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Abstract  

The University of Manchester 

Tal T Sadeh  

Doctor of Philosophy  

Functional Analysis of Congenital Stationary Night Blindness Variants for Therapeutic 

Intervention 

2021 

The voltage-gated calcium channels (Cav) regulate calcium influx into the cell. The 

high voltage Cav1 subfamily comprise four heteromeric channels (Cav1.1-1.4). Cav1 

channels are mutated in a diverse range of rare disorders with different inheritance 

patterns (dominant/ recessive; autosomal/ X-linked) and affect a spectrum of organ 

systems (e.g. cardiovascular, neurological, ocular, and hearing). Currently, a 

molecular diagnosis is only possible for a limited number of these conditions as the 

pathogenic variants and molecular pathways involved remain largely undefined. 

Despite the refinement of informatics, there is no one in silico tool that can accurately 

discern clinically relevant variants from benign ones. 

This project used an integrated functional and informatics approach to improve the 

rate of molecular diagnoses for Cav1 channelopathies by empirically verifying 

informatic pathogenicity predictions of variants in the Cav1.4 channel. The integrated 

data were then used to inform interpretation of the mechanism of pathogenicity in the 

other Cav1 channel family members and predict the amenability to therapeutic 

approaches.  

The work presented in this thesis identified that although Cav1 channels function in a 

similar way, their pathogenic mechanisms are different as both hypoactive and 

hyperactive protein dysfunctions are pathogenic. This thesis further refines informatic 

tools and demonstrates that they are inaccurate for pathogenic predictions of rare 

coding sequence variations in unresolved protein regions. These results show that 

incomplete congenital stationary night blindness (iCSNB) is caused by hypomorphic 

variants in the Cav1.4α-encoding gene that are degraded by the proteasome. This 

discovery identified a group of mechanistically similar mutations in all four Cav1 genes 

and uncovered a suitable target for drug discovery. Significantly, this group of 

mutations are amenable to functional rescue using a class of clinically approved 

proteasome inhibitors; Bortezomib, Ixazomib and Carfilzomib.  

Collectively, this study shows that Bortezomib treatment can restore the function and 

protein levels of hypomorphic Cav1 mutations associated with Brugada syndrome, 

malignant hyperthermia, iCSNB, and hearing impairment. This provides a potential 

therapeutic opportunity that has broad applicability across disease groupings. 
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1.1 The human eye and the retina 

The human eye is one of the most complex organs of the human body. This 

sophisticated organ of photoreception is organised to detect and transmit light signals 

from the eye to the brain through a network of neurons. The eye translates incoming 

light stimuli into electrical signals and involves a high level of regulation, where any 

deviations can have damaging results that impair vision. Light is focused by the 

cornea of the eye and passes through transparent aqueous humor, lens, and vitreous 

humour, where it reaches the retina and is converted into neuronal action potentials 

(1). It is then sent along the optic nerve to the brain to interpret the images we see 

(Figure 1.1). 

In 2010, the World Health Organisation (WHO) estimated 285 million people to suffer 

from visual impairments, of which, 39 million are registered blind at present 

(www.who.int/blindness/publications/globaldata/en). Within the UK, two million 

people suffer from impaired vision or blindness (www.nhs.uk/conditions/vision-loss).  

1.1.1 Retina 

The retina is a photosensitive tissue that lines the inner surface of the eye. The retina 

consists of the neural retina and the retinal pigment epithelium (RPE) (Figure 1.1). 

1.1.1.1 Neural retina 

The neural retina is a sensory tissue comprised of a network of neurones with six 

defined types that process light signals in an organised manner; photoreceptors (rod 

and cone cells), bipolar cells, horizontal cells, amacrine cells, ganglion cells, and 

Müller glial cells that are distributed across the retina to assist the neurons. The axons 

of ganglion cells extend to form the optic nerve.  

Rods and cones are the two types of photoreceptor neurones responsible for the first 

step of vision by mediating phototransduction (2). Rods are specialised for scotopic 

(dim/ night light) vision as they contain the photopigment rhodopsin, whereas cones 

are specialised for photopic (bright/ daylight) and coloured vision. A human retina has 

approximately 120 million rod cells and 6 million cone cells (20 rod: 1 cone) (3). Both 

cell types have outer segments containing disks with rhodopsin that lie at the back of 

the retina, next to the RPE, and the nucleus of photoreceptors in cell body (3).  

The phototransduction cascade is initiated when rhodopsin is activated by absorbing 

a light photon (4). This isomerises the 11-cis-retinal to all-trans configuration inducing 

http://www.who.int/blindness/publications/globaldata/en
http://www.nhs.uk/conditions/vision-loss
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a conformational change of the opsin protein that catalyses the exchange of GDP to 

GTP on the G-protein transducin and results in the hydrolysis of cGMP (3,4). This 

exchange hyperpolarises the membrane potential of photoreceptors and mediates 

the release of the glutamate neurotransmitter by the photoreceptor synapses at their 

synaptic terminals (in the outer plexiform layer) (3). Here they interact with bipolar 

and horizontal cells, which in turn, interact with amacrine and ganglion cells in the 

inner plexiform layer. The axons of ganglion cells extend to form the optic nerve which 

carries these action potentials to the brain (5). 

1.1.1.2 The retinal pigment epithelium 

The RPE is a monolayer of cells between the photoreceptors and choriocapillaris that 

is fundamental for the structure and function of the retina (6). The hexagonal cells are 

pigmented and the multiple apical processes intercalate between the rod 

photoreceptors (6). The RPE has numerous functions as it forms an active part of the 

blood-retinal barrier, which is crucial for the immune privilege of the eye (7). Its apical 

surface contains microvilli to enable transepithelial transport of ions, fluid and 

metabolites (8). In addition, it transports and stores retinoids (derived from the blood) 

that are essential for the visual cycle (8). The RPE releases various growth factors 

and cytokines that act as neuroprotective agents and unwanted factors are secreted, 

both are key for the retina’s structural integrity (6,9). The RPE absorbs light to protect 

the retina from photooxidation and phagocytoses and degrades shed photoreceptor 

outer segments (8). 
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A schematic cartoon showing the main components of the human eye (top) and a 

cross-section of the retina (bottom). This figure was created using BioRender 

illustrations (www.BioRender.com). 

 

Figure 1.1 The human eye and retinal layers. 

http://www.biorender.com/
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1.2 Inherited retinal disorders (IRDs) 

IRDs are a genetically heterogeneous group of diseases that constitute the leading 

cause of blindness in the UK adult population (10), with a prevalence of 1 in 3000 

people globally (11). IRDs are characterised by the loss of vision as a result of 

mutations in genes encoding proteins that constitute key proteins in the retina 

development, function, and survival. Over 260 IRD-associated genes have been 

reported (12) and the molecular mechanisms by which specific mutations cause 

photoreceptor degeneration are constantly being studied.   

IRDs are either associated with another disease and are known as syndromic (e.g. 

retinitis pigmentosa (RP) associated with Usher syndrome) or are not associated with 

other diseases (nonsyndromic, e.g. congenital stationary night blindness (CSNB)). In 

addition, these can be stationary (i.e. non-progressive) or lead to a progressive 

decline of sight loss that results in total blindness. Most IRDs have a large genetic 

heterogeneity with modes of inheritance including autosomal recessive or dominant, 

X-linked recessive or dominant and mitochondrial. 

RP is considered the most common IRD, affecting 1 in 3000 people (13). This 

progressive IRD leads to the loss of retinal photoreceptors (14). At first, the 

degeneration of rods leads to the loss of night and peripheral vision, which progresses 

to total blindness through the loss of cone-mediated day vision (3). RP is extremely 

heterogeneous as RP-associated mutations have been identified in over 150 genes 

that are involved in key processes such as phototransduction (14) and cellular 

trafficking (15). The most commonly reported RP-associated genes are retinitis 

pigmentosa GTPase regulator (RPGR; 10-20% of cases) and rhodopsin (RHO; 8-

10%) (13). RP also has a complicated inheritance pattern as it can be inherited as 

autosomal dominant (30-40% of cases), autosomal recessive (50-60% of cases), X-

linked (5-15% of cases), or in more rare cases by mitochondrial inheritance 

(12,14,16). Further, RP can be both syndromic and nonsynodmric. 20-30% of RP 

patients have an associated syndromic disorder (17). Ushers syndrome is the most 

prevalent form of syndromic RP (approximately 18% of RP cases) (18). Usher 

syndrome is characterised by severe-to-profound sensorineural hearing impairments, 

and thus, these RP patients suffer from blindness and deafness together, which is 

inherited in an autosomal recessive form (17). A less prevalent type of syndromic RP 

is Bardet-Biedl syndrome, where RP patients also suffer from obesity and type 2 

diabetes, polydactyly, hypogonadism, cognitive impairment, and renal problems and 

this is reported in 5-6% of RP cases (17,19). 
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Leber congenital amaurosis (LCA) is the most severe childhood IRD as it is 

characterised by a severe loss of vision before the age of 1 year, amaurotic pupils, 

and sensory nystagmus (20). LCA is rare and has a predicted prevalence of 1 in 

50,000 to 100,000 people (21). There are two main forms of LCA (rod-cone or cone-

rod dysfunction) that are dependent on the genetic mutation (17). Mutations in many 

genes encoding proteins associated with a variety of retinal functions have been 

identified, for example, phototransduction (AIPL1, GUCY2D) and photoreceptor 

morphogenesis (CRB1, CRX) (20). These are predominantly autosomal recessively 

inherited but more rare cases have been inherited in the autosomal dominant form 

(17). 

Macular degeneration (MD) is another class of retinal disorders and inherited forms 

of MD are characterised based on their clinical phenotypes, e.g. bestrophinopathies, 

Stargardt disease, Doyne honeycomb retinal dystrophy, and Bull’s eye maculopathy 

(3). Although not usually considered an IRD, age-related MD (AMD) is the most 

prevalent form of vision loss in the elderly and mutations in specific genes are known 

to increase the susceptibility to AMD (22) such as mutations in complement factor H 

(CFH) (23) and age-related maculopathy susceptibility 2 (ARMS2) (24). 

Additional IRDs include cone dystrophy (CD) that is associated with cones 

degeneration, cone-rod dystrophy (CRD) that is characterised by cones degeneration 

leading to rod degeneration (3), and CSNB that is a large group of non-progressive 

IRDs, discussed below. 

1.2.1 Congenital stationary night blindness 

CSNB refers to a group of clinically and genetically heterogeneous IRDs causing 

synaptic dysfunction that is non-progressive (25). They are characterised by night 

vision disturbance or delayed dark adaptation which onsets in infancy and is usually 

allied with symptoms such as myopia or hyperopia, strabismus, nystagmus, reduced 

visual acuity or an abnormal fundus (25). There are over 500 CSNB-associated 

mutations in 16 genes encoding proteins involved in the function and development of 

photoreceptor and bipolar cells (Figure 1.2). This genetic heterogeneity has led to a 

complicated genotype-phenotype association. X-linked inheritance is the 

predominant mode of inheritance (57% of cases) through mutations in the genes 

encoding Cav1.4α (CACNA1F) and nyctalopin (NYX), with CACNA1F accounting for 
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more than 70% of these (26). Other modes of inheritance include autosomal 

recessive (40%), and autosomal dominant (3%). 

The 16 genes reported to be involved in the pathogenesis of CSNB, categorised into 

their associated type of CSNB and respective mode of inheritance (%). The genes’ 

chromosome loci are in brackets.  

 

Photoreceptor function is quantified by a full field electroretinogram (ERG) test. This 

records the function of the cone cells (a-wave) and rod cells (b-wave). As CSNB 

affects scotopic vision that causes night vision disturbances, a reduced b-wave ERG 

is representative of a weakened rod cell function (27). The two main forms of CSNB 

result in either the complete loss (cCSNB, MIM 310500) or incomplete loss (iCSNB, 

MIM 300071) of rod function (26), with the latter being the more prevalent form. These 

are distinguishable in their ERG readings as cCSNB completely lacks a b-wave, 

whereas, it is reduced in iCSNB (27) (Figure 1.3). In rare cases, both a- and b-waves 

can be reduced which produces a Riggs type CSNB (28).  
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X-linked
(57%)

Complete

NYX
(Xp11.4) 

Autosomal Recessive
(40%)

Autosomal 
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GPR179
(17q21.1)

GRM6
(5p35)

LRIT3 (4q25)

TRPM1
(15q13-q14)

Incomplete

CABP4
(11q13.1)

Riggs

GNAT1
(3p21)

SLC24A1
(15q22) 

Abnormal 
Fundus

GRK1 (13q34)
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Figure 1.2 Genes involved in the pathogenesis of CSNB. 
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ERG tests quantifying photoreceptor function. The difference between a healthy 

(black) ERG and that of iCSNB (purple) or cCSNB (blue) is shown. The a-wave 

represents photoreceptor hyperpolarisation, and the b-wave represents 

depolarisation. cCSNB, complete congenital stationary night blindness; iCSNB, 

incomplete CSNB. 

 

1.2.1.1 X-linked incomplete CSNB 

X-linked iCSNB is a loss-of-function (LoF) monogenic disorder predominantly caused 

by pathogenic mutations to the Cav1.4α1f encoding gene CACNA1F that disrupt the 

retinal synaptic transmission from photoreceptor cells to bipolar cells. Although the 

UK or global prevalence of iCSNB is unknown, in Denmark, the prevalence is 1 per 

22,000 male live births (29). It is a recessive X-linked condition as female carriers are 

mainly asymptomatic, although a small number of affected females are reported, 

which is likely an effect of skewed X-inactivation (30,31). Males suffering from iCSNB 

are hemizygotes and a reduction or loss of activity from the single allele is presumed 

to be the pathogenic mechanism, caused by reduction or loss of protein function. 

Evidence supporting this molecular mechanism is presented in Chapter 3.  

