP-8His (M4 V1) with a mixture of 0.5% DDM and 0.5% LMNG 

yielded the least amount of oligomeric protein, where the majority of the protein was either 

aggregated or degraded (Fig. 3.3).  This is likely due to the mixed micelle size and/or 

shape being insufficient to adequately encapsulate the hydrophobic regions of the fusion 

protein.  Ultimately, solubilisation of FLAG-hTRPM4-eGFP-8His (M4 V1) with 1% LMNG, 

2% DDM or 1% digitonin was found to provide the highest yield of oligomeric protein.  

Since FLAG-hTRPM4-eGFP-8His is oligomeric it is likely to possess native fold.  

Based on the results from the detergent screen it was decided that the FLAG-TRPM4-

eGFP-8His (V1) was to be further purified since it is solubilised in mainly an oligomeric 

form with mild non-ionic detergents which preserve membrane proteins in their functional 

state (Thomas and Tate, 2014).  Before proceeding with purification, however, it was 

required that the expression of the full length fusion protein be confirmed.  
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4.3 Expression and Localisation of Full Length FLAG-

hTRPM4-eGFP-8His  

 

Expression of the full length FLAG-hTRPM4-eGFP-8His fusion protein was confirmed 

by Western blotting and a 473 nm laser scan of an SDS-PAGE gel (Fig. 3.1, panels B-E). 

A prominent band was detected at 167 kDa in each assay, which is the expected size of 

the full-length monomeric protein.  Localisation of the expression of the FLAG-hTRPM4- 

eGFP-8His protein in baculovirus infected sf9 cells was determined using FM4-64FX 

membrane staining and confocal microscopy.  Expression of FLAG-hTRPM4-eGFP-8His 

co-localised with the FM4-64FX dye and can be seen within the plasma membrane and 

around the perinuclear region of infected sf9 cells (Fig. 3.2). The perinuclear distribution is 

likely to represent incorporation of the expressed protein into the contiguous membranes 

of the endoplasmic reticulum and nuclear envelope. The expression of the FLAG-

hTRPM4-eGFP-8His fusion protein in the endoplasmic reticulum and plasma membrane of 

sf9 (Fig. 3.2 and Appendix Fig. 7.1) is consistent with previous studies of the localisation of 

native hTRPM4 in human cells (Kruse et al., 2009, Launay et al., 2004, Cho et al., 2015, 

Launay et al., 2002, Yoo et al., 2010).  The trafficking of FLAG-hTRPM4-eGFP-8His 

protein to the plasma membrane in Sf9 cells suggests that the protein is likely to be 

correctly folded since it has been reported by previous studies that hTRPM4 is localised in 

the plasma membrane and plasma membrane depolarisation by TRPM4 is part of its 

physiological function (Kruse et al., 2009, Launay et al., 2004, Cho et al., 2015, Launay et 

al., 2002, Yoo et al., 2010).    

 

 



168 
 

4.4 hTRPM4-eGFP and Cleaved hTRPM4 Purification 

 

The hTRPM4-eGFP fusion protein was purified using Histidine affinity and size-

exclusion chromatography. Histidine affinity purification of the fusion protein alone did not 

yield high purity (40% purity compared to solubilised whole cell lysate).  However, it was 

sufficient for the first round of purification before size-exclusion chromatography. The UV 

and fluorescence chromatograms from the second round of size-exclusion purification 

displayed a large peak at 11-12 mL and a minor peak at 8 mL (void volume) which 

contained aggregated protein (Fig. 3.5, panels A & C). The protein from the fractions of the 

large peak at 11-12 mL were run on SDS-PAGE and then scanned for GFP fluorescence 

and/or Coomassie stained. An intense band was evident at ~167 kDa for the hTRPM4-

eGFP fusion protein (Fig. 3.5, panels B & D). The identity of this band was confirmed as 

hTRPM4 using peptide mass fingerprinting analysis (Mass Spectrometry Core Facility 

(MCSF), Sydney University). Although the hTRPM4-eGFP fusion protein was the 

predominant species on the Coomassie gel (Fig. 3.5B) it is evident that there were still a 

few very dilute background proteins in the sample, thus the sample was not 100% pure. 

However, there was a sufficient amount of protein and of adequate purity for downstream 

biochemical and biophysical characterisation. 

The UV size-exclusion chromatogram of cleaved TRPM4 maintained in amphipol A8-

35 contained a single, narrow, symmetrical peak (after a second round of size-exclusion) 

(Fig. 3.6A), which suggests that the protein was not misfolded or aggregated.  A 

coomassie stained SDS-PAGE gel of the cleaved TRPM4 protein revealed a band of ~137 

kDa indicating that the protein was cleaved and adequately pure (Fig. 3.6B). The cleaved 

protein was dialysed into amphipol A8-35 to provide stability to the native protein structure 

in preparation for imaging by electron microscopy.   
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4.5 N & B Analysis of hTRPM4-eGFP Expressed in Sf9 

Cells and Purified Protein 

 

Based on previous studies on the oligomeric structure of other TRP channels it was 

expected that TRPM4 would also be tetramic.   The oligomerisation of hTRPM4-eGFP was 

examined using N & B analysis both ex vivo and in vitro, providing information on the 

average dimensions of hTRPM4-eGFP oligomers.  The study of hTRPM4-eGFP oligomers 

ex vivo is useful to determine the localization of different oligomeric species in the cell and 

as a comparison to purified protein.   