Figure 1.3 Example of a full field electroretinogram (ERG) tests. 
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CACNA1F variants reported in iCSNB patients can be missense (35%), nonsense 

(18%), deletions (18%), splicing (17%), insertions/ duplication (12%). iCSNB males 

with missense mutations reduce the protein function and cause an overall LoF due to 

the lack of a compensating wildtype allele (e.g. p.L860P (32)). Hemizygote males with 

a truncating allele result in a loss of activity due to nonsense-mediated decay (NMD) 

(33), although nonsense mutations in the final exon often escape NMD resulting in 

different mechanistic consequences (34). There are a small number of CACNA1F 

missense mutations that are described as a ‘gain-of-function’ (GoF) as they increase 

calcium currents when measured electrophysiologically, although they cause a LoF 

in the retina by reducing photoreceptor signalling (p.G369D (35), p.F742C (36), 

p.I745T (30)). Thus, recessive iCSNB CACNA1F mutations can either abolish (null 

allele), decrease (hypomorphic allele), or increase (hypermorphic allele) Cav1.4 

calcium currents. Null (amorphic) alleles produce no active protein products, whereas 

hypomorphs reduce transcription or produce a protein with less function. 

Hypermorphs increase the function and cause hyperactive channels. The diversity of 

functional consequences has made it complex to decipher the pathogenesis of 

iCSNB.  

1.2.2 Therapeutic interventions for IRDs 

IRDs have a profound impact on patients and society. Even though we do not have a 

cure at present, incremental advancements have been made in the past decade, both 

in our understandings of the pathophysiology of IRDs and with the advent of new 

treatments. As the retina is compartmentalised, immune-privileged, and accessible it 

is amenable to therapeutic interventions. Thus, the retina has been at the forefront of 

translational medicine for many years and novel therapeutic approaches are 

constantly emerging with many clinical trials underway that focus on slowing the 

progression of the disease (e.g. (37)).  

As described above, the main cause of IRDs is photoreceptor degeneration, which 

can lead to cell death (apoptosis) and thus, neuroprotective factors such as 

neurotrophic, antioxidant, and anti-apoptotic have been studied to provide support 

and prevent apoptosis of rod and cone cells (37). Two well studied neurotrophic 

factors are Ciliary Neurotrophic Factor (CNTF) and Fibroblast Growth Factor (FGF) 

(38). A clinical trial for CNTF showed promising results in supporting the maturation, 

survival and growth of rod cells, however, its short half-life required frequent dosing 

which posed a limitation on its clinical applications (39). Different anti-apoptotic 

agents have been studied to provide support and prevent apoptosis of rod cells. 
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Agents such as tauroursodeoxycholic acid (TUDCA) (40), norgestrel (41), and 

rasagiline (42) were tested in different animal models as a putative treatment to inhibit 

different apoptotic pathways involved in the pathogenesis of RP. These showed 

promising results in reducing apoptosis of rod cells in rodent models, following which, 

no human clinical trials have been conducted.   

Another emerging strategy for IRDs is to ameliorate the effect of aberrant proteins 

and restore the protein defects caused by pathogenic mutations, such as using small 

molecules that act as molecular chaperones to aid and facilitate the correct folding of 

mutant proteins. For example, mutations to RHO can induce protein aggregation of 

rhodopsin and drugs such as trimethylamine-N-oxide (TMAO), dimethyl sulfoxide 

(DMSO), and glycerol can reduce this aggregation (43). These molecular-based 

drugs all have promising results; however, they currently require further investigations 

to deduce their efficacy and toxicity effects. Other studies focus on drug repurposing 

by testing the efficacy of clinically approved drugs on additional disorders not yet 

approved. For example, valproic acid (VPA) is currently used in the treatment of 

epilepsy and bipolar disorder and it has also been shown to alleviate the effects of 

RP in Xenopus laevis models by acting as a histone deacetylase inhibitor that 

removed mutant rhodopsin and assisted the protein in reaching its native fold (44). 

Nevertheless, clinical trials of VPA as a putative treatment for autosomal dominant 

RP failed to provide significant results (45).  

Another therapeutic approach is gene augmentation (i.e. replacement therapy). This 

approach provides a functional copy of a mutated gene to the host cells using vectors 

such as lentiviral, or more commonly, recombinant adeno-associated viruses vectors 

(rAAV) (46). The first gene therapy for an IRD received clinical approval in 2017; 

voretigene neparvovec (Luxturna) (47). Voretigene neparvovec is a rAAV that 

contains the human RPE65 cDNA that is involved in phototransduction and mutations 

in this gene cause LCA and RP (48). This treatment compensates for the mutant 

RPE65 protein by providing a wildtype copy and is clinically used to treat both 

conditions (48). Although revolutionary and effective, the large costs associated limit 

its large-scale application and the genetic heterogeneity in IRDs prevents the 

development of one universal gene therapy. 

1.3 Voltage-gated calcium channels (VGCCs)  

The VGCCs are integral heteromeric proteins channels involved in numerous cellular 

functions such as hormone and neurotransmitter release, muscle contraction and 
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signalling (49). They are sensitive to membrane voltage depolarisations that activate 

the channel and open its gate. This allows the influx of calcium ions into the cell that 

triggers the next stage of the pathway, i.e. glutamate neurotransmitter release (50). 

Cav1.1 was the first VGCC to be discovered in 1986 and was isolated from transverse 

tubules of skeletal muscle tissue (51). It is now known that there are 10 mammalian 

Cav channels with a spectrum of physiological functions that are endogenously 

expressed in many excitable tissues. All VGCCs comprise of an α subunit that forms 

the conductive pore, which associates with one of four β subunits (β1-β4), and one of 

four α2δ subunits (α2δ1-α2δ4), and in some cases a γ unit, expressed in an equal 1: 1: 

1: 1 ratio (49).   

The subfamilies are grouped by the α subunits that have different voltage sensitivities 

(Figure 1.4). The high voltage channels include L-type (Cav1.1-1.4), P- and Q-type 

(Cav2.1), N-type (Cav2.2), and R-type (Cav2.3), whereas, the low voltage channels 

are T-type (Cav3.1-3.3) (52). The channels voltage sensitivities are further refined by 

the differential expression, interactions with auxiliary subunits (53), alternative 

splicing events (54), posttranslational modifications (55), and contact with associated 

proteins such as calmodulin (CaM) (50,56).  

VGCCs diverged from a common evolutionary ancestor (Figure 1.4) and are highly 

conserved channels that share a close protein topology, with increasing polypeptide 

homology amongst subfamily members; Cav1 have a 60-75% protein homology and 

near 90% protein homology in transmembrane repeats. The shared protein homology 

enables the channels to function similarly to achieve calcium homeostasis (57). 
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The evolutionary relationship of VGCCs is shown and labelled with the respective 

gene, protein, and channel type. The tree was generated using Clustal Omega (58). 

VGCCs, voltage-gated calcium channels. 

 

1.3.1 Cav1 channels   

The Cav1.1-1.4 channels form the high voltage, L-type (long-lasting inward currents) 

Cav1 subfamily. The Cav1.1α subunit is encoded by the CACNA1S gene (Chr1q32.1) 

and is exclusively expressed in GABAergic neurons with ryanodine receptors to 

trigger release of gamma-aminobutyric acid (GABA) in skeletal muscle (59). The 

Cav1.4α subunit is encoded by CACNA1F (ChrXp11.23) and is predominantly 

expressed in retinal photoreceptor neurons (60). The Cav1.2 (CACNA1C, 

Chr12p13.33) and Cav1.3 (CACNA1D, Chr3p21.1) channels are expressed in 

various tissues and are often expressed in the same cell (e.g. adrenal chromaffin 

cells, sinoatrial node, neurons, atrial cardiomyocytes) (57), however, they have 

different functions within these cells. The primary function of Cav1.2 is in 

cardiomyocytes excitation-contraction coupling to regulate cardiac pacemaker activity 

(61) and Cav1.3 channels are mostly expressed in the cochlea inner hair cells as they 

play a role in auditory transduction (62). Irrespective of their unique tissue expression 

profiles, when the protein function is dysregulated, these channels can cause a range 

of human channelopathies. Protein function is affected by many factors, such as the 

Figure 1.4 Phylogenetic evolutionary relationship of VGCCs. 
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cellular environment (temperature and pH), protein structure and folding (hydrogen 

bonding, disulphide bonding), and gene mutations.  

1.3.2 The retina-specific Cav1.4  

The human Cav1.4 channel is expressed at the synaptic termini of photoreceptors 

that form the outer plexiform layer with dendrite synapses of intermediate neurones 

(63). Light impulses that depolarise the membrane activate the channel which opens 

the gate (50). This permits the influx of calcium ions along the concentration gradient 

which mediates the tonic release of glutamate. Glutamate is a neurotransmitter that 

signals to the bipolar cells (second-order neurones) (50).  

Originally, it was believed that Cav1.4 channels were exclusive to retinal interneurons 

(60), however, it has now been shown that they are also expressed in bone marrow, 

adrenal gland, spinal cord, spleen, and muscle tissues (64), albeit at low levels 

relative to the retina. Heterologously expressed Cav1.4 currents can be measured 

electrophysiologically by whole-cell patch-clamp. Cav1.4 channels activate rapidly 

and inactivate slowly, opening at more negative membrane potentials than other Cav1 

channels, which permit the channel to conduct calcium currents at a negative voltage 

(55).  

1.3.3 The Cav1.4 transcripts 

The human Cav1.4 channel is a trimeric protein assembly of three subunits (Figure 

1.5), α1f subunit (CACNA1F, MIM 300110) and two auxiliary subunits; α2δ4 

(CACNA2D4, MIM 608171) and β2 (CACNB2, MIM 600003) (65,66). CACNA1F 

(Xp11.23) encodes the largest protein of the channel as it is 1977 amino acids in 

length, contains 48 exons spanning 220 kilobases (kb). CACNA2D4 (12p13.3) is 1137 

amino acids long and contains 39 exons spanning 130 kb. CACNB2 (10p12.33-

p12.31) encodes the smallest protein of the channel, with 660 amino acids in length 

and 28 exons spanning almost 1.6 kb. 



30 
 

The schematic cartoon of the trimeric Cav1.4 channel (top) and the transmembrane 

α1f subunit structure (bottom). The four repeats (I-IV) and the α-helix segments (S: 

1-6) are labelled. The arrow shows the direction of calcium influx. Figure taken from 

Figure S3.1 (manuscript 1, Chapter 3). 

 

1.3.4 Structure of Cav1.4  

Although the full crystal structure of Cav1.4 has not been resolved Cav1 subunit 

paralogues have been and have a high sequence homology to Cav1.4 with which to 

infer the structure of Cav1.4. The cryo-electron microscopy Cav1.1 structure (rabbit, 

PDB ID: 5GJV (67)) is the predominant structure used for this as it shares 

approximately 85% protein sequence homology with Cav1.4. This enables the 

homology modelling of the Cav1.4 protein structure (more on this in Chapter 4). 

1.3.4.1 The pore-forming subunit: α1f 

The α1f protein’s tertiary structure forms four homologous transmembrane repeats (I-

IV), each comprising of six helical segments (S1-S6) joined by extracellular and 

cytoplasmic loops, with the final loop forming the cytosolic C-terminal tail. The helices 

are negatively charged, apart from the S4 of each repeat that carries positively 

charged residues at every third position, enabling it to function as a voltage-sensor 

Extracellular 

Cytoplasmic
α1f

β2

δ

+H3N
CO2

-

Ca2+ influx

+

                   I                        II                         III                          IV 

Figure 1.5 Diagram of the Cav1.4 transmembrane proteins. 
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domain (VSD) by being sensitive to membrane depolarisation impulses (63). The 

cytoplasmic loop linking repeats I-II contains the β subunit binding site (α interaction 

domain, AID), which is an 18 amino acid sequence conserved amongst the Cav1 

channels. The final two helices (S5 and S6) of each repeat form the channel’s pore 

and are lined by the S5-S6 connecting loops. These loops contain glutamate residues 

that form a negatively charged ring, which is selective to calcium ions (ion-selectivity 

filter) (68).  

1.3.4.2 The auxiliary subunit: α2δ4 

There are four genes that encode the α2δ subunits (CACNA2D1 (MIM 114204), 

CACNA2D2 (MIM 607082), CACNA2D3 (MIM 606399), CACNA2D4). Each gene 

also has alternative splice forms (e.g. CACNA2D14a) that share homology to other 

α2δ subunits (CACNA2D4a (12p13.33) and CACNA2D3 (3p21.1)). The α2δ4 is the 

retina-specific α2δ subunit (69). The exact effects of this subunit on the biophysical 

properties of the channel are still unclear as the channel is still functional in its 

absence, albeit with reduced currents (69). This subunit is translated from one gene 

(CACNA2D4) that is cleaved post-translationally to separate α2 and δ4 peptides that 

are then linked by a disulphide bridge (70). The α2 peptide sits extracellularly and δ4 

is integral as it acts as an anchor in the membrane through a 

glycosylphosphatidylinositol (GPI) linker (70) (Figure 1.5). The α2 peptide physically 

interacts with the α1f subunit by binding to its extracellular loops, but the exact 

interaction and respective sites remain unknown (69).   

1.3.4.3 The auxiliary subunit: β2  

The β2 subunit is a member of four β proteins, encoded by four distinct genes 

(CACNB1 (114207), CACNB2, CACNB3 (601958), CACNB4 (601949)) that also 

have several splice variants that share homology to each other (71). It is the only 

Cav1.4 unit that is fully situated within the cytosol by tightly binding to the α1f protein. 

It is hypothesised that β2X13 is the most prevalent splice variant in the retina (66), 

although this has not been fully verified. 

This subunit facilitates the trafficking of the α1f protein to the plasma membrane and 

significantly increases the calcium currents conducted by antagonising an 

endoplasmic reticulum (ER) retention signal within the α1f AID motif (70,72). β2 binds 

the α1f AID motif via the β interaction domain (BID), and the association of the two 

domains physically masks the α1f ER retention signal, which permits its release from 

the ER (72) (see Section 1.5.2).  
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Although the complete effect of the auxiliary subunits on the biophysical properties of 

the channel is unknown, the absence of either subunit has severe consequences on 

the distribution (β2) and conductance (α2δ4 and β2) of the α1f protein. This has been 

demonstrated in rodent models lacking a functional copy of either α2δ4 (73) or β2 (74) 

that caused a comparable effect to Cav1.4 knock-out mice.  