The distribution plots of intensity and brightness for hTRPM4-eGFP expressed in Sf9 

cells indicate that there are trimeric, tetrameric and pentameric species in the population 

(Fig. 3.7, left column). Interestingly, the corresponding selection maps (Fig 3.7, right 

column) indicate that the tetrameric and trimeric species of the hTRPM4-eGFP protein are 

localised predominantly around the nuclear and plasma membranes of the Sf9 cells.  The 

trimeric species of hTRPM4-eGFP visualised on the very periphery of the Sf9 cells in the 

selection maps, however, are thought to be due to the selection of the particles in 

distribution plot being quite close to the background or noise region. Evidence of this is in 

the background of several of the selection maps where there appear to be a few red pixels 

representing trimeric species. The localization of tetrameric hTRPM4-eGFP species 

around the perinuclear region and in the plasma membrane is in agreement with the 

confocal imaging for the localisation hTRPM4-eGFP and previous literature on TRPM4 

localisation (Kruse et al., 2009, Launay et al., 2004, Cho et al., 2015, Launay et al., 2002, 

Yoo et al., 2010).    
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Pentameric species (blue pixels) appear to be common in the cytoplasmic space. The 

presence of the different oligomeric species of TRPM4 in Sf9 cells is likely to be a result of 

different truncated species of the hTRPM4-eGFP fusion protein being expressed in these 

cells, misfolded hTRPM4-eGFP protein, or an artefact from cell motion during acquisition 

of the data. Cell motion during the acquisition of data for N & B analysis can increase the 

variance and brightness of particles leading to overestimates of cluster size and subunit 

stoichiometry (Ossato et al., 2010, Trullo et al., 2013).    

N & B analysis of the in vitro hTRPM4-eGFP purified protein revealed that there were 

also trimeric, tetrameric and pentameric oligomers in solution, as shown by the intensity 

vs. brightness distribution plots and selection maps in Figure 3.8.  This result appears to 

correlate with the ex vivo N & B analysis of the Sf9 cells overexpressing hTRPM4-eGFP. 

The detection of multiple oligomeric species from N & B analysis in the purified protein 

sample is most likely a result of the sample not being 100% homogenous after purification.  

Although hTRPM4-eGFP was the major species dominating the population after 

purification, there were still very low yield fluorescent contaminants present, as shown in 

Figure 3.5 D. In homogenous samples, the use of moment analysis is accurate in 

determining the number and brightness of particles (Digman et al., 2008b).  Unfortunately, 

a mixture of species with different brightness values could not be resolved (Digman et al., 

2008b, Ossato et al., 2010).  However these low yield contaminants appeared not to be 

concentrated enough to appear in native gel electrophoresis or crosslinking assays.   

Another possible source of error is the pixel dwell time, which should be faster than the 

decay time of fluctuations (Ossato et al., 2010). If the dwell time is longer then the variance 

is decreased, particles are less bright and more particles become apparent (Ossato et al., 

2010).  Furthermore, the total protein concentration analysed was in the high nanomolar 

range which leads to longer timescales and presence of multiple oligomeric species at 
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high concentrations (Chakraborty et al., 2012, Engelborghs, 2012).  Lastly, there may be 

only a weak association of TRPM4 subunits in trimeric and pentameric forms, which could 

not be detected using other assays.   

In summary, N & B analysis in both ex vivo (Sf9 expression) and in vitro (purified 

protein) samples suggests that there are trimeric, tetrameric and pentameric species of 

hTRPM4-eGFP;  however, due to the limitations associated with N & B analysis, 

acquisition conditions and the presence of very low yield contaminants in the sample, 

definitive conclusions regarding TRPM4 structure could not be drawn. Therefore, 

additional methods for determination of the oligomeric structure of hTRPM4 were 

employed. 

 

4.6 Blue Native PAGE 

 

Blue native PAGE was used to determine the overall size of the native structure of 

hTRPM4-eGFP under non-denaturing conditions. After the protein was fractionated on a 

blue native gel, a prominent band corresponding to oligomeric TRPM4-eGFP was detected 

after silver staining. The position of the band is consistent with a Mr of 638,000/~638 kDa 

(Fig. 3.9 A) which is approximately 3.8 times greater than the molecular weight of 

monomeric TRPM4-eGFP (167 kDa), indicating that the protein is most likely tetrameric. 

This result is contrary to that of N & B where no trimeric or pentameric species of the 

protein were apparent or detected. This is possibly due to other fluorescent species from 

the cell being much lower in yield after protein purification compared to full length 

expressed and purified hTRPM4-eGFP protein.   
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The addition of coomassie G-250 to the native gel is thought to coat the protein with a 

negative charge which enhances the resolution of proteins, thus enabling more accurate 

size estimation. Notwithstanding, the conformation adopted by the native protein may 

cause around 15% error when estimating expected size (Coste et al., 2012). Thus, blue 

native PAGE alone is not sufficient evidence to state that the protein is tetrameric, 

however it has provided an estimate close to the expected size.    

4.7 Crosslinking 

 

The oligomeric structure of hTRPM4-eGFP was investigated using crosslinkers since 

they only bind to surface residues of a protein which are in close proximity in the native 

state (Kapoor, 1996).  Homo-bifunctional crosslinkers like formaldehyde and BS3, which 

have different spacer arm lengths are useful for forming inter-subunit crosslinks, allowing 

the characterisation of quarternary protein structure (Kapoor, 1996).  The use of more than 

one crosslinker with different spacer arm lengths is straightforward evidence of the close 

proximity of proteins and their subunit structure (Kapoor, 1996). Crosslinking of the 

hTRPM4-eGFP fusion protein with formaldehyde (which has a short spacer arm of 2.3-

2.77Å) produced four bands on the 3-8% gradient gels, which are consistent with expected 

monomeric (167 kDa), dimeric (334 kDa), trimeric (501 kDa) and tetrameric (668 kDa) 

species of the protein (Fig. 3.9, panels B & C).  Likewise, crosslinking with BS3 which has 

a longer spacer arm (11.4 Å) also yielded bands indicative of the same sized species, 

which is further evidence that hTRPM4-eGFP forms a tetramer (Fig. 3.9 C).   
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4.8 SEC-MALLS 

 

SEC-MALLS was performed to confirm the results from blue native gel electrophoresis 

and crosslinking. The absolute molecular weight of hTRPM4-eGFP and cleaved hTRPM4 

was determined using SEC-MALLS.  SEC-MALLS is currently one of the most accurate 

methods to determine the molecular weight of a protein within a protein-detergent complex 

(Slotboom et al., 2008).  The proteins were separated based on their Stokes radius by 

size-exclusion chromatography and their sizes were measured by dynamic light scattering. 