1.3.4.4 Channel gating: activation and inactivation kinetics 

The channel undergoes morphological changes to gate the channel open and closed. 

The gating kinetics are regulated by voltage-dependent activation and inactivation, 

and calcium-dependent inactivation (CDI). The VSD of the α1f protein are sensitive to 

membrane depolarisation that opens the gate and closes it during prolonged 

depolarisation (voltage-dependent inactivation; VDI) (75). CDI is an integral part of 

the channel’s inactivation as it protects the cells from excess calcium influx as a result 

of prolonged depolarisation (75,76). Thus, CDI ensures that calcium influx is transient 

and brief. The CDI domains are in the proximal C-terminal regulatory domain (PCRD) 

where the IQ and pre-IQ calmodulin-binding domains couple to an EF hand motif (76). 

However, this morphological change is only possible when CaM is bound by four 

calcium ions, which indicates an excess of calcium within the cell (76,77) (Figure 1.6).  

As neurotransmitting photoreceptors constantly respond to light stimuli, they depend 

upon long-lasting calcium influx rather than transient ones. To sustain the calcium 

influx, Cav1.4 channels inhibit CDI by a distal C-terminal regulatory domain (DCRD) 

(76). This is unique to Cav1.4 and acts as a negative inhibitory CDI (ICDI) feedback 

mechanism to ensure Cav1.4 is non-inactivating, thereby changing the voltage 

dependencies (76). Although this inhibitory mechanism is generally accepted, the 

molecular binding and inhibiting sites are still disputed. Currently, there are two 

schools of thought proposed for this mechanism. The traditional model suggests that 

the EF motif interacts with the channel pore to physically prevent the gate from closing 

(78,79), whereas the alternative model suggests that DCRD interacts with the EF 

hand motif to block CDI in PCRD, without coming in contact with the pore (75) (Figure 

1.6C). Irrespective of the correct model, the consequences are consistent and ensure 

that Cav1.4 calcium influx is long-lasting. 
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(A) A linear representation of Cav1.4’s C-terminal tail and cartoon of the specific 

domains showing no interactions as no calcium ions are bound to CaM. (B) Four 

calcium ions binding CaM. (C) The proposed model showing no ICDI as present in all 

Cav channels undergoing CDI when CaM is bound by four calcium ions (left). The 

traditional model showing ICDI in the DCRD of Cav1.4 channels that inhibits PCRD 

by direct interactions with the channel pore to prevent the gate from closing (middle). 

The alternative model proposes ICDI to physically inhibit PCRD interactions that 

activate the channel closing in Cav1.4 channels (right). IV6, domain IV segment 6; 

CaM, Calmodulin; EF, EF motif; ICDI, inhibitory calcium-dependent inactivation; 

PCRD, proximal C-terminal regulatory domain; DCRD, distal C-terminal regulatory 

domain. 
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Figure 1.6 The different inactivation models of Cav1 channels. 
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1.3.5 Cav1.4 channelopathies 

Mutations in the CACNA1F gene result in a number of syndromic and nonsyndromic 

IRDs. Since its discovery in 1998, 261 CACNA1F mutations are catalogued on the 

Human Gene Mutation Database (HGMD, licensed version accessed on June 2020 

(80)), of which, nearly 80% of the mutations are associated with X-linked iCSNB (65), 

the remainder are involved in the pathology of cone-rod dystrophy (81) and Aland 

Island eye disease (82). RP (83), high myopia (84), and Usher syndrome (85) have 

all been described in single unconfirmed reports. 

iCSNB, con-rod dystrophy and Aland island eye disease manifest through pathogenic 

mutations in CACNA1F and share a common phenotype of photoreceptor dysfunction 

that results in decreased synaptic transmission between photoreceptors and bipolar 

cells (65).  

1.4 Disease models 

1.4.1 Cell models of iCSNB 

Human embryonic kidney cells (HEK293/ HEK293T) are widely utilised to study 

Cav1.4 channel function (e.g. (56,64,66)). These are advantageous for 

electrophysiological studies as they do not endogenously express calcium currents. 

Whereas, RPE cells are more suited for the study of other IRDs that are associated 

with proteins expressed in the retina epithelium cells (e.g. bestrophinopathies (86)). 

Although cell model techniques are constantly evolving and becoming more complex 

and efficient, they are isolated cells that lack the complexity of a full organism and 

therefore, alternative models of higher complexity are required such as animal 

models.  

1.4.2 Animal models of iCSNB  

Over 30 different animal models have been employed to study the pathophysiological 

properties of CSNB, including rodents, zebrafish, canine, and horse models.  

Eight mice, rat, and zebrafish models (both spontaneous and lab-generated) have 

been utilised to study the molecular characteristics and inheritance of iCSNB. These 

CACNA1F models are summarised below.  
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1.4.2.1 Rat models  

The first iCSNB animal model was a spontaneous rat model discovered in 2003 (87). 

Male offspring showed a reduced b-wave in the ERG readings, typical of iCSNB, due 

to a nonsense mutation in exon 23 (p.Arg981*) that truncated the protein (88). 

Immunostaining of the retina with the mutant protein showed abnormalities in both 

rod bipolar cells and horizontal cells, implying that the Cav1.4 protein is crucial for the 

expansion of second-order neurons (88). Interestingly, this model also showed 

several behavioural changes, implying a diverse role beyond vision (89), however, 

this has not been investigated further.   

1.4.2.2 Mouse models 

There are five CACNA1F mouse models; three laboratory-generated and two 

spontaneous models. Two of the laboratory models are knock-out mutants in exon 7 

(90) and exon 14-17 (91) and one is a knock-in harbouring a GoF missense mutation 

(p.Ile746Thr) (92). These three models all reported mislocalised Cav1.4 proteins but 

recorded different ERG waves; in the knock-out models the b-wave was absent, and 

the knock-in model showed reduced b-waves. Unexpectedly, the a-wave was also 

reduced in the knock-in model, which is not usually reported in patients with a 

CACNA1F mutation (30). 

Two naturally occurring mouse models have been identified, nob2 (93) and nob9 (94). 

The first identified (nob2) carries an inserted transposon in exon 2, however, this 

causes two splice variants, and thus, is not a true knock-out model. The major 

transcript (90%) is a truncated protein and the minor transcript (10%) is the full length 

protein (95). Nevertheless, it has been argued that this model is a good representation 

of human iCSNB caused by a partial loss of protein function (93,95). More recently, 

nob9 was identified and has a phenotype more severe than nob2 mice, likely due to 

harbouring both a missense mutation and a 10 base insertion in exon 14 (94). Both 

nob models displayed a disorganised outer plexiform layer and a reduced b-wave, 

consistent with the iCSNB phenotype presented in humans.      

1.4.2.3 Zebrafish models  

Two CACNA1F zebrafish models, named ‘wait until dark’ (wud), harbour missense 

mutations in the zebrafish homologue of CACNA1F (96,97). Both mutant alleles 

induce truncated proteins as they lead to premature stop codons. The wud models 

have slightly reduced a-waves and reduced and delayed b-waves. Immunostaining 
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did not detect the expression of Cav1.4 in either models’ plexiform layer (97), 

demonstrating that it was either mislocalised or degraded. 

All the animal models described demonstrate the crucial role of Cav1.4α in 

photoreceptor function and how its loss or dysregulation results in abnormal synaptic 

maturation in the plexiform layer and reduces the b-wave. Contrary to the 

observations described in the rat model, no other model showed morphological 

changes to second-order neurons such as bipolar cells and horizontal cells, which 

demonstrates that different species elicit different effects. This emphasises a 

limitation of using animal models to study human diseases.  

Further investigations are crucial to understand the phenotypic differences in 

CACNA1F animal models and human iCSNB. Thus, data from these models must be 

interpreted tentatively.   

1.5 Proteostasis   

Proteostasis describes the cellular processes that regulate and maintain protein 

homeostasis by balancing the pathways that synthesise, fold, transport, and degrade 

proteins intra- and extracellularly. To gain full functionality, proteins must fold into their 

native 3-dimensional (3D) configuration based on their primary amino acid sequence. 

This intricate process is functionally constrained and genetic changes to the 

polypeptide can prevent the protein from acquiring its native fold, causing it to have 

altered function or activity, or form unstable aggregates, or be degraded. Protein 

aggregates must be identified and degraded before they become toxic to the cell, 

which is achieved by an efficient protein quality control system that is essential to 

maintain proteome homeostasis. These processes will be expanded in this section.  

1.5.1 Protein translation and folding 

Proteins are translated from their mRNA template by the ribosomes within the cytosol 

(98). Once the protein polypeptide extends beyond the ribosome it binds the signal 

recognition particle (SRP) and forms the ribosome-nascent chain-SRP complex (98). 

This complex protects the protein from aggregating and targets it to the ER 

membrane, where it interacts with the ER membrane receptors (99). This enables 

soluble proteins to be translocated into the ER lumen or integrated with the ER lipid 

bilayer for integral proteins (99).    
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The ER encloses a range of molecules such as molecular chaperones, enzymes and 

cofactors that assist in the synthesis and packaging of nascent proteins, as well as, 

responding to cellular stress and signalling (100). Within the ER, proteins assemble 

to form multimeric protein complexes that are consequently transported to the Golgi 

apparatus (100). This is where Cav1.4’s subunits assemble to form the trimeric 

protein structure, as do other homo- and heteromeric proteins. 

The ER’s oxidising environment facilitates the formation of intramolecular bonds, e.g. 

disulphide bonds (101). This environment also assists the ER to receive signals (e.g. 

calcium ions, sphingosine-1-phosphate (S-1-P), inositol 1,4,5-trisphosphate (InsP3), 

and reactive oxygen species (ROS)) and respond by transmitting signals, i.e. input 

signals and output signals such as transcription factors (e.g. CHOP, SREBPs, and 

ATF6), arachidonic acid, and calcium ions (102).  

1.5.1.1 ER chaperones aid protein folding 

ER chaperones are molecules that assist the folding of nascent proteins within the 

ER. They comprise conserved molecular chaperones and folding enzymes (103). In 

addition to protein folding, they are responsible for re-folding misfolded proteins 

through the unfolded protein response (UPR). 

Molecular chaperones (e.g. Hsp70, Hsp90, binding protein (BiP)) are a group of 

molecules that facilitate the folding of nascent proteins through ATP hydrolysis (BiP) 

and co-chaperons (e.g. Hsp40 and SEC63) hydrolyse ATP to control BiP’s ATPase 

activity (104,105). These and other chaperones are recruited to protect the protein 

from aggregating (104). Other chaperones are recruited later in the folding of a protein 

such as calnexin (Cnx) and calreticulin (Crt) that specifically aids the folding of 

glycoproteins through the Cnx/ Crt cycle (106,107).  

Once a protein has achieved its native fold, ER folding enzymes stabilises the 

protein’s tertiary structure by adding disulphide bonds and N-linked glycosylation. 

Examples of folding enzymes that form these bonds are ERp29, ERp44, ERp57, 

GRP58, and protein disulphide isomerase (PDI). Disulphide bonds are formed by 

oxidizing cysteine residues of nascent proteins (103). N-linked glycosylation 

promotes the folding of nascent proteins and acts as a checkpoint for quality control 

of the protein (108). This glycosylation occurs in nearly all membrane and secreted 

proteins and is an enzymatic process that involves the covalent addition of N-glycans 

(oligosaccharide moieties) to a consensus sequence (Asn-X-Ser/ Thr) of the 

asparagine side chain (108). Once bound the protein can interact with the Cnx/ Crt 
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chaperones, which determines the fate of the nascent proteins (107). If the protein 

achieves its native fold successfully then glucosidases release it, however, if it is 

misfolded then it is recognised by the UDP-glucose: glycoprotein glucosyltransferase 

(UGGT) and goes through an additional Cnx/ Crt cycle. If the protein is still misfolded 

then it is targeted for degradation by the mannosidase and the ER degradation-

enhancing-α-mannosidase-like protein (EDEM) (108,109). 

1.5.2 The secretory pathway  

Newly synthesised proteins that have reached their native fold are exported out of the 

ER and into the extracellular space through the secretory pathway. This pathway 

includes the rough ER, ER exit site (ERES), ER-to-Golgi intermediate compartment 

(ERGIC), Golgi complex and post-Golgi carriers that together facilitate the proteins 

transport to their final destinations (110). These organelles are organised in a 

stringent way for the pathway to sustain its purpose and function precisely.  

In Cav channels, these signals are complemented by a retention single that is 

exposed on the immature α1 subunit and is masked when the Cav subunits have 

assembled correctly (72,111). This has been shown in Cav2 where the β subunit 

antagonises the ER retention signal in the AID by masking the signal when the β 

subunit is bound to the α subunit and the channel complex is formed correctly (72). 

Similar retention signals are found on other multimeric proteins such as the kainate 

receptor subunit (GluK5) (112).  

1.5.3 Posttranslational modification (PTM) 

PTM are chemical changes to the protein polypeptide chain that alter the final function 

of the protein. These mostly occur within the Golgi apparatus. There are over 300 

PTM of proteins that enzymatically cleave peptide bonds or are involved in chemical 

processes such as biotinylation, acetylation, glycosylation, methylation, and 

phosphorylation (113). Glycosylation is the most common PTM and although initial 

glycosylation occurs in the ER (N-linked glycosylation), the Golgi apparatus is 

responsible for the addition of different oligosaccharide moieties that comprise a 

mature glycan (114). These mature glycans can comprise a single oligosaccharide or 

chains of oligosaccharides that are often branched.   

Certain PTM have been studied in Cav channels and are integral parts of protein 

synthesis, for example, the α subunit of Cav1.1 channels are known to be 

phosphorylated by cAMP-dependent protein kinase and other protein kinases (51). It 
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has also been shown that Cav channels are glycosylated at different locations of their 

extracellular loops. Original publications showed skeletal Cav1.1 to be glycosylated 

in two sites of the extracellular loops (115), and it was later shown that Cav1.2 and 

Cav1.3 share one of these sites (S5-S6 loop of repeat I) (116). The conservation of 

this site in Cav1.4 suggests that it is likely also glycosylated at this site. This loop 

region has recently been shown to be glycosylated in other Cav members, albeit at 

different positions of the loop (116).  

1.5.4 The quality control system  

The protein synthesis pathways are tightly regulated; however, they are extremely 

complex and are prone to faults that may result in misfolded proteins. Misfolded 

proteins may not function correctly and may also form toxic aggregates (117). 

Adverse environmental factors and genetic mutations that alter the amino acid 

sequence affect protein folding and can cause ER stress (118). Thus, quality control 

systems are in place to overcome these damaging effects, namely the unfolded 

protein response (UPR) and degradation pathways such as ER-associated 

degradation (ERAD) and autophagy (118,119).   

The UPR is a signalling pathway that helps cells adapt to ER stress by triggering the 

expression of factors that aid protein folding. There are three main UPR pathways: 

activating transcription factor 6α (ATF6α), PRKR-like ER kinase-eukaryotic 

translation initiation factor 2α (PERK-eIF2α), and inositol-requiring protein 1α-X-box-

binding protein 1 (IRE1α-XBP1) (118). These pathways monitor protein synthesis and 

regulate it to restore protein homeostasis by reducing protein synthesis while 

increasing chaperone synthesis. This helps alleviate the burden of misfolded proteins 

within the ER and acts as a feedback mechanism whereby, an excess of unbound 

BiP inhibits UPR (118). 

1.5.4.1 ER-associated degradation (ERAD) 

ERAD is a degradation pathway that removes non-native (unfolded, misfolded and 

aberrant) proteins by recognising them, capturing and transporting them to the 

cytoplasm where they are ubiquitinated and degraded by the ubiquitin-proteasome 

(103). In the Cnx/ Crt cycle described above, nascent polypeptides contain mannose 

residues that are trimmed by α-mannosidase I, allowing them to bind to EDEM (120). 

This binding distinguishes a protein’s folded state. There are three EDEM genes; one 

membrane protein (EDEM1) and two luminal proteins (EDEM2 and EDEM3) that all 
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contain mannosidase-like domains and are capable of recognising mannose residues 

(121). Other ERAD components can also recognise misfolded proteins (e.g. 

Osteosarcoma 9). Proteins recognised by these components are then targeted for 

ERAD by associating with chaperones that unfold partially folded structures (BiP) and 

cleave disulphide bonds (PDI). These proteins are deglycosylated by peptide-N-

glycanase and are covalently modified as they are polyubiquitinated on lysine 

residues by the E1-E2-E3 ubiquitin system (122). Ubiquitinated proteins are 

retrotranslocated from the ER membrane to cytoplasmic 26S proteasomes by a 

retrotranslocon comprising Der1, Sec61, and Hrd1 (122).  

The 26S proteasome is a large multi-subunit complex that is comprised of two 

subcomplexes; a 19S regulatory particle and a 20S core particle. The 19S complex 

further unfolds, deubiquitylates and translocates substrates into the 20S complex 

(123). The 20S complex contains the proteolytic sites of the proteasome and has 

three active β subunits (β1, β2, β5) (124). This complex cleaves proteins into short 

peptides (3-25 residues) that are then enzymatically degraded into amino acids by 

endopeptidases and aminopeptidases such as tripeptidyl peptidase 2 (TPP2) and 

oligoendopeptidases (125,126). 

1.5.4.2 Autophagy  

It is estimated that ERAD regulates the degradation of 80% of intracellular proteins 

(127), however, some aberrant proteins can escape ERAD and be secreted out of 

the ER. For this reason, ERAD is complemented by the autophagy pathway, an endo-

lysosomal degradation pathway that recognises non-native protein components that 

have escaped ERAD and promotes their proteolytic degradation (119).  

Autophagy has several roles that remove, degrade and recycle dysfunctional 

cytosolic components through three known pathways: (a) macro-autophagy, (b) 

micro-autophagy, and (c) chaperone-mediated autophagy. Macro-autophagy 

transports cytoplasmic cargo to the lysosome in autophagosomes, whereas, in micro-

autophagy, the lysosome directly engulfs the cytosolic components by invagination of 

the lysosomal membrane (128). The chaperone-mediated autophagy pathway 

recognises components and forms a complex with chaperone proteins (e.g. Hsp70) 

that target them to the lysosomal membrane where they are engulfed and degraded 

by the lysosome (129). Autophagosomes have a larger capacity than the proteasome 

and can, therefore, degrade larger components than the ERAD pathway, with no need 

to unfold proteins.     
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1.6 Proteopathies and implications for therapy 

As described in this chapter, the production of proteins is a highly regulated and 

complex process. Dysregulation of the quality control system can result in 

malfunctioning proteins that cause the accumulation of aggregate, misfolded or 

unstable proteins. This is the hallmark of many degenerative and neurodegenerative 

protein disorders (proteopathies) such as Parkinson’s, Alzheimer’s, and Huntington’s 

disease (130), cystic fibrosis (CF) (131), and retinal dystrophies (e.g. RP (13)). In 

Mendelian genetics, the chance of inheriting a monogenic disorder is dependent on 

the genotype of the offspring’s parents. The relationship between two alleles in one 

gene is described as either dominant or recessive; the latter manifests a phenotype 

only in the homozygote state, whereas, the former constitutes a phenotypical 

character in homozygote or heterozygote states (132). Dominant and recessive 

alleles result in different functional consequences on the encoded protein. The 

functional effects of dominant alleles are more complex than recessive alleles since 

they can result in both a loss and a gain of protein function, whereas recessive alleles 

predominantly result in a LoF but some more rare cases also cause a GoF (discussed 

in Chapter 3).  

A LoF is mostly due to failure in protein folding that results in improper protein 

formation, loss of enzyme activity, or when protein trafficking is affected and the 

protein does not reach its required cellular location (133). Examples of well-

characterised LoF disorders are CF (134), Duchenne muscular dystrophy (131), RP 

(13), and iCSNB (65). For recessive biallelic alleles such as nonsense or frameshift 

variants, the pathogenic mechanism is predictable, as a truncated protein result in a 

loss of activity due to NMD that degrades mRNAs harbouring premature termination 

codons (33), although nonsense mutations in the final exon can evade NMD (34). 

However, in the heterozygote state, there is sufficient activity from the wildtype copy 

to compensate for the mutated allele (haplosufficient) (135). 

This is different for genes on the X chromosome as recessive conditions effect males 

and females differently. In recessive X-linked conditions, such as X-linked iCSNB, 

hemizygote males will manifest the disease due to a lack of a healthy allele, whereas, 

female carriers are mainly asymptomatic, however, affected females can occur due 

to the effect of skewed X-inactivation (e.g. CACNA1F p.I745T reported in female 

patients (30,31)). X-inactivation is a dosage compensation pathway that regulates the 

expression of X chromosomal genes and ensures that males and females express 

comparable levels, however, negative selection of one allele is referred to as skewed 
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X-inactivation which may manifest a disease (136). Furthermore, inheriting a single 

copy of a dominant allele on the X chromosome is sufficient to cause a disease in 

both sexes, e.g. Rett syndrome (137). The lack of a functional copy in hemizygote 

males can have lethal consequences, such as oral-facial-digital I syndrome and 

incontinentia pigmenti Bloch-Sulzberger (138). 

In autosomal dominant diseases, the functional consequences are more difficult to 

delineate as they include several mechanisms. Huntington’s (139), Parkinson’s (140), 

and Alzheimer’s disease (141) are three examples of well-studied autosomal 

dominant diseases. Dominant diseases are also prevalent in Cav channels, e.g. 

Brugada syndrome 3 (BRGDA3) and epilepsy are associated with mutant Cav1.2α 

and Cav1.3α proteins respectively (142,143). For GoF dominant disease the mutant 

gene can gain this additional function in many ways, e.g. an increase in gene dose, 

increased or constitutive protein activity, toxic protein alterations, or through gaining 

a new protein function (132). At the protein level, a GoF can be a result of increased 

protein half-life or by the loss of normal inhibitory regulation leading to constitutive 

activity, i.e. the inhibition of proteolytic degradation. An example of increased protein 

activity is dominant mutations to the CACNA1C gene encoding the Cav1.2α subunit 

and increases the channel function through increased calcium influx (e.g. p.A28T and 

p.L1186V that cause Long QT syndrome (144)).  

Alternatively, a LoF from dominant mutations are less predictable as they can arise 

from either reduced gene dose or expression, reduced protein activity, or mutations 

with dominant negative effects (132). A reduced gene expression or protein activity 

usually occurs in heterozygote states when the wildtype function is not adequate to 

compensate for the reduced mutant allele (haploinsufficiency), such mutations can 

be gene deletions, regulatory or null mutations that abolish the allele activity (145). 

Dominant negative mutations (DNM) are distinguishable from haploinsufficient 

mutations as DNM antagonise the wildtype allele activity in the same cell that results 

in a reduced or null overall function (146). One example of this is the DNM p.P23H in 

the rhodopsin-encoding gene that lead to the ER retention of misfolded mutant 

proteins reported in dominant RP (43,147). 

In addition to dominant inheritance, certain dominant diseases can manifest 

sporadically through sporadic or de novo mutations in heterozygous individuals that 

is not inherited from a parent (148). A further confounding factor of inherited diseases 

is variable expressivity and penetrance; penetrance is defined as the percentage of 

individuals with a genotype who express the same phenotype (149). Reduced or 
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incomplete penetrance is when individuals exhibit a reduced or no phenotype 

although they carry the associated gene mutation, whereas, variable expressivity is 

where the disease is exhibited differently in individuals carrying the same mutation 

(149,150). This described the complexity of monogenic disorders and the importance 

of rigorous clinical investigations.  

1.6.1 Therapeutic approaches of proteopathies 

There are several approaches to treat both dominant and recessive disorders. 

Effective therapeutic strategies require the knowledge of the specific molecular 

mechanism underlining these conditions. Most treatments rely on pharmacological 

agents, such as pharmacochaperones and modulation drugs. 

Pharmacochaperones are molecular and chemical chaperones that are used to 

complement protein folding and enhance protein stability within the ER. Molecular 

chaperones are specific to a target protein, whereas chemical chaperones lack 

specificity and can bind to several proteins. This reduces the efficiency of chemical 

chaperones due to the risk of off-target effects. Examples of clinically approved 

chemical chaperones are DMSO (e.g. Machado-Joseph disease (151)), TMAO (e.g. 

Alzheimer’s disease (68)). Examples of clinically approved molecular chaperones are 

Lumacaftor (e.g. CF (152)) Ambroxol (e.g. Gaucher disease (153)) and Migalastat 

(e.g. Fabry disease (154)). Moreover, there are specific degradation inhibitors of the 

ubiquitin-proteasome and endo-lysosomal pathways. For example, Bortezomib 

(known as Velcade) is a proteasomal inhibitor that binds the catalytic site of the 26S 

proteasome and blocks its proteolytic activity (155). It was approved by the FDA in 

2006 and is currently the first-line treatment of multiple myeloma as it induces ER 

stress that causes the apoptosis of oncogenic cells (155). 

Similar to molecular chaperones, modulation drugs such as correctors (e.g. 

Elexacaftor and Tezacaftor (156)) and potentiators (e.g. Ivacaftor (24)) work by 

targeting non-native proteins to enhance protein stability, transport, and activation. 

This class of drugs are used as a combination therapy to treat specific CFTR 

mutations. CFTR gene mutations are classified into seven classes based on their 

molecular consequence (e.g. protein or trafficking defects, impaired gating, decrease 

channel conductance, and reduced protein expression or stability). These are 

amenable to different modulation drugs, e.g. class II mutations (e.g. p.F508del) cause 

defective protein processing and trafficking that are treated with Orkambi to correct 
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the cellular trafficking (23), class III mutations (e.g. p.G551D) impair the channel 

gating that is repaired with drug correctors such as Ivacaftor (24). 

These examples demonstrate how our understanding of protein synthesis and 

degradation routes are crucial to interpret disease pathology and are important 

prerequisites for therapeutic design. This has led to the production of pharmacological 

agents that can manipulate and rescue the defects caused by unstable, misfolded, 

and degraded proteins. However, diseases that have not got clearly defined 

classifications mostly lack effective therapeutic interventions at present.  

1.7 Aims and objectives 

This project aims to improve the rate of molecular diagnoses for iCSNB by empirically 

verifying informatics pathogenicity predictions of VUS in the Cav1.4 channel. This 

study further aims to decipher the molecular pathways involved in the etiology of 

iCSNB and investigate whether we can use this functional classification to identify 

potential therapeutic avenues that could be generalized for disorders caused by 

pathogenic mutations in the Cav1 family. 
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1.8 Journal format and author contributions 

This thesis is being presented in the journal format in accordance with the rules and 

regulations of the University of Manchester. A general introduction is provided in 

Chapter 1 and overall methods are in Chapter 2. The three results chapters (Chapters 

3-5) presented herein are in manuscript form, although sections have been 

reformatted for the consistency of presentation within this thesis. Each results chapter 

encapsulates an abstract, introduction, methods, results, discussion, and 

supplementary materials (where applicable). A general discussion that consolidates 

the presented results chapters is given in Chapter 6, followed by the appendix 

(Chapter 7) that lists the buffers, solutions and materials used, the references and the 

final print versions of the manuscripts.  

The author of this thesis performed all the experimental data and wrote the 

manuscripts presented in results Chapters 3-5. The author of this thesis contributed 

as a first co-author for the manuscript in Section 7.4.2 (Chapter 7) by contributing to 

all the experimental figures, as well as data interpretation and manuscript preparation.  
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Chapter 2 

Methods 
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2.1 Mutation analysis 

Mutations in the α1 subunits of Cav1.1-1.4 genes were retrieved from the HGMD 

(licensed version accessed on June 2021 (80)) and functional studies were collated 

from PubMed. These were classed as missense, nonsense, splicing, deletion, 

insertion/ duplications, or other (complex rearrangements or regulatory substitutions). 