The mass of hTRPM-eGFP protein and cleaved TRPM4 were calculated from UV, light 

scattering and refractive index signals (Fig. 3.10, panels A & B) using the protein-

conjugate analysis tool in the ASTRA 6 software. These were determined to be 644.7 kDa 

(±0.336%) and 539.4 kDa (± 1.899%) respectively. Given that the monomer size is 167 

kDa for the hTRPM4-eGFP fusion protein and 137 kDa for the cleaved (eGFP tag free) 

hTRPM4, the stoichiometry for both oligomeric proteins based on the ASTRA 6 values is 

3.9. The values calculated by the ASTRA 6 software are close to the expected values of 

668 kDa for hTRPM4-eGFP and 548 kDa for cleaved (eGFP tag free) TRPM4, indicating 

that both proteins form a tetramer. The slight difference in the molecular weights 

calculated by the ASTRA software and the expected overall molecular weight for 

tetrameric hTRPM4-eGFP and cleaved hTRPM4 is not unexpected as there is usually over 

5% error in determining the molecular weight of membrane proteins using SEC-MALLS 

(Slotboom et al., 2008). The accuracy of SEC-MALLS in determining the molecular weight 

of membrane proteins in protein-detergent complexes is slightly lower than that for soluble 

proteins because three detectors are required rather than two. Additionally, the extinction 

co-efficients and dn/dc values must be calculated and this can be a further source of error 

(Slotboom et al., 2008). 
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4.9  Transmission Electron Microscopy 

 

In addition, transmission electron microscopy was also used to determine the 

stoichiometry, overall size, shape and architecture of the negatively stained, purified, 

cleaved (eGFP tag free) hTRPM4 protein in order to assess its oligomeric state. The 

electron microscopy images collected from hTRPM4 show distinct oligomers with a 

diameter of approximately 12 nm, which were observed in a range of orientations (Fig. 

3.11). The most distinct orientation displays a symmetrical “4 leaf clover” shape, 

suggesting tetrameric packing of the protein subunits (Fig. 3.11, top panel).  The diameter 

of oligomeric TRPM4 measured from the particle images ranges from 11-13 nm. These 

values are similar to the diameter of the structure of TRPV1, determined using cryo-EM to 

be approximately 11 nm (in diameter) with fourfold symmetry (Liao et al., 2013). The 

distinct tetrameric structure observed in some of the TRPM4 images is very similar to the 

top-down views of the TRPV1 channel imaged by Liao and co-workers (Fig. 3.12) (Liao et 

al., 2014). It is clear that there is a striking resemblance between TRPV1 and TRPM4 in 

different orientations as exhibited in Figure 3.12, which displays a side by side comparison 

of various class-average images of TRPV1 from previous studies (Cao et al., 2013b, Liao 

et al., 2013) against the raw data TEM images of TRPM4 from Figure 3.11.  Thus, our 

electron microscopy data further affirms the data we have obtained from native gel 

electrophoresis, crosslinking and SEC-MALLS, which demonstrate that hTRPM4 is 

tetrameric.   

Previously, Clemençon and co-workers 2014 imaged negatively stained, purified 

human TRPM4 extracted by detergent from X. laevis oocytes.  Their data also suggested 

that TRPM4 is tetrameric, though their data bears little resemblance to the data obtained in 

Fig 3.11 (Clemencon et al., 2014). Their negative stain electron micrographs display low 
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resolution particles of 10 nm and 17nm in diameter  (Clemencon et al., 2014). Most of their 

projections are of TRPM4 in its monomeric form (10nm), while larger particles (17nm) 

were identified as potential tetramers based only on their overall size (Fig. 1-15) 

(Clemencon et al., 2014).  The observed difference in the size of the TRPM4 channel 

between Clemencon et al. 2014 (17 nm) and the EM images obtained of TRPM4 in Fig 

3.11 (12 nm) is likely due to the different surfactants used to stabilise the protein. The 

purified TRPM4 protein used in this work was stabilised with amphipols, while TRPM4 

heterologously expressed in X. laevis was maintained in 3-dodecylamido-N,N’-

dimethylpropyl amine oxide (LAPAO). The use of amphipol A8-35 likely afforded higher 

resolution electron micrograph images of TRPM4 structure since amphipols bind proteins 

tightly and lack long side chains (Sanders et al., 2004).  

Unfortunately, much of the cleaved hTRPM4 protein sample appeared to be 

aggregated after negative staining with uranyl acetate, since uranyl stains bind peptide 

structures (Bortolini and Dong, 2014). Aggregation caused differentiation of protein 

structures to be difficult, which is a reason why only 28 electron micrographs could be 

obtained from the sample.  Uranyl acetate staining may also be responsible for  the small 

number of the electron micrographs in Figure 3.11 displaying misshapen structures of 

protein, since heavy atom stains can lead to artefacts such as flattening spherical or 

cylindrical structures  (Bortolini and Dong, 2014).  Despite some of the difficulties of 

negative staining with uranyl acetate, it was chosen as the appropriate negative stain for 

TEM of the cleaved TRPM4 protein since it does not have a disruptive effect on membrane 

structures compared to other negative stains.  Additionally,  uranyl acetate affords high 

resolution images providing a fine grain to images by generating high electron density and 

image contrast, which is particularly useful for samples which are only a few microns in 

size (Bortolini and Dong, 2014). Moreover, uranyl acetate was used previously for imaging 
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TRPM4 purified from Xenopus laevis (Clemencon et al., 2014).  Future studies should trial 

negative staining with uranyl formate when imaging TRPM4 by TEM, as it provides higher 

resolution than uranyl acetate and was used for TEM imaging of TRPV1 (Bortolini and 

Dong, 2014, Liao et al., 2014).  

 

4.10 Fluorescence Lifetime Imaging 

 

After it was determined that purified hTRPM4 formed a tetramer, which suggested that 

it may be functional, we reconstituted the channel into liposomes in order to probe for any 

functional properties. We selected soybean azolectin as the lipid for reconstitution of 

hTRPM4-eGFP because it is a mixture of lipids that allows proteins to select appropriate 

surrounding annular lipid molecules, which enabled reconstitution of the protein into 

liposomes (Martinac and Hamill, 2002). To confirm that hTRPM4-eGFP was successfully 

reconstituted into the liposomes we used fluorescence lifetime imaging (FLIM). The raw 

FLIM data images show that the hTRPM4-eGFP proteoliposomes (Fig. 3.13 B) possess 

areas of shorter fluorescence lifetime (approximately 2-3 ns) due to the presence of eGFP, 

compared to the autofluorescence from azolectin only liposomes (approximately 3.5-4 ns; 

Fig. 3.13 A).  These values correlate well with FLIM data from previous studies where 

eGFP has a fluorescence lifetime of 2.4 ns (Jakobs, Subramaniam, Schönle, Jovin, & Hell, 

2000) and azolectin has an autofluorescence lifetime of 3.5-4 ns (Nomura et al., 2012).  In 

Figure 3.13 B it appears that the hTRPM4-eGFP protein is not evenly distributed 

throughout the azolectin lipid where the protein has inserted itself into the membrane in 

clusters.   



177 
 

The FLIM data was analysed in the Phasor plot (Fig. 3.14 C) by selecting clusters of 

pixels, different lifetime clusters were differentiated by colour selection. The phasor 

approach is advantageous because it is a simple way to analyse FLIM data and the 

problems associated with exponential analysis are avoided by providing a graphical global 

view of the processes which influence fluorescence decay at individual pixels (Digman et 

al., 2008a).  Since different molecular species have a specific phasor, individual molecules 

may be identified via their location on the phasor plot (Digman et al., 2008a). The phasor 

position for hTRPM4-eGFP proteoliposomes was shifted from the autofluorescence 

component of azolectin alone, indicating a significant difference in the fluorescence 

lifetimes of the two species (Fig 3.14, panels D & E). Thus, hTRPM4-eGFP was 

successfully reconstituted into azolectin lipid and liposomes as indicated by the difference 

in the lifetimes of the two species. This finding encouraged further functional 

characterisation of the fusion protein using patch clamp electrophysiology.    

4.11 Functional Properties of hTRPM4-eGFP Incorporated 

into Proteoliposomes 

 

To determine if the purified hTRPM4-eGFP was functional and possessed similar 

channel properties to TRPM4 overexpressed in mammalian cells (HEK293 cells) the 

activity of hTRPM4-eGFP incorporated into liposomes was characterised using patch 

clamp electrophysiology. Under symmetric bath conditions (0.14 M NaCl, 0.005 M KCl) the 

current-voltage (I-V) relationship for the hTRPM4-eGFP channel showed that the single 

channel current was ohmic between -100 and +100 mV (Fig. 3.15, panels A & B) with a 

slope conductance of approximately 28 ± 1 pS (Fig. 3.15 B, n=7). These results indicate 

that hTRPM4-eGFP had a similar conductance to that of TRPM4 expressed in human cell 
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lines (Nilius et al., 2005b, Nilius and Vennekens, 2006, Zhang et al., 2005). Modelling of 

the single channel recordings from hTRPM4-eGFP in proteoliposomes indicated that the 

fusion protein has a similar conductance of 24 pS (Fig. 3.15 C) and the same number of 

open and closed states as endogenously expressed TRPM4, which has two closed states 

and one open state (Fig. 3.15, panels D & E) (Nilius et al., 2004a). 

The channel activity was inhibited when 20 µM FFA was added to the bath (Fig. 3.16, 

panels A & B) causing the open probability Po to decrease significantly (n=5, Fig. 3.16 C). 

The fact that the hTRPM4 fusion protein displayed sensitivity to FFA indicates that 

heterologously expressed TRPM4 reconstituted into liposomes is functional and behaves 

similar to TRPM4 expressed in mammalian cells (Demion et al., 2007, Ullrich et al., 2005, 

Guinamard et al., 2006b). FFA has also been shown to block chloride channels however it 

is highly improbable that chloride channels contributed to the current traces for several 

reasons.  Chloride channels endogenously expressed in Sf9 have a single unitary 

conductance ranging from 2.3-13pS, which is significantly smaller than that of TRPM4 

channels (~25pS) (Gabriel et al., 1992, Price et al., 1996, O'Riordan et al., 1995, Kartner 

et al., 1991, Larsen et al., 1996).  Secondly, CFTR chloride channel inhibition by FFA in 

Sf9 decreased the open probability of the channel only from 0.94 ± 0.01 to 0.70 ± 0.02 

(McCarty et al., 1993), while for TRPM4 the open probability is much lower after inhibition 

with FFA as shown by our data as well as previous studies.   Furthermore since purified 

protein was incorporated into the liposomes it is unlikely that the sample would contain 

chloride channels. 

Since the hTRPM4 fusion protein responded to FFA added to the bath, it suggests that 

the intracellular portion of the channel protein uniformly faces the bath, in line with what 

has been reported for liposome reconstituted mechanosensitive channels MscL and MscS 

(Nomura et al., 2015, Ajouz et al., 2000, Demion et al., 2007). The efficiency of obtaining 
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patches containing functional channels was very low (approximately 1% success rate). 

This may not be surprising given that TRPM4 is a large, transmembrane protein with 6 

extracellular loops, so it is likely that most of the protein molecules were only partially 

reconstituted and/or inserted in liposomes which precluded proper channel function. A 

study by Dorr et al. in 2014, used detergent-free isolation of KscA from E.coli using native 

nanodiscs to reconstitute the protein into planar lipid bilayers (Dorr et al., 2014).  Such an 

approach may improve the likelihood of reconstituting functional TRPM4 in the future given 

the more favourable lipid environment. Another possible reason for the low efficiency in 

obtaining functional channels is that the incorporation of the protein into liposomes was not 

evenly distributed as shown in Figure 3.13B, where the protein inserted in clusters of 

certain regions of liposomes. Therefore, it was challenging using conventional path-clamp 

electrophysiology equipment to ascertain which regions of liposomes protein had been 

incorporated into.  Due to the low efficiency of obtaining patches containing functional 

channels further research is required in the future to affirm the finding that TRPM4 is not 

inherently mechanosensitive in order to provide more statistical significance to the data. 