The associated phenotypes and mode of inheritance were recorded from HGMD and 

Online Mendelian Inheritance in Man (OMIM (157)). 

Novel CACNA1F gene variants were collated from patients diagnosed with iCSNB, 

tested at the Manchester Genomic Diagnostic Laboratory (MGDL). These CACNA1F 

variants of uncertain significance (VUS) were evaluated by CACNA1F-vp as in (158). 

Bioinformatic tools used are listed in Table 7.7 (Chapter 7). 

2.1.1 Physicochemical analysis 

The physicochemical properties of each mutation were manually analysed using 

NCBI’s Amino Acid Explorer tools 

(https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi). The ‘Structure 

and Chemistry’ and ‘Common Substitutions’ tools were used to compare specific 

physicochemical constraints of the amino acid pair such as a change in amino acid 

size, charge, and hydrophobicity. The latter tool relies on BLOSUM62 matrix to sort 

the frequency of the substitution. 

2.1.2 Evolutionary conservation 

The evolutionary conservation of mutated residues in the human Cav1.4 

(NP_005174.2) were compared using Clustal Omega (58), between Cav1 channel 

paralogues (protein accession numbers: Cav1.1 NP_000060.2, Cav1.2 

NP_955630.3, Cav1.3 NP_000711.1) and 20 orthologues (UniProt ID: Mus musculus 

Q9JIS7, Rattus norvegicus Q923Z7, Xenopus tropicalis F7BQY6, Pan troglodytes 

H2QYL4, Canis lupus familiaris F6XU71, Felis catus M3W116, Bos taurus E1B9S9, 

Sus scrofa A0A287AWB1, Equus caballus F7AIE6, Danio rerio Q6ZM73, 

Ornithorhynchus anatinus F7FW49, Ailuropoda melanoleuca G1M0P2, Myotis 

lucifugus G1P5D5, Cavia porcellus H0W4W8, Ictidomys 

tridecemlineatus  A0A287CTK4, Trichinella pseudospiralis A0A0V1FW66, Physeter 

microcephalus A0A2Y9F1K7, Erinaceus europaeus A0A1S3A552, Capra hircus 

A0A452DKH5, Alligator sinensis A0A3Q0HD09).  

https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi
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2.1.3 Population database search (gnomAD) 

The tolerance and constraint scores of Cav1 mutation types and their minor allele 

frequencies (MAFs) in the general population were analysed on gnomAD (159). The 

MAF is the number of times a variant allele occurs in a population for any data set. A 

high Z score indicates more constraints and intolerance to synonymous and missense 

variations, and the probability of loss of function intolerance (pLI) score close to 1 

implies that the gene is intolerant to protein-truncating variants (i.e. nonsense, 

frameshift, splice sites variants), which likely cause LoF (predicted LoF; pLoF). In 

addition, the observed/ expected (oe) ratio compares the observed pLoF to the 

expected frequency of the variation in the general population, supporting the Z and 

pLI probabilities (90% CI). 

2.1.4 Cav1.4 homology model 

To analyse the distribution of mutations across channel domains, a computational 

model was generated. As the crystal structure of human Cav1.4 has not been fully 

resolved, a homology model was generated. The CACNA1F protein sequence 

(accession number: O60840.2) was uploaded to SWISS-MODEL protein structure 

homology-modelling server (160). This identified the homologous rabbit Cav1.1 

structure generated by cryo-electron microscopy Cav1.1 (PDB ID: 5GJV) that has 

85% protein sequence homology to human (67). PyMol was used for model 

visualisation (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 

LLC.). This is consistent with the approach and structure used by CACNA1F-vp.  

2.2 Microbiology techniques 

The recipes for the buffers and solutions mentioned below are in Chapter 7, Section 

7.1. 

2.2.1 Bacterial transformations  

The plasmids gifted for this study were chemically transformed in Gold 

SuperCompetent Cells (Agilent Technologies, USA), following the manufacture’s 

protocol. To increase the transformation efficiency, the mutant plasmids cloned in this 

study were transformed in XL1 Electroporation-competent cells (Agilent 

Technologies, USA) using a Bio-Rad electroporator with 1700 V and 200 Ω. Plasmids 

used and generated are listed in Table 7.2 (Chapter 7).  
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2.2.2 Bacterial growth  

Plasmids transformed in bacterial cells were plated on LB agar plates containing 100 

μg/ml ampicillin used for antibiotic selection and incubated overnight at 37 °C. Single 

colonies were picked and grown in LB broth containing the same antibiotic 

concentration and incubated overnight at 37 °C with constant shaking (255 rpm). 5 

ml LB broth was used for a small culture, 50 ml for a medium culture, and 150 ml 

maximum culture. Plasmid stocks were stored in glycerol (1: 1) at -80 °C. 

2.3 Nucleic acid techniques 

2.3.1 cDNA plasmid purification   

The cDNA was extracted and purified from bacterial cultures using QIAprep spin kits 

(Qiagen, UK), respective to the culture volume; either minimum, medium, or 

maximum kits was used following the manufacture’s protocol. The cDNA was eluted 

using nuclease free H2O. The plasmids purity and concentration were determined 

using a Nano photometer N60 (Geneflow, UK). 

2.3.2 Restriction enzyme digest  

Plasmid cDNA was digested with a pair of compatible restriction enzymes to excise 

a fragment of interest and create a linear plasmid using the enzymes listed in Table 

7.1 (Chapter 7). 10 μl reaction volumes were incubated overnight at 37 °C and the 

reaction was terminated using 6x loading dye.  

2.3.3 Agarose gel electrophoresis  

Digested cDNA fragments were separated on a 1% (w/v) agarose gel in TAE buffer 

by electrophoresis at 120 V for 45 min. A 1 kb DNA HyperLadder was loaded for 

reference (Bioline, UK). SafeView Nucleic Acid Stain (NBS Biologicals, UK) was used 

for visualisation and added to the gel and buffer. Gels were photographed using a 

Bio-Rad GelDoc XR UV transilluminator.  

2.3.4 cDNA purification  

The cDNA fragment of interest was excised by cutting and purified from the agarose 

gel using ISOLATE II PCR and Gel Kit (Bioline, UK). The cDNA concentration was 

measured on a Nano photometer N60 (Geneflow, UK). 
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2.3.5 DNA ligation 

Ligation of two fragments with complementary cut sites were achieved using Promega 

T4 ligation kit (Promeg, USA). These were done in a 3: 1 molar ratio, using the molar 

equation: Insert (ng) = [vector (ng) x inset (kb) / vector (kb)] x molar ratio (Y/1). Y= 

ratio of insert: vector.  All reactions were incubated at 16 °C for a minimum of 16 h 

and heat inactivated prior to bacterial transformation.  

2.3.6 Sanger sequencing  

Sanger sequencing was used to confirm the presence of the inserted fragment. 

Sequencing was performed by Source Bioscience 

(https://www.sourcebioscience.com), using customised primers for region of interest.  

2.4 Molecular cloning techniques 

The recipes for the buffers, solutions and materials mentioned below are in Chapter 

7. 

Mutations were generated by directional sub-cloning into the wildtype Cav1.4α 

plasmid and verified by DNA sequencing. Fragments containing the single base 

substitutions were designed and ordered from GeneArt (Thermo Fisher Scientific, 

UK). Mutant fragments were cloned into a pUC18 vector with unique restriction 

enzymes to allow their excision with complementary ends to the wildtype recipient 

vector. These restriction sites were digested in the mutant and the wildtype vectors 

and separated by electrophoresis. The corresponding fragments were excised, and 

gel purified, then the recipient and mutant fragments were ligated together and 

transformed by electroporation, using the kits listed in Section 2.3. This enabled the 

insertion of the mutant fragments into the recipient vector. 

2.5 Mammalian tissues culture techniques 

2.5.1 Tissue culture and maintenance 

Human embryonic kidney cells 293T (HEK293T) cells were propagated in Dulbecco’s 

modified Eagle’s Medium (DMEM) (Sigma-Aldrich, UK), supplemented with nutrients; 

10% (v/v) heat-inactivated foetal bovine serum (FBS) (Life Technologies, USA), and 

1% (v/v) 2 mM L-glutamine (Sigma-Aldrich, UK). Cells were grown at 37 °C with 5% 

CO2 until they reached 70-80% confluent, then passaged (1: 5) by washing in 

https://www.sourcebioscience.com/
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Phosphate buffered saline (PBS) (Sigma-Aldrich, UK), and using Trypsin-EDTA 

(Sigma-Aldrich, UK) to enzymatically dissociate the cells or Versene solution (Life 

Technologies, USA) for a non-enzymatic cell dissociation. Versene solution was used 

to preserve the protein structure of transfected cells during the downstream assays.  

2.5.2 Transient transfections 

For protein assays, HEK293T cells were transiently transfected with plasmid cDNA. 

The cells were seeded 24 h prior to the transfection (19 mm dish: 0.05x106 cells, 35 

mm dish: 0.3x106 cells, 60 mm dish: 0.8x106 cells). Transfection reactions were done 

in Opti-MEM media (Life Technologies, USA), using FuGene HD transfection reagent 

(Promega Ltd, USA), in a 3: 1 FuGene: plasmid, and incubated for 48 h prior to 

downstream assay. 

The wildtype or mutated channel plasmids were added to the reaction (1 α1: 0.6 β: 

0.8 α2δ). A pEGFP (enhanced green fluorescent protein) plasmid was used for 

detection in the electrophysiology experiments (1 α1: 0.2 pEGFP). After a 20 min 

incubation at room temperature, the reaction was added to the seeded cells and 

incubated at 37 °C for 48 h. The culture media was replenished 24 h post transfection 

and incubated for a further 24 h to allow for protein expression before the downstream 

assay. 

Note: for Cav1.4 expression a β2a plasmid was used instead of the retina-specific β2x13 

as better expression and higher currents are recorded with this β transcript. This is 

consistent with previous studies that have shown different β subunit transcripts to 

affect the current size while negligibly affecting the channel properties (e.g. (35,56)). 

For consistency with previous studies, a β2a subunit was used for Cav1.1-1.3 

expression (142,161).  

2.5.3 Cell viability assay (MTT)  

MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) is used as a 

colorimetric assay to determine the metabolic activity and cell viability of cells. It was 

used to assay the toxicity of drug treatments by analysing the cell viability of HEK293T 

cells ± treatment. Cells were seeded at a density of 0.05x106 cells/dish in 19 mm 

dishes, 24 h prior to MTT treatment. 0.5 mg/ml MTT (Bio-Techne, USA) was added 

to the cells in DMEM and incubated for 2 h at 37 °C to form formazan crystals. 

Formazan crystals were dissolved using 500 µl DMSO, with shaking for 20 min. 

Triplicate absorbance readings at 570 nm were quantified using BioTek ELx800 
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Absorbance Microplate Reader (BioTek Instruments, USA). Absorbance readings 

were then used to compare the cell viability of different conditions (i.e. ± drug or time). 

2.5.4 Cycloheximide (CHX) chase treatment 

CHX is a translational elongation inhibitor in eukaryotic cells as it inhibits the 

translocation step in protein synthesis. Thus, by treating cells with CHX protein 

synthesis is inhibited and protein stability can be determined by harvesting the 

proteins at different time points. 0.8x106 cells were seeded in 60 mm dishes and 

transfected with different Cav1.4α plasmids (wildtype or mutant) for 48 h prior to CHX 

treatment. To assay the time course of degradation of mutant vs. wildtype proteins, 

each sample was treated with 20 μg/ml CHX for an increasing time, from 0-8 h. 

Following this, the protein lysates were harvested and analysed by western blot, as 

outlined in Section 2.6.1 and 2.6.3 respectively.  

2.5.5 Drug treatments  

To assay the effect of certain drugs on the protein function or expression, drugs were 

administrated to cells expressing the proteins of interest. For functional analysis, 

0.3x106 cells were seeded in 35 mm dish and transfected with different Cav1α 

plasmids (wildtype or mutant) for 48 h prior to drug treatment. The specific drug 

concentration (Table 7.5, Chapter 7) was added to each experimental condition and 

assayed by whole-cell patch-clamping, as per Section 2.6.2. A similar procedure was 

followed to quantify the drugs effect on protein expression, but 0.8x106 cells were 

seeded in 60 mm dishes for transfection and drug treatment, and subsequently 

analysed by western blot (detailed in Section 2.6.3).  

2.6 Protein techniques 

2.6.1 Protein harvesting 

Cav1 are large transmembrane proteins. To successfully harvest the Cav1 proteins 

from HEK293T cells, the protein’s structure must be persevered and purified from 

other cellular compartments. Thus, Versene solution was used to preserve the protein 

structure prior to the downstream assay. Membrane protein lysates were harvested 

following MEM-PER Plus membrane protein extraction kit (ThermoFisher, UK), 

supplemented with proteasome inhibitor cocktail (Sigma-Aldrich, UK). The 

manufacture’s protocol was followed, in brief; cell suspension was centrifuged and 
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washed twice in Wash buffer, resuspended in Permeabilization buffer, and incubated 

for 10 min at 4 °C, before centrifuging at top speed for 15 min. Solubilization buffer 

was used to resuspend the cell pallet and incubated for 30 min at 4 °C. Finally, cell 

suspension was centrifuged at top speed for 15 min to release the membrane proteins 

in the supernatant, which was loaded in the gel as outlined in Section 2.6.3.  

2.6.2 Electrophysiology 

Conventional whole-cell patch-clamp was performed to record the ion conductance 

as a measure of channel function. HEK293T cells were seeded in 35 mm dishes at a 

density of 0.3x106 cells/dish and 3 μg cDNA was transfected 24 h later with EGFP for 

detection. Transfected cells were incubated at 37 °C with 5% CO2 for 6-8 h then the 

temperature was reduced to 30 °C to ensure adequate time for the transfected genes 

to express and for the proteins to be trafficked to the plasma membrane. 24 h post 

transfection the cells were dissociated and seeded at a density of 0.03x106 cells/well 

on 0.01% (w/v) poly-l-lysine coated 13 mm glass coverslips. Slides were incubated at 

30 °C with 5% CO2 for a further 24 h.  