Morita et al., 2007 demonstrated that hTRPM4 overexpressed in HEK293 cells 

exhibited mechanosensitivity in cell attached patches upon application of  -20 mmHg 

stretch (Morita et al., 2007). In this study the purified hTRPM4-eGFP fusion protein was 

reconstituted into azolectin liposomes to determine whether TRPM4 is intrinsically stretch-

activated or mechanosensitive. Liposomal reconstitution of purified protein is an 

advantageous model for investigating if a channel protein is intrinsically stretch-modulated 

since there is an absence of other background channels and cellular components which 

may participate in the transmission of mechanical stimuli. In our hands TRPM4 was not 

inherently mechanosensitive or gated by a “membrane force model” given that the activity 

of the channel protein remained unaffected by membrane tension despite subjecting the 



180 
 

liposome patches to various degrees of membrane stretch (i.e. -5,-10 and -20 mmHg; Fig. 

3.17, panels A-C).  A similar result was also observed by Coste and colleagues in 2012, 

where dmPiezo1 was reconstituted into planar bilayers (Coste et al., 2012). This resulted 

in constitutively active channels (Coste et al., 2012) suggesting that planar bilayers and 

patches were  potentially  stretched close to the bilayer lytic tension (Sachs, 2015), making 

the channels apparently non-responsive to changes in mechanical stress.  

 

There are many potential reasons why TRPM4 does not appear to be intrinsically 

mechanosensitive yet may still play a role in the mechano-electric feedback. A possible 

reason why TRPM4 appears not to be mechanosensitive per se is that the TRPM4-eGFP 

protein incorporated into liposomes was expressed in a heterologous system.  Previous 

studies have shown that the intrinsic mechanosensitivity of ENaCs/ASICs or other TRP 

channels could not be shown in heterologous expression systems (Nilius and Honoré, 

2012).  It is possible that expression of proteins in heterologous systems may not fully 

replicate the physiological environment in native cells where the complete transduction 

machinery may be present (Nilius and Honoré, 2012).                 

    

Another possibility is that the tags positioned on the N- or C-terminus of the fusion protein 

may have affected the mechanosensitivity of the channel since the regions of the protein 

which are responsive to mechanical stress or other gating triggers are unknown.  A study 

by Palmer and co-workers discovered that C-terminal tagging of proteins with GFP was 

more advantageous than N-terminal tagging, since all the C-terminal fusion proteins 

localised to the correct native cell compartments, however less than 50% of the N-terminal 

tagged proteins localised correctly (Palmer and Freeman, 2004).   Since C-terminal GFP 

tag proteins often localised to the correct compartment they were more likely to retain the 

functional properties of the native protein (Palmer and Freeman, 2004).  Several other 
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studies have also displayed that attaching GFP to the C-terminus of the Dopamine (D1) 

receptor, Purinergic GPCR (P2X1) and Cholecystokinin Receptor Type A (CCKAR) GPCR 

had no effect receptor-ligand binding affinity, signal transduction or the localisation of 

receptor expression (Dutton et al., 2000, Tarasova et al., 1997, Bermak et al., 2001). Thus, 

it is unlikely that the C-terminal eGFP tag of the TRPM4-eGFP fusion protein should affect 

its activity. 

 

Cellular post-translational modifications (PTMs) such as glycosylation and 

phosphorylation may also regulate the activity of TRPM4 upon the stimulation of signalling 

pathways in response to membrane stretch.  A study by Woo and colleagues (2013) 

discovered that the Asn988 residue of rat TRPM4 was a glycosylation site (Woo et al., 

2013a).  Mutation of the Asn988 residue however, did not impact on the surface 

expression or the activity of the TRPM4 (Woo et al., 2013a, Cho et al., 2015).  Another 

study by Syam and co-workers (2014) determined that the Asn992 residue in human 

TRPM4 was a glycosylation site (homologous to rat TRPM4 Asn988) (Syam et al., 2014, 

Cho et al., 2015).  Mutation of Asn992 reduced the current density of TRPM4 without 

affecting the number of channels localised in the plasma membrane (Syam et al., 2014, 

Cho et al., 2015).  However, the addition of a protein glycosylation inhibitor (tunicamycin) 

to HEK293 cells expressing human TRPM4 increased the current density of the channels, 

which is dissimilar to the results from Woo and colleagues (Syam et al., 2014, Cho et al., 

2015).  The difference in the effect of glycosylation on TRPM4 activity requires further 

study, it could be that the effect of glycosylation requires other protein-protein interactions 

or is different between species (Cho et al., 2015).   

 

Phosphorylation has been shown by a previous study to impact on the calcium 

sensitivity of TRPM4, where PKC-mediated phosphorylation occurs at Ser1145 and 
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Ser1152 (Nilius et al., 2005b).  Additionally, PKCδ activation has been shown to increase 

the trafficking of TRPM4 to membrane of vascular smooth muscle cells (Crnich et al., 

2010).  Likewise phosphorylation of TRPM4 by casein kinase 1 (CK1) at Ser839 has also 

been shown to traffic TRPM4 to the plasma membrane (Cerda et al., 2014).  However, 

whether TRPM4 is phosphorylated by PKA (as there are multiple predicted PKA sites) 

and/or other kinases is still unknown (Nilius et al., 2005b).  It is uncertain whether the 

hTRPM4-eGFP fusion protein purified from Sf9 cells possessed these PTMs, since this 

could have affected the activity of the protein reconstituted into artificial lipid bilayers.  The 

impact that glycosylation or phosphorylation may have on the activity of the TRPM4 is still 

a subject of speculation and requires further investigation.   

 

It is also probable that lipid bilayer asymmetry, the lack of a cytoskeleton and/or 

interactions with other mechanoreceptor proteins may be important for TRPM4 

mechanosensitivity, with the absence of all of these factors in liposomes accounting for the 

observed lack of responsiveness to membrane stretch when reconstituted in liposomes.  