For electrophysiology recording, coverslips were placed in extracellular buffer 

supplemented with either barium or calcium ions. Borosilicate glass capillaries 

GC100F-10 (Harvard Apparatus, UK) were pulled with a Model P-97 pipette puller 

(Sutter Instrument CO., USA) to a resistance of 2-4 MΩ. The capillary pipettes were 

filled with intracellular buffer. Only cells expressing a GFP signal were patched for 

assessment of channel currents. Cells were held at -80 mV and currents were evoked 

by 5 ms depolarisation from -80 to 80 mV with leak subtraction protocol P/4. Leak 

subtraction was used to account for passive leak currents.  

Recordings were analysed by pCLAMP v10, with a MultiClamp 700A amplifier and a 

Digidata 1440A digitizer. Raw and leak subtracted currents were analysed on 

Clampfit software v11.0.3 to generate a current-voltage (I/V) plot. All 

electrophysiology equipment and software were from Molecular Devices, UK. 

As Cav1.4 is a calcium-voltage channel, calcium-based solutions were used, 

however, recording currents in a calcium-free solution (i.e. barium) ensures that 

inactivation is dependent on the membrane potential as expected for Cav1.4 channels 

only undergoing VDI. Thus, both calcium and barium ions were used to record 

channel currents separately. The recipes for the buffers are in Section 7.1.4 (Chapter 

7). 
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2.6.3 SDS-PAGE and Western blot 

SDS-PAGE and western blots were used to analyse the Cav1.4 protein expression 

and stability in HEK293T cells. Cells were seeded in 60 mm dishes to a density of 

0.8x106 cells/dish for 24 h prior to transfections. The cells were transfected with 4 μg 

cDNA for 24 h, the media was changed and incubated for a further 24 h at 37 °C with 

5% CO2 (as outlined in Section 2.5.2). The cells were incubated for a total of 48 h 

prior to protein harvesting.  

Membrane protein lysates were harvested from the cells using the MEM-PER Plus 

membrane protein extraction kit, as per Section 2.6.1. Protein lysate samples were 

prepared 1: 1 with 2x Laemmli sample buffer (Sigma-Aldrich, UK) supplemented with 

β-mercaptoethanol (Sigma-Aldrich, UK) and heated at 95 °C for 5 min. These were 

loaded on a 4-20% Mini PROTEAN TGX Stain-Free Gel (Bio-Rad, UK), adjacent to a 

Chameleon Duo pre-stained protein ladder (LI-COR Biosciences, UK) and immersed 

in SDS-PAGE running buffer. Protein samples were separated by electrophoresis at 

100 V for 1 h. Gels were transferred onto a nitrocellulose membrane (LI-COR 

Biosciences, UK) by wet transfer at 350 mA for 1 h at 4 °C. The membrane was 

blocked in 5% milk in TBS-T at room temperature for 1 h. It was then incubated with 

primary antibodies in 2% milk TBS-T for 1 h at room temperature. The membrane 

was washed three times in TBS-T and incubated with the secondary antibodies in 2% 

milk TBS-T for 1 h at room temperature. After three washes in TBS-T, the membrane 

was imaged using the LI-COR Odyssey CLx system and LI-COR Image Studio v5.0 

to analyse the image. Antibodies used are listed in Tables 7.3 and 7.4 (Chapter 7).  

2.7 Data analysis 

Quantitative data were combined from at least three independent experiments and 

expressed as mean ± standard error of the mean (S.E.M). A minimum of three 

biological replicates were used for statistical analysis. Statistical significance was 

determined by Student’s t-test or one-way ANOVA, with statistically significant 

difference defined as p<0.05. All data were analysed and plotted on Graphpad Prism 

v8.0 (Graphpad, La Jolla, USA).  
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3.1 Abstract 

Calcium channels are crucial to a number of cellular functions. The high voltage-gated 

calcium channel family comprise four heteromeric channels (Cav1.1-1.4) that function 

in a similar manner, but that have distinct expression profiles. Three of the pore-

forming α1 subunits are located on autosomes and the fourth on the X chromosome, 

which has consequences for the type of pathogenic mutation and the disease 

mechanism associated with each gene. Mutations in this family of channels are 

associated with malignant hyperthermia (Cav1.1), various QT syndromes (Cav1.2), 

deafness (Cav1.3), and incomplete congenital stationary night blindness (iCSNB) 

(Cav1.4). 

In this study we performed a bioinformatic analysis on reported mutations in all four 

Cav α1 subunits and correlated these with variant frequency in the general 

population, phenotype, and the effect on channel conductance to produce a 

comprehensive composite Cav1 mutation analysis. We describe regions of mutation 

clustering, identify conserved residues that are mutated in multiple family members 

and regions likely to cause a loss- or gain-of-function in Cav1.4. Our research 

highlights that therapeutic treatments for each of the Cav1 channels will have to 

consider channel-specific mechanisms, especially for the treatment of X-linked 

iCSNB. 

 

Keywords: L-type calcium channels, Cav1.4 channelopathies, mutation 

analysis, Incomplete congenital stationary night blindness, treatments. 
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3.2 Introduction  

Voltage-gated calcium channels perform multiple functions including signalling, 

hormone and neurotransmitter secretion, muscle contraction, and gene expression 

(49). The family is grouped on the voltage sensitivities of the α1 subunits, with Cav1.1-

1.4 comprising the high voltage L-type channels (49). Cav1.1-1.3 channels are 

encoded by autosomal genes; the Cav1.4 channel is encoded by the X-linked 

CACNA1F gene. Cav1 channels diverged from a common evolutionary ancestor and 

have 60-75% overall polypeptide sequence identity. 

Within the voltage-gated calcium channels, the α subunit forms the conductive pore. 

It associates with a β subunit, an α2δ subunit, and, for some channels, a γ unit, in an 

equal ratio (49) (Figure S3.1). The α1 protein structure consists of four homologous 

transmembrane repeats (I-IV), each comprising of six helical segments (S1-S6) 

connected by extracellular or cytoplasmic loops. The fourth segment of each repeat 

carries positively charged amino acids at every third position that function as voltage-

sensor domains (VSDs) sensitive to membrane depolarisation impulses (49). The S5 

and S6 segments form the pore, which is lined by the S5-S6 loops. Each of these S5-

S6 loops contains a conserved glutamate residue that forms a negatively-charged 

ring that functions as the ion-selectivity filter (68). Thus, their conserved properties 

enable the four Cav1 channels to function in a similar fashion, albeit in different 

temporo-spatial circumstances, for calcium homeostasis (57): The α1 subunit of 

Cav1.1 is encoded by the CACNA1S gene located on chromosome 1q32.1 and is 

exclusively expressed in skeletal muscle (49). The Cav1.4 α1 subunit is located at 

Xp11.23 (encoded by CACNA1F) and is expressed in retinal interneurons (60). 

Cav1.2 (CACNA1C, Chr12p13.33) and Cav1.3 (CACNA1D, Chr3p21.1) are 

expressed in many electrically excitable cells and are often expressed in the same 

cell (e.g. adrenal chromaffin cells, sinoatrial node, neurons, and atrial 

cardiomyocytes) (57). The channels’ unique tissue expression profiles are reflected 

in their different voltage-dependencies i.e. they activate and inactivate at different 

voltages.  

Missense mutations in the autosomal Cav1.1-1.3 α genes, although variously 

described as gain-of-function (GoF) and loss-of-function (LoF), mostly cause a gain 

of activity that is associated with autosomal dominant phenotypes. For instance, 

Timothy syndrome (TS) is an autosomal dominant, multiorgan condition, that is 

predominantly caused by GoF Cav1.2 mutations (e.g. p.Gly406Arg (162)). A smaller 
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number of LoF variants  have been described and are generally associated with 

autosomal recessive traits, such as Cav1.3 insertion mutations that result in 

autosomal recessive congenital deafness (163). X-linked congenital stationary night 

blindness (X-linked iCSNB) is a static monogenic disorder that results in visual 

disability predominantly in males. Pathogenic CACNA1F mutations disrupt Cav1.4 

function and impair normal retinal synaptic transmission (65). There is a small number 

of reports of affected females, presumably as a result of skewed X-inactivation 

(30,164). In the majority of cases, recessive X-linked mutations in CACNA1F abolish 

or decrease Cav1.4 calcium current density. Missense mutations can increase or 

decrease current density. Null (amorphic) alleles abolish calcium currents, and 

hypomorphs reduce currents by either dysregulating the current window (e.g. a shift 

in the voltage dependence of activation or inactivation) or the quantity of calcium 

influx. These changes may be through the production of no active protein products 

(null), or by reducing transcription or producing a protein lacking full functionality 

(hypomorph). By contrast, hypermorphs result in hyperactive channels by either 

increasing the current window or calcium influx. These consequences are seen in 

electrophysiological recordings by a shift in the voltage dependence of activation or 

inactivation (hyperpolarised leftward shift or depolarised rightward shift), or by 

changing the amount of calcium influx. 

In this study, we collate and analyse reported mutations in the α1 subunit-encoding 

genes of L-type channels to identify the similarities and differences between the 

autosomal Cav1.1-1.3 and X-linked Cav1.4 channels with the aim to inform the 

pathophysiology of Cav1.4 variants, which is an important prerequisite for future 

therapeutic intervention.  
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3.3 Methods 

3.3.1 Reported mutations  

Mutations in the α1 subunits of Cav1.1-1.4 genes were retrieved from the Human 

Gene Mutation Database (HGMD, licensed version accessed on June 2020 (80)) and 

functional studies were collated from PubMed. These were classed as missense, 

nonsense, splicing, deletion, insertion/ duplications, or other (complex 

rearrangements or regulatory substitutions). The associated phenotypes and mode 

of inheritance were recorded from HGMD and Online Mendelian Inheritance in Man 

(OMIM (157)). 

3.3.2 Population database search (gnomAD) 

The tolerance and constraint scores of mutation types in Cav1 genes and their minor 

allele frequencies (MAFs) in the general population were derived from The Genome 

Aggregation Database (gnomAD (159)). The most common version of a gene in a 

population is referred to as the wildtype allele and variations are annotated relative to 

it; the MAF is the number of times a variant allele occurs in a population for any data 

set. A high Z score indicates more constraints and intolerance to synonymous and 

missense variations, and pLI score close to 1 implies that the gene is intolerant to 

protein-truncating variants (i.e. nonsense, frameshift, splice sites variants), which 

likely cause LoF (predicted LoF; pLoF). In addition, the observed/ expected (oe) ratio 

compares the observed pLoF to the expected frequency of the variation in the general 

population, supporting the Z and pLI probabilities (90% CI). 

3.3.3 Physicochemical and pathogenicity prediction 

The physicochemical properties of each mutation were manually analysed using 

NCBI’s Amino Acid Explorer tools ‘Structure and Chemistry’ and ‘Common 

Substitutions’ (https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi) 

(165). These tools compare specific physicochemical constraints of the amino acid 

pair such as a change in amino acid size, charge, and hydrophobicity. The latter tool 

relies on BLOSUM62 matrix to sort the frequency of the substitution (166). 

Pathogenicity was predicted using polymorphism phenotyping v2 (PolyPhen-2 (167)), 

which considers protein structural properties such as amino acid surface area 

accessibility and generates a score where 1 is damaging and 0 is benign. 

https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi
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UniProt was used to annotate channel-specific domains and amino acids (168). 

Functionally characterised mutations were assigned as null, hypomorphic, or 

hypermorphic, dependent on the published electrophysiological properties and 

protein expression.  

3.3.4 Conservation analysis 

Evolutionary constraints were analysed by comparing protein conservation between 

Cav1 paralogues (protein accession numbers: Cav1.1 NP_000060.2; Cav1.2 

NP_955630.3; Cav1.3 NP_000711.1; and Cav1.4 NP_005174.2) and 10 orthologues 

(Mus musculus, Rattus norvegicus, Canis lupus familiaris, Felis catus, Macaca 

mulatta, Sus scrofa, Danio rerio, Halichoerus grypus, Zootoca vivipara, and Xenopus 

tropicalis), using Clustal Omega (58). Xenopus was not included for Cav1.3 as only 

low-quality sequences are available. 

  



62 
 

3.4 Results 

3.4.1 Cav1 proteins: Incidence of loss-of-function (LoF) mutations 

For the four Cav1 encoding genes the population frequencies of LoF variants were 

examined and respective scores were ascertained from gnomAD. Cav1.1 has a total 

of 76 different LoF variants recorded on gnomAD with pLI= 0; oe= 0.39; the total 

number of Cav1.1 LoF alleles was 686. The low pLI score predicts that Cav1.1 is 

tolerant to LoF variants and therefore tolerant of haploinsufficiency (i.e. there will be 

sufficient protein function from the remaining wildtype allele). By contrast, Cav1.2 and 

Cav1.3 have a lower incidence of LoF variations in the population than Cav1.1. There 

are 31 LoF variants for Cav1.2, comprising 81 alleles (pLI= 1; oe= 0.1). For Cav1.3 

there are 36 different LoF allele that collectively occur 296 times (pLI= 1; oe= 0.21). 

The low incidence of LoF variants in these channels indicates they are less tolerant 

of haploinsufficiency. It should be stressed that despite these statistical predictions 

only functional analyses will confirm if a LoF variant is associated with a loss of protein 

function, i.e. reduced current density and changes in protein expression. In Cav1.4 

there are 35 different LoF variants collated in gnomAD, with an allele count of 54. 

Most of these occur only once in a single individual with 17 hemizygote males and 37 

heterozygote females. A LoF pLI= 0 and oe= 0.45 indicates that Cav1.4 is not under 

selection against such variants.  

3.4.2 Cav1 mutation spectrum in disease 

Overall, for monogenic disorders caused by pathogenic variation in Cav 1 channels, 

the proportion of missense vs LoF variants is very different (Figure 3.1). Cav1.1-1.3 

have 0-6% nonsense mutations, whereas Cav1.4 has 18% nonsense mutations. 

Cav1.1-1.3 have 81-85% missense mutations and Cav1.4 has 35% missense 

mutations.  
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Figure 3.1 Comparison of the type of mutations in Cav1 genes reported on 

HGMD. 