Lipid bilayer asymmetry has been shown to play a critical role in protein-membrane 

dynamics and the gating of certain MS channels (Perozo et al., 2002, Van Meer et al., 

2008, Marsh, 2007, Elani et al., 2015).  Perhaps if lipid bilayer asymmetry or curvature is 

introduced either globally into the proteoliposomes or locally at the lipid-protein interface it 

may trigger the activation of TRPM4 by changing the lateral pressure profile in the bilayer, 

which can alter the conformation and gating of the channel in response to membrane 

stretch (Perozo et al., 2002, Van Meer et al., 2008, Marsh, 2007, Elani et al., 2015).  On 

the other hand, a “tether model” where cytoskeletal and/or ECM proteins are required for 

mechanical force transmission to TRPM4, could also play a role in TRPM4 

mechanosensitivity.  The actin cytoskeleton has been shown to associate with lipid rafts, 

binding proteins localised in lipid rafts and caveolae but the impact of membrane stretch 
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on the cytoskeleton or ion channels situated in the membrane still remains uncertain 

(Ward, 2010).  Unfortunately, the association of TRPM4 with lipid rafts and caveolae could 

not be investigated in this study using single bilayers and requires further investigation.   

 

Alternatively, TRPM4 may be indirectly gated by a primary mechanoreceptor linked to 

the extracellular matrix or cytoskeleton, which causes the release of a secondary 

messenger and stimulates the opening of TRPM4 in response to membrane stretch.  

Schnitzler and co-workers have suggested that Gq/11-coupled receptors (AT1R) in 

response to membrane stretch stimulate TRPC activity via G-protein and phospholipase C 

signalling (y Schnitzler et al., 2008).  Thus it is likely that TRPM4 may also be gated by 

membrane stretch in a similar manner.  A recent study by Li and co-workers has 

demonstrated the mechanosensitivity of GPCRs, specifically the purinergic receptors 

P2Y4 and P2Y6, which couple to TRPM4 channels to mediate pressure-induced 

depolarisation and myogenic constriction in cerebral parenchymal arterioles (Li et al., 

2014). 

 

  Future studies should also help to clarify the origin of TRPM4  mechanosensitivity by 

varying the lipid composition in liposomes (Nomura et al., 2012), adding amphipatic 

molecules such as LPC to liposomes (Perozo et al., 2002), patching TRPM4 in cellular 

blebs (Cox et al., 2016) or including known interacting TRPM4 binding partners such as 

purinergic receptors, which can detect and transmit membrane tension.  
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4.12 Localisation of TRPM4 Expression Mouse Cardiac 

Ventricular Tissue 

 

At present there is very little known about the localisation of TRPM4 within heart tissue, 

which is why we have chosen to investigate the localisation of TRPM4 expression in 

mouse ventricular tissue using immunohistochemistry.  It is important to determine the 

localisation of TRPM4 in heart tissue as it may provide us information about its functional 

role in the heart.  The positive (Fig. 3.18 A) and negative (Fig. 3.18 B) controls for null 

TRPM4 -/- tissue demonstrated only faint diffuse staining, with no particular localisation to 

distinct structures is apparent.  Thus the antibodies used appeared to be specific for 

TRPM4 immunostaining. TRPM4 expression is localised in striated structures of 

ventricular tissue as demonstrated by the green flourescence in Figures 3.18 C and 3.18 

D.  The localisation of TRPM4 in striated structures of ventricular tissue implies that 

TRPM4 may be expressed either in the A or I bands of myofibrils or sarcolemmal 

transverse-tubules (T-tubules) of cardiomyocytes. 

4.13 Localisation of TRPM4 and Cav-3 Expression in 

Isolated Mouse Heart Ventricular Cardiomyocytes 

 

The localisation of TRPM4 was further investigated in isolated ventricular 

cardiomyocytes using immunohistology since it appeared that TRPM4 was localised in 

striated structures of individual myocytes in the ventricular tissue. Co-immunostaining for 

Cav-3 was carried out since Cav-3 has previously been demonstrated to be localised in 

the T-tubules and the peripheral sarcolemma by a number of studies (Parton et al., 1997, 

Ralston and Ploug, 1999, Liu et al., 2003, Liu and Askari, 2006). The negative control 
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tissue displayed only faint diffuse staining with no particular localisation to any distinct 

cellular structure (Fig. 3.19, panels A-C (right column)). Both TRPM4 (green) and Cav-3 

(red) were shown to be expressed in striated structures of the plasma membrane in 

ventricular cardiomyocytes and appeared to co-localise (Fig. 3.19, panels A-C (left 

column) and Appendix Fig. 7.4).  It is reassuring that the localisation of TRPM4 in isolated 

cardiomyocytes was identical to and correlated with its localisation in cardiac ventricular 

tissue.  Since TRPM4 appeared to co-localise well with Cav-3 as shown by the yellow 

merged areas Fig. 3.19 A, it suggests that TRPM4 must be contained in the same sub-

cellular structures as Cav-3 and thus is most likely localised in the T-tubules of 

cardiomyocytes. T-tubules are invaginations within the sarcolemma of cardiomyocytes 

which enable electrical impulse conduction (Simpson, 1965, Brette and Orchard, 2003).  T-

tubules are vital for cardiac cell function as they are the main site of excitation-contraction 

coupling which deliver spatial and temporal synchronous Ca2+ release in all regions of 

myocytes (Brette and Orchard, 2003).   Importantly, changes and/or damage to the T-

tubule network occur during heart failure which leads to decreased contractile function, 

further emphasising the importance of T-tubules in cardiac cell function (Brette and 

Orchard, 2003, Crossman et al., 2015).  The localisation of TRPM4 in the T-tubules 

suggests a possible role for this channel protein in the excitation-contraction coupling of 

cardiomyocytes.   

Another reason why co-immunostaining with Cav-3 was performed is because 

caveolae are cholesterol rich microdomains which have been shown to be functionally 

linked to mechanosensitive channels (Gervásio et al., 2008, Echarri and Del Pozo, 2015, 

Huang et al., 2013).  Since TRPM4 co-localises with Cav-3 and caveolae are functionally 

linked to mechanosensitive channels, it suggests that TRPM4 may be involved in 
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mechanotransduction and mechano-electric feedback in the heart (Echarri and Del Pozo, 

2015, Huang et al., 2013).   