Pie chart of the type of mutations catalogued for Cav1.1-1.4 genes. Mutation key and 

numbers are shown on the right: ins/ dup: insertion/ duplication, other: complex 

rearrangements or regulatory substitutions, n: number of reported mutations.  

 

3.4.2.1 Cav 1.1  

There are 66 Cav1.1 mutations reported in HGMD, of which, 56 are missense 

mutations (85%). These missense alterations are the sole group of pathogenic 

variants associated with common Mendelian Cav1.1 conditions: malignant 

hyperthermia (MH) (169), muscular dystrophy (170), primary and hypokalaemia 

periodic paralysis (hypoPP) (171), exertional heat illness (172), and rhabdomyolysis 

(173). These all follow an autosomal dominant inheritance, apart from muscular 

dystrophy and rhabdomyolysis, which are also inherited recessively. Overall, 60% of 

the reported mutations result in MH (16 mutations), myopathy (12 mutations), and 

hypoPP (11 mutations), with hypoPP being a monogenic condition; caused by Cav1.1 

mutations only.  

The 10 reported LoF variants (5 deletions, 4 nonsense, one splicing) have been 

associated with complex and multifactorial diseases such as autism spectrum 
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disorder (ASD) (174), schizophrenia (24), exertional heat illness, and myopathy (176). 

While such Cav1.1 variants can be considered risk factors for these disorders, it is 

not possible to make definitive correlations due to variable expression and incomplete 

penetrance. 

Six missense mutations in Cav1.1 have previously been functionally characterised in 

vitro - these are associated with hypoPP and MH (Figure S3.2, A). Interestingly, these 

result in both hypermorphic (1 mutation) and hypomorphic (5 mutations) proteins, 

although the latter are the most common (Table 3.1, A). Mutations reducing the 

current density are due to the loss of a positive charge in S4 VSDs, and three of these 

also delay the time course of activation (p.Arg528His (177), p.Arg1239His and 

p.Arg1239Gly (178)). Two of the functionally analysed mutations (p.Arg175Trp, 

p.Arg1086His) are reported in the heterozygous state in gnomAD and have very low 

MAFs (0.00003 and 0.000004, respectively); no other analysed mutation is present 

in gnomAD.  

3.4.2.2 Cav1.2   

There are 85 Cav1.2 mutations reported in HGMD, with 72 missense mutations 

(85%). These result in three monogenic cardiovascular disorders including Long QT 

syndrome 8 (LQT8) (179), Brugada syndrome 3 (BRGDA3) (142), and TS (180), 

which are autosomal dominant traits. These account for 60% of the reported 

mutations: LQT8 (25 mutations), BRGDA3 (12 mutations), and TS (11 mutations). In 

addition, Cav1.2 mutations cause a range of common disorders including 

cardiomyopathy (31), atrial or ventricular fibrillation (182), bradycardia (33), and 

cerebellar ataxia (184), which are both autosomal dominant and recessively inherited. 

Cav1.2 has been reported in association with 4 complex diseases: ASD (35), 

intellectual disability (36), schizophrenia (187), and epileptic encephalopathies (188).  

Missense mutations are the most frequent type associated with Cav1.2 disease. 

However, a small number of LoF variants (2 splicing and 1 insertion mutations) are 

described in patients with BRGDA3 and cerebellar ataxia. 10 other mutation types 

have been described associated with two complex disorders: schizophrenia 

(including 4 regulatory substitutions, 2 deletions, 1 splicing, and 1 nonsense 

mutation), and ASD (2 insertions). As for Cav1.1, the genetic heterogeneity of 

polygenic disorders makes it difficult to be conclusive regarding their correlation.  
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17 Cav1.2 missense mutations have previously been functionally characterised by 

cell electrophysiology (Table 3.1, B). These are associated with BRGDA3, LQT8, and 

TS (Figure S3.2, B). Hypermorphs are the most common and mutations in 

transmembrane domains increase the current window by different mechanisms 

including a shift in the activation and/ or inactivation or by increasing the maximum 

Ca2+ conductance (detailed in Table S3.1). There are five hypomorphs that reduce 

the current density, most of which express poorly at the plasma membrane 

(p.Ala39Val (29), p.Asn300Asp (189), p.Arg518Cys/His (40)). Three functionally 

analysed mutations (2 hypermorphs: p.Ala28Thr, p.Gly406Arg, and 1 hypomorph: 

p.Arg518His) are present in the general population with very low MAFs (0.00006, 

0.0004, and 0.00003, respectively), and only in the heterozygous state. The other 13 

functionally analysed mutations are absent in gnomAD. 

3.4.2.3 Cav1.3 

Cav1.3 has 16 reported mutations in HGMD, of which, 13 are missense mutations 

(81%). These are associated with four Mendelian diseases including the autosomal 

dominant conditions primary aldosteronism with seizures and neurologic 

abnormalities (PASNA) (191), aldosterone-producing adenomas (APAs) (192), and 

epilepsy (143), and the autosomal recessive condition sinoatrial node dysfunction and 

deafness (SANDD) (193). Five other complex conditions (ASD (194), bipolar disorder 

(195), developmental delays (196), and hearing impairment and intellectual disability 

(161)) have been associated with Cav1.3 variants, but the exact causality remains 

unclear.  Missense mutations are the most frequent mutation type; however, 3 other 

mutation types have been associated with recessive (SANDD; 1 insertion) or complex 

(developmental delay; 1 insertion and ASD; 1 duplication) conditions. 

The channel function of 14 missense mutations have previously been analysed and 

are associated with APAs, ASD, hearing impairment and intellectual disability, and 

PASNA (Figure S3.2, C). Hypermorphs that increase the current density is the most 

frequent mechanism causing these conditions (Table 3.1, C). The hypomorphs have 

charge differences that reduce the current density.  

None of the functionally analysed mutations are present in gnomAD.  

3.4.2.4 Cav1.4 

Cav1.4 is the only X-linked Cav1 channel. 261 mutations have been reported in 

HGMD, of which, 92 are missense mutations (35%). 206 of all mutations are 



66 
 

associated with iCSNB (7), the remainder causing cone-rod dystrophy (49) and Aland 

island eye disease (82). Retinitis pigmentosa (83), high myopia (52), and Usher 

syndrome (85) have all been described although these remain unconfirmed.  

169 truncating variants are predominantly associated with recessive iCSNB (48 

nonsense, 42 deletions, 41 splicing, 25 insertion/ duplications, and 4 complex 

rearrangements), and a small number are reportedly associated with cone-rod 

dystrophy (2 deletions (54,55) and 1 insertion (81)) and Aland island eye disease (1 

deletion (50)), or high myopia (1 deletion and 1 splicing (84)) and retinitis pigmentosa 

(2 splicing (83,199) and 1 deletion (200)). 

Reduction or loss of activity from the single X chromosome allele is presumed to be 

the pathogenic mechanism for most truncating alleles in males since most will result 

in a lack of protein due to nonsense mediated decay (NMD) (33). The 48 nonsense 

alleles (out of 261 reported mutations, 18%) in Cav1.4 are predicted to be degraded 

through NMD. Nonsense mutations in the final exon often escape NMD, which may 

have different mechanistic consequences.  

Ten iCSNB missense mutations have previously been functionally characterised. As 

expected for a gene associated with a large number of LoF mutations, hypomorphic 

alleles are the most common: 7 hypomorphic or null alleles that reduce or abolish 

whole-cell Ca2+ conductance. However, 3 hypermorphs increase Ca2+ conductance 

(Figure S3.2, D); these are in the S6 repeats. All mutations in loops are hypomorphic 

or null alleles (Table 3.1, D). The four null alleles express at normal global protein 

levels, which suggests that the proteins are unstable and escaped degradation and 

are not trafficked to the membrane correctly. 

The null p.Gly1007Arg mutant has a very low MAF (0.00003) in the general population 

and there are no homozygous individuals. No other functionally analysed mutations 

are present in gnomAD.  
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Table 3.1 Summary of functionally analysed Cav1 missense mutations. 

VSDs: voltage sensor domains, LQT8: Long QT syndrome 8, TS: Timothy syndrome. 

Additional details in Table S3.1. 

3.4.3 Composite Cav1 mutation analysis 

In order to understand the mechanistic consequences of missense alleles we next 

analysed the missense mutations reported in the four Cav1 α1 genes. However, since 

Channel 

(gene) 

Number of 

tested 

mutations 

Effect on 

current 
Details 

Cav1.1 

(CACNA1S) 
6 

5 

decreased 

currents. 

1 

increased 

current. 

1 null and 4 hypomorphs are all Arg 

substitution that reduce the current density 

due to the loss of charge in the VSDs. 

1 hypermorph in S5-S6 loop lines the pore 

and results in faster activation of currents 

upon depolarisation. 

Cav1.2 

(CACNA1C) 
17 

5 

decreased 

currents. 

12 

increased 

currents. 

2 hypermorph in S6 affect the pore charge 

or hydrophobicity. 

14 mutations are in cytoplasmic loops: 10 

hyper- and 4 hypo-morphs. 

4/ 5 hypomorphs affect trafficking and 

reduce membrane expression. 

All hypermorphs causing LQT8 increase 

the current window, which is consistent with 

a long QT interval. 

p.Ile1186Thr increase the current window 

and causes both LQT8 and TS but 

substitution to Val only seen in LQT8. 

Cav1.3 

(CACNA1D) 
14 

2 

decreased 

currents. 

12 

increased 

currents. 

6 hypermorph in S6 affect the pore charge 

or hydrophobicity and cause 3 phenotypes. 

2 hypomorph mutations: 1 Arg substitution 

reduces the current density due to the loss 

of charge in the VSDs. 1 His substitution 

unbalances the charge on an extracellular 

loop and reduces expression on the 

membrane. 

6 hypermorphs are in cytoplasmic loops 

that mostly cause a hyperpolarised shift. 

Cav1.4 

(CACNA1F) 
10 

7 

decreased 

currents. 

3 

increased 

currents. 

3 hypermorph in S6 affect the pore charge 

or hydrophobicity. 

3 hypomorphs mutations: 2 affect trafficking 

and reduce protein expression. 1 reduce 

the current density with normal protein 

expression. 

4 null mutations have no currents with 

normal protein expression. 

(p.Gly1007Arg introduces an extra charge 

to the VSDs). 
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causality is so hard in complex diseases, we only looked at the mutations associated 

with verified monogenic phenotypes. 

In total 429 mutations have been described in the Cav1 α1 genes and are associated 

with 35 phenotypes. 234 are missense variants, of which, 47 have previously been 

functionally characterised by in vitro assays and are pathogenic in 10 phenotypes 

(Figure 3.2). Of the functionally analysed mutations, hyperactive channels are the 

most common and most are associated with autosomal dominant conditions, 

although this predominance is likely a result of bias by researchers selecting what 

mutants to study. 28 hypermorphic alleles increase the current density, and 19 

hypomorphic or null alleles reduce it (Table 3.2). Table S3.1 summarises the 

functionally characterised mutations reported for Cav1 channels.  

By plotting all mutations on the composite Cav1 channel (Figure 3.2) it is possible to 

identify mutated residues that overlap between the channels and have specific 

consequences that are either shared or that are distinct between the channels. There 

are 46 missense mutations in the C-terminal tail, which may interfere with the calcium-

dependent inactivation (CDI) machinery. The unique regulatory functions of this 

region in Cav1.4 suggest that mutations will have different effects in Cav1.1-1.3 than 

in Cav1.4.  

There are 114 pathogenic mutations in the pore-forming domains (S5, S6 and S5-S6 

loops), 10 of which are transmembrane and have been functionally analysed in vitro 

(Figure 3.2, B). Most of these amino acid substitutions result in a charge change (e.g. 

uncharged nonpolar glycine to positively charged arginine) or the hydrophobicity (e.g. 

hydrophobic isoleucine to hydrophilic threonine). All increase the time course of 

inactivation, resulting in a net current increase. Taken together the amino acid 

substitutions at these three positions are likely to have a similar hypermorphic effect 

across all channels. Similarly, mutations to the S4 VSDs result in similar functional 

consequences across the channels (Figure 3.2, C). The functionally analysed 

hypomorphs are due to the loss of the positively charged arginine residue, which 

delays the channel’s opening and reduces the net current. These charged residues 

are highly conserved and sensitive to change that even the arginine substitution to 

another positively charged amino acid (histidine) has a deleterious effect in Cav1.1 

and Cav1.3. This is possibly because histidine has a shorter R-chain than arginine. 

Interestingly, in Cav1.4 the addition of a positive amino acid in this already charged 

region abolishes the channel’s currents (p.Gly1007Arg). These accumulative 
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consequences demonstrate that the smallest charge difference effects the fine-tuning 

of the VSDs and have a similar hypomorphic effect for all Cav1 channels. 

 Table 3.2 Collated summary of Cav1 mutations. 

 VSDs: voltage sensor domains. Detailed analysis on the effect on current is 

presented in Table S3.1. 

 

Number of 

tested 

mutations 

Effect on 

current 
Details 

47 

19 decreased 

currents. 

28 increased 

currents. 

Cav1.1-1.3 are predominantly missense mutations 

(85%) and more tolerant of truncating mutations. 

Cav1.4 is intolerant to missense and truncating 

mutations. 

Cav1.1-1.3 mutations mostly cause hyperactive 

channels (n=25 hyperactive and n=12 hypoactive). 

Cav1.4 predominantly cause hypoactive channels 

(n=7 hypoactive and n=3 hyperactive). 

Mutations in S4 are hypomorphs – VSDs change of 

charge. 

n=5 (3 in Cav1.1, 1 in Cav1.3, 1 in Cav1.4). 

Apart from S4, all mutations to helix are 

hypermorphs. 

n=9 (2 in Cav1.2, 4 in Cav1.3, 3 in Cav1.4). 

Two hotspots in S6 of repeat I and II are all 

hypomorphs due to dysregulating the pore. 

n=10 (1 in Cav1.2, 6 in Cav1.3, 3 in Cav1.4). 

Introducing a Pro constrains the loop resulting in less 

flexibility and hypomorphic alleles. 