It has already been demonstrated that TRPM4 localises to cholesterol and caveolin 

rich microdomains in the plasma membrane using ultra-speed sucrose gradient 

fractionation and cardiomyocyte immunostaining (Wu, 2012).  This study also suggests 

that TRPM4 and Cav-3 co-localise and form a complex (Wu, 2012).  In contrast to our 

work, however, cardiomyocyte immunostaining in this study, does not display localisation 

of TRPM4 in the T-tubules, rather, expression of TRPM4 in their study appears to be 

localised throughout the cardiomyocyte.  The difference in the localisation of TRPM4 in our 

study compared to the study by Wu, Y. 2012 is likely due to the use of different primary 

and secondary antibodies and further confirmatory work is required to resolve this 

discrepancy. In future studies, super-resolution microscopy should reveal more information 

about the specific localisation of TRPM4 in cardiac tissue and its co-localisation with other 

proteins in detail. Future studies should also consider using TEM imaging and double 

immunogold labelling of TRPM4 and Cav-3 to confirm the co-localisation of the two 

proteins.  
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Chapter 5 Conclusions and Future Directions 

 

 

 

 

 

 

 

 

 



188 
 

This body of work provides substantial evidence to support the view that TRPM4 forms 

tetrameric ion channels, which can be functionally reconstituted into liposomes. 

Furthermore, our work suggests that TRPM4 channels are not inherently 

mechanosensitive but may require additional membrane components to exhibit 

mechanosensitivity. In summary, hTRPM4-eGFP was overexpressed in sf9 cells, the 

channel protein was purified and the oligomeric form of the channel protein was 

determined using SEC-MALLS, crosslinking, native gel electrophoresis and TEM. This 

work is the first to convincingly demonstrate that the oligomeric structure of TRPM4 is 

tetrameric, using a variety of methods. Additionally, the negative stain TEM images we 

have acquired of TRPM4 are the first to display its structure in detail. The electron 

micrographs we have obtained bear significant resemblance to the class average images 

of TRPV1 derived from TEM and cryo-electron microscopy in previous studies. The 

elucidation of the oligomeric structure of TRPM4 and the procedure for obtaining workable 

amounts of recombinant TRPM4 reported in this thesis should facilitate future investigation 

into the structure and function of TRPM4.  

 

Although challenging, future studies may consider trying to determine if TRPM4 is 

functional tetramer while it is situated in the plasma membrane.  A suggested approach 

relies on the open pore size of TRPM4, where single molecule Förster resonance energy 

transfer (FRET) measurements can be used to study the conformational changes during 

the gating of TRPM4 using acceptor photobleaching.  Since FRET efficiency is reliant on 

the distance between the FRET pair and the orientation of the fluorophores FRET is useful 

to detecting differences in protein-protein interactions, which can occur from change in the 

conformation of their binding (Piston and Kremers, 2007). Single molecule FRET 

(smFRET) is particularly advantageous, since it enables individual processes to be 

observed instead of the ensemble “average” of the data which is useful due to the 
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inhomogeneity of the process (Roy et al., 2008, Macmillan et al., 2014).  In order to 

perform smFRET two different versions of fluorescently labelled TRPM4 should be 

simultaneously expressed in a tetracycline inducible human T-Rex-293 cell line, so level of 

expression can be controlled and optimised for imaging (Jones et al., 2005).  

Measurement can be performed directly on the cells using smFRET before and after 

photobleaching.  Or the fluorescently labelled proteins can be purified, co-re-constituted 

into artificial liposomes then imaged by smFRET.  Alternatively cysteine mutants of 

TRPM4 in certain regions of the protein can be labelled with Alexa-Fluor dyes then the 

proteins may be reconstituted into artificial liposomes for FRET analysis before and after 

acceptor photobleaching (similar to the method described in (Nomura et al., 2012)).  

Another method is to reconstitute the dye labelled proteins into planar bilayers for single-

molecule patch-clamp fluorescence microscopy, which simultaneously combines single-

molecule fluorescence spectroscopy and single-channel current recordings to further 

examine the gating and the conformational changes of individual ion channels (Harms et 

al., 2003). The conformational changes of the Gramicidin ion channel were successfully 

measured using single-molecule patch-clamp fluorescence microscopy thus it may be 

worthwhile to replicate this method for TRPM4 (Harms et al., 2003).   

 

An entirely different approach may be to perform Cryo-EM of the cell membrane from a 

human cell line expressing TRPM4.  Each subunit of TRPM4 protein can be labelled with 

highly specific TRPM4 antibody nanogold particles then imaged to determine if TRPM4 is 

tetrameric in situ (Hainfeld and Powell, 2000).  Ideally, both single molecule patch-clamp 

fluorescence microscopy and Cryo-EM of labelled TRPM4 could be used in future studies 

to affirm that TRPM4 functions as a tetramer.  However more needs to be known about the 

TRPM4 open structure for smFRET and highly specific nanogold antibodies for TRPM4 

need to be generated to perform Cryo-EM of TRPM4 in the cell membrane.   
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The procedure for obtaining workable amounts of recombinant TRPM4 and for 

determining the tetrameric structure of the channel reported in this study should enable 

further investigation of TRPM4 structural dynamics. The protein purification procedure 

described here has enabled the functional properties of the channel to be studied in 

liposome bilayers. The incorporation of the purified hTRPM4-eGFP protein into azolectin 

liposomes was confirmed using Fluorescence lifetime imaging.  Fluorescence lifetime 

imaging may also be used in future studies to assess whether other fluorescently labelled 

ion channels are incorporated into lipid bilayers or liposomes for liposomal assays or 

functional studies. The ability to characterise the gating properties of purified TRPM4 

channels in artificial bilayers should also prove useful in future studies of the structure–

function relationships and the pharmacology of this ion channel. By varying the bilayer 

composition, it should be possible to obtain detailed information on protein-lipid 

interactions between TRPM4 and certain types of lipids, i.e. their head groups as well as 

acyl chains. Lipid bilayer variation will also facilitate the determination of the effect of lipid 

ordering on channel gating. To our knowledge this is also the first work to demonstrate 

successful functional reconstitution of purified TRPM4 protein into exogenous lipid 

bilayers, which may greatly assist the evaluation of future pharmacological agents 

targeting this therapeutically important ion channel.  

To provide further insight into the role of TRPM4 in cardiac physiology the localisation 

of the protein was investigated in vivo and ex vivo by immunostaining mouse cardiac 

ventricular tissue and isolated cardiomyocytes. TRPM4 was found to be localised in 

striated structures in both mouse cardiac ventricular tissue and isolated cardiomyocytes. 

The co-localisation of TRPM4 and Cav-3 in cardiomyocytes is  indicative of the role that 

TRPM4 could play  in cardiac mechanotransduction, as cavaolae have previously been 



191 
 

shown to be functionally linked to mechanosensitive channels (Huang et al., 2013, Echarri 

and Del Pozo, 2015).  

Additionally, we have demonstrated that TRPM4 is located in the T-tubules, which 

suggests that the channel likely plays a role in excitation-contraction coupling and 

mechano-electric feedback in the heart. This is not  surprising since TRPM4 activity has 

been previously shown to modulate the Ca2+-sensitive response of voltage-gated Ca2+ 

channels (VGCC) and non-voltage-dependent Ca2+ channels (NVDCC) (Abriel et al., 

2012). Given its role in depolarising the membrane, TRPM4 activity is believed to lead to 

myocyte contraction as membrane depolarization activates VGCCs which allows Ca2+ 

permeation (Abriel et al., 2012). The immunostaining data in this work exhibits the 

localisation of TRPM4 in T-tubules and its co-localisation with caveolin-3, which is an 

exciting step towards demonstrating the role of TRPM4 in mechano-electric feedback of 

the heart.  
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7.1 Expression and Localisation of Different hTRPM4-

eGFP Fusion Proteins in Baculovirus-Infected Sf9 

Cells 

 

The localisation and expression level of different baculovirus hTRPM4-eGFP fusion 

protein constructs in sf9 cells was assessed using confocal imaging. Imaging was 

performed using a Zeiss LSM700 inverted confocal microscope with the 405 nm diode 

laser line.  The FLAG-TRPM4-eGFP-8His fusion protein consistently expressed well, 

where 60-90% of the sf9 cells were infected.  Expression of the FLAG-TRPM4-eGFP-8His 

fusion protein appeared to be localised in the nuclear and plasma membranes of sf9 cells. 

The second HA-FLAG-TRPM4-eGFP-8His fusion protein also expressed well consistently, 

where 60%-90% of the sf9 cells were infected.  Interestingly, expression of the HA-FLAG-

TRPM4-eGFP-8His fusion protein appeared only to be localised strongly around the 

nuclear membrane of sf9 cells.  The third fusion protein GP64-FLAG-TRPM4-eGFP-8His, 

however, did not express well and only 1% of sf9 cells were infected.  The localisation of 

the GP64-FLAG-TRPM4-eGFP-8His fusion protein appeared to be diffusely distributed 

throughout the cell. 
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Figure 7.1  Expression and localisation of different hTRPM4-eGFP fusion proteins in 

sf9 cells.  Confocal images of negative control cells and TRPM4 baculovirus infected sf9 

displaying the distribution of various hTRPM4-eGFP fusion proteins (green channel, 405 

nm laser line). 
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7.2 Detergent Screen for HA-FLAG-hTRPM4-eGFP-8His 

Fusion Protein (M4 V2) 

 

To determine the size homogeneity of the HA-FLAG-TRPM4-eGFP-8His fusion protein 

after solubilisation with different detergents, samples were subjected to flourescence size-

exclusion chromatography (FSEC).  According to the FSEC profiles solubilisation of HA-

FLAG-TRPM4-eGFP-8His (M4 V2) in 2.5% DDM, 1% DMNG, 1% CHAPSO, 1% Triton-X 

100 and 1% digitonin yielded only aggregated and degraded species of the protein.  While 

solubilisation of HA-FLAG-TRPM4-eGFP-8His (M4 V2) with 1% Fos-choline-12 yielded 

mainly aggregated protein but also a small quantity/peak containing oligomeric species of 

the protein and much less degradation.  Subsequently, solubilisation of HA-FLAG-TRPM4-

eGFP-8His (M4 V2) with 1% Fos-choline-14, 1% Fos-choline-15 and 1% Fos-choline-16 

provided approximately 50% aggregated protein, 40-45% oligomeric species and 5-10% 

degraded protein.  Solubilisation of HA-FLAG-TRPM4-eGFP-8His (M4 V2) with Fos 

choline 16 appeared to yield the highest amount of oligomeric protein. 
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Figure 7.2   Overlaid FSEC profiles of the HA-FLAG-TRPM4-eGFP-8His fusion 

protein solubilised in different detergents.   

 

 

Figure 7.3   GFP scan of an SDS-PAGE gel with samples fractionated from peaks 1-5 

FSEC of the HA-FLAG-HTRPM4-eGFP-8His fusion protein solubilised in 1% Fos-

choline-12. 
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All other detergents used for solubilisation of HA-FLAG-TRPM4-eGFP-8His displayed 

similar bands for each peak.  Loading order for SDS-PAGE; Lane 1 (peak 1 of figure 3) = 

aggregation or void volume peak, lane 2 (peak 2 of Figure 3) = mixture of aggregated and 

oligomeric protein peak, lane 3 (peak 3 of figure 3) = oligomeric protein, lane 4 (peak 4 of 

figure 3) = degraded protein and/or expression of truncated protein, lane 5 (peak 5 of 

figure 3) = degraded protein and/or expression of truncated protein.  
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7.3 Localisation of TRPM4 and Caveolin-3 in Isolated 

Ventricular Myocytes from Wild Type Mice 

 

Figure 7.4 Immunostaining of TRPM4 and Caveolin-3 in isolated ventricular 

cardiomyocytes from wild type mice.   
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(A) Co-localisation of TRPM4 (green) and caveolin-3 (red) in a wild type ventricular 

cardiomyocytes.  (B) Localisation of TRPM4 (green) alone in a wild type ventricular 

cardiomyocytes. (C) Localisation of Caveolin-3 (red) alone in wild type ventricular 

cardiomyocytes.  
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