Ser229Pro, Leu860Pro, Leu1068Pro (Cav1.4). 

Gly is important in a helix. Small size enables helix 

flexibility and substituting it results in hypermorphs. 

Gly402Ser (Cav1.2), Gly403Asp/Arg (Cav1.3), and 

Gly369Asp (Cav1.4). 
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Figure 3.2 Combined analysis of Cav1 mutation positions. 
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(A) Location of Cav1 α1 subunit mutations. (Left) The number of mutations in transmembrane (blue), extracellular (purple) and cytoplasmic (red) 

regions. (Right) The 47 functionally tested missense mutations are shown as red (GoF) and green (LoF) stars. Stars represent a mutated residue 

and may include multiple amino acid substitution. The cytoplasmic loops are the most frequently mutated regions (222 mutations), of which, 86 

are in the C-terminal tail, whereas the extracellular loops have 97 mutations, and the transmembrane domains have 110 mutations. 114 mutations 

are in the pore-forming domains, and 25 are in the S4 VSDs. (B) Three functionally characterised hypermorphs in S6 repeats I and II of Cav1.4 

(p.Gly369Asp (35), p.Phe753Cys (31), p.Ile756Thr (36)) (red) are present at the equivalent position in Cav1.2: p.Gly402Ser (162) (equivalent to 

p.Gly369Asp) (blue) and Cav1.3: p.Gly403Asp/Arg (192) (equivalent to p.Gly369Asp), p.Ile750Met (192) (equivalent to p.Ile756Thr), 

p.Phe747Leu (201) (equivalent to p.Phe753Cys) (green). (C) Five mutations to the VSDs (four hypomorphs and one null) are functionally analysed 

mutants that damage the sensor’s voltage sensitivity and reduce the channel’s conductance in Cav1.1 (p.Arg174Trp (202), p.Arg528His (177), 

p.Arg1239His/Gly (178)) (purple), Cav1.3 (p.Arg990His (203)) (green), and Cav1.4 (p.Gly1007Arg (36)) (red). The conservation in paralogues is 

shown for each residue. 
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3.5 Discussion 

The different chromosomal location of the four Cav1 genes suggests that there are 

more similarities in the type of mutations in autosomal Cav1.1-1.3 genes than there 

are when comparing all Cav1 genes; Cav1.1-1.3 are predominantly associated with 

missense mutations (81-85%), whereas missense mutations in Cav1.4 account for 

35% of all mutations (Figure 3.1). Missense mutations in the autosomal Cav1 

channels mostly result in hyperactive channels and manifest dominant Mendelian 

diseases. This implies that in dominant disorders the main disease mechanism is 

likely to be via GoF rather than LoF/haploinsufficiency. As Cav1 channels are 

heteromers, to decrease the function the mutant -subunit protein must aggregate 

with the wildtype protein or preferentially bind with the interacting protein subunits to 

reduce their binding to the wildtype -subunit protein.  

Conversely, for Cav1.4, hypomorphic and null alleles are associated with recessive 

X-linked disease. This explains the high incidence of LoF mutations in Cav1.4 where 

there is no compensating wildtype allele in hemizygous males, underlining the 

observation that these are 'hypomorphic phenotypes', which suggests that LoF is 

likely the predominant disease mechanism in Cav1.4 channelopathies. Nevertheless, 

a small number of CACNA1F mutations result in increased overall calcium currents 

by increasing the current density or by causing larger currents at more hyperpolarised 

potentials (30,35,36). For example, the p.Il756Thr mutation is electrophysiologically 

a GoF mutation as it shifts the voltage dependence of activation to more negative 

potentials and reduced the inactivation, however, in the retina it causes a LoF with 

respect to the retinal function by damaging photoreceptors signalling to bipolar cells 

(second-order neurons) (30).   

The large number (85) of mutations in the C-terminal tail indicate that mutations in 

this important regulatory region disturb proper channel inactivation, and so, tissue 

function (Figure 3.2, A). The morphological changes required for the inactivation of 

the channels are controlled by the voltage-dependent inactivation (VDI) and CDI. 

Transient calcium influx is controlled by CDI via the proximal C-terminal regulatory 

domains (PCRD) that require the coupling of the IQ and pre-IQ calmodulin-binding 

domains to an EF hand domain motif when calmodulin (CaM) is bound by four calcium 

ions (76,77). As neurotransmitting photoreceptors require a sustained calcium influx 

the CDI in Cav1.4 is inhibited by distal C-terminal regulatory domain (DCRD), 

although, the binding site and precise mechanism is currently unknown. This negative 
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inhibitory CDI (ICDI) feedback mechanism ensures that Cav1.4 is non-inactivating. 

The absence of CDI is unique to Cav1.4 and changes the voltage dependencies 

(electrophysiologically recorded as a leftward shift of the IV curve which changes the 

steepness, relative to Cav1.1-1.3) (76). The domain differences of this region 

between the channels suggest that mutations in Cav1.1-1.3 PCRD are likely to 

dysregulate the inactivation properties, which prevents transient influxes. In Cav1.4 

the functional consequence is dependent on whether the mutation is in the proximal 

(PCRD) or distal (DCRD) tail regions; mutations in the CDI may be tolerated to a 

degree as it is usually inhibited by ICDI, whereas mutations in the ICDI are likely to 

have a hypomorphic effect by preventing the inhibition of CDI and consequently 

allowing the channel to close prematurely.  

From this analysis, we predict that there are similar functional consequences across 

Cav1 channels. For example, mutations in specific residues (Cav1.4: p.Gly369, 

p.Phe753, p.Ile756 in S6, Figure 3.2, B) will have similar hypermorphic effects, and 

mutations in the VSDs will have similar hypomorphic consequences (Figure 3.2, C). 

The extent of these effects is mutation specific. 

There are some conflicting studies of CACNA1F mutations. One study reported no 

electrophysiological changes in a missense (p.Gly369Asp) and nonsense 

(p.Trp1459*) mutation (64), whereas a second study reported both to be deleterious 

(35). Our analyses suggest that both are likely to be pathogenic. The p.Gly369Asp 

mutation is consistent with the equivalent glycine residue being pathogenic in Cav1.2 

and Cav1.3 (Figure 3.2, B) and is predicted to be damaging by PolyPhen-2 (Table 

S3.1). No protein expression was found for p.Trp1459* channels (35), probably due 

to NMD. Functional investigations into these mutations and variants within close 

proximity will enhance these predictions and validate their pathogenicity.  

The diverse functional consequences of Cav1 mutations suggests that certain 

therapies will be more pertinent to different channel dysfunctions. Over 60% of Cav1 

pathogenic mutations are missense mutations, and 40% of these are associated with 

hypomorphic or null alleles. The differences between autosomal and X-linked 

channels suggest that therapeutic approaches for Cav1.4 X-linked iCSNB will differ 

from Cav1.1-1.3 channelopathies since the predominant mechanism for X-linked 

iCSNB is LoF. Treating GoF variants will require a different approach such as the use 

of inhibitors that act locally and specifically to inhibit or reduce the excess function. 

Although a reduced function as a consequence of protein dysregulation could 
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potentially be corrected, a complete LoF can be embryonically lethal for all Cav1 

channels as reported in Cav1.2 α1 knock-out mice which died in utero (57).  

For X-linked iCSNB caused through null alleles, gene replacement therapy would 

compensate for the lack of channel expression by providing a functional product 

sufficient to restore neurotransmission to normal levels. However, when Cav1.4 

channels with reduced function are present then augmentation therapy may be more 

appropriate. Specific modulation drugs target different protein defects. Hypomorphs 

causing trafficking abnormalities and protein instability may be amenable to 

modulation drugs that increase or decrease protein expression, stabilise the protein, 

and open or close the channel gate. Drug ‘correctors’ can stabilise protein folding and 

trafficking to the cell surface (e.g. elexacaftor or tezacaftor used to modulate the cystic 

fibrosis transmembrane conductance regulator protein (CFTR) (156)), or drug 

‘potentiators’ that can bind proteins that are correctly localised but inactive and help 

them open to restore ion influx (e.g. ivacaftor used to activate mutant CFTR (204)). 

As for cystic fibrosis, a combination therapy of both correctors and potentiators may 

be effective to facilitate protein stability, trafficking, and channel activation.  

3.5.1 Conclusion 

Although Cav1 channels function in a similar way, genetic mutations have distinct 

consequences depending on whether the inheritance pattern is autosomal or X-

linked. Functional in vitro studies have shown that a change in normal function that 

either increases or decreases Ca2+ conductance is pathogenic. Understanding the 

different mechanistic effect of Cav1 mutations reveals that effective therapeutic 

approaches for X-linked Cav1.4 diseases will be different from autosomal Cav1.1-1.3 

channelopathies.  

The Cav1.4 α1 gene has been known for over 20 years and a number of studies have 

contributed to our understanding of how this channel functions. Since its discovery, 

nearly 300 pathogenic mutations (92 missense) in CACNA1F have been catalogued, 

with functionally analysed mutations affecting the channel’s ability to conduct calcium 

ions. Our analyses clarify the genetic mechanisms driving Cav1.4 channelopathies 

and differentiate the types of mutation and effect they have on channel function. This 

has highlighted that some mutated residues or domains are likely to have similar 

hypomorphic or hypermorphic effects across all Cav1 channels. 
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Our analyses have shown that LoF is the predominant mechanism causing Cav1.4 

channelopathies through missense and truncating variations. However, as the 

number of variants that have been functionally analysed in Cav1.4 is small, further 

studies are warranted to better understand the potentially treatable mutation types, 

as well as facilitating the prediction of variants of unknown significance identified 

during molecular diagnosis. 
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3.7 Supplementary Materials 

Diagram representing the trimeric Cav1.4 channel is shown in Figure S3.1.  

Each channel’s mutations are plotted on a cartoon diagram for Cav1.1 (Figure S3.2, 

A), Cav1.2 (Figure S3.2, B), Cav1.3 (Figure S3.2, C), and Cav1.4 (Figure S3.2, D). 

The detailed analysis of each mutation is presented (Table S3.1). 

 

The schematic shows the trimeric Cav1.4 channel (top) and highlights the α1f subunit 

structure (bottom). The four repeats (I-IV) and the α-helix segments (S: 1-6) of the 

α1f subunit are labelled. The arrow shows the direction of calcium influx.  

 

Extracellular 

Cytoplasmic
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δ
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+
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Figure S3.1 Diagram of the Cav1.4 transmembrane proteins. 
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Stars represent a mutated residue and may include multiple amino acid substitution. Repeats (I-IV) and amino acid residues are labelled per 

channel. Top panels correspond to mutations reported on HGMD (missense; green, nonsense; red, splicing; black, insertions/ duplication; yellow) 

and bottom panels show missense mutations that have been functionally analysed. (A) The 66 CACNA1S mutations reported on HGMD (top) 

and 6 functionally analysed mutations (bottom). (Blue) hypokalaemia periodic paralysis mutations (3 hypomorphs), (red) malignant hyperthermia 

mutations (2 hypomorphs and 1 hypermorph). (B) The 85 CACNA1C mutations reported on HGMD (top) and 17 functionally analysed mutations 

(bottom). (Blue) Timothy syndrome mutations (2 hypomorphs and 3 hypermorphs), (red) Brugada syndrome 3 mutations (3 hypomorphs), (purple) 

long QT syndrome 8 mutations (9 hypermorphs). (C) The 16 CACNA1D mutations reported on HGMD (top) and 14 functionally analysed 

mutations (bottom). (Blue) aldosterone-producing adenomas mutations (1 hypomorph and 7 hypermorphs), (red) autism spectrum disorder 

mutations (4 hypermorphs), (orange) hearing impairment with intellectual disability mutations (1 hypomorph), (purple) primary aldosteronism, 

seizures, and neurologic abnormalities mutations (2 hypermorphs). (C) The 261 CACNA1F mutations reported on HGMD (top) and 10 functionally 

analysed mutations (bottom). (Red) iCSNB mutations (7 hypomorphs and 3 hypermorphs). 

 

 

 

  

Figure S3.2 Cav1α gene mutations plotted on channel cartoons. 
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Table S3.1 Cav1 functionally analysed mutation analysis. 

Mutation Phenotype 
Mutation 

class 
Conserved 
orthologue 

Conserved 
paralogue 

PolyPhen-
2 

Electrophysiological 
effect 

Protein 
expression effect 

Mutation effect DOI 

Cav1.1 (CACNA1S) 

Arg174Trp MH null high high 1 No currents. - 
LoF: no 
currents. 

10.1016/j.bpj.2
013.03.035 

Arg528His HypoPP hypomorph moderate high 1 
Reduced Vmax with 

slower activation. 
- 

LoF: reduced 
currents. 

10.1523/JNEU
ROSCI.18-24-
10320.1998 

Arg1086His MH hypomorph high high 1 Reduced Vmax. - 
LoF: reduced 

currents. 
10.1152/ajpcel
l.00173.2004 

Arg1239His HypoPP hypomorph high high 0.98 
Reduced Vmax with 

slower activation. 
- 

LoF: reduced 
currents. 

10.1111/j.1469
-

7793.1999.003
21.x 

Arg1239Gly HypoPP hypomorph - - 0.98 
Reduced Vmax with 

slower activation. 
- 

LoF: reduced 
currents. 

10.1111/j.1469
-

7793.1999.003
21.x 

Thr1345Ser MH hypermorph low low 0.63 Increased activation. - 
GoF: increased 
current window. 

10.1152/ajpcel
l.00008.2010 

Cav1.2 (CACNA1C) 

Ala28Thr LQT8 hypermorph moderate moderate 0.3 
Depolarised shift in 

VDI and Vmax 
increased. 

- 
GoF: increased 

currents. 
10.1016/j.yjmc
c.2015.01.002 

Ala39Val BRGDA3 hypomorph high low 0.99 Reduced Vmax. 
Perinuclear 

region. 

LoF: reduced 
due to reduced 

membrane 
expression. 

10.1161/CIRC
ULATIONAHA.

106.668392 

Asn300Asp BRGDA3 hypomorph high low 0.99 Reduced Vmax. 
Reduced 

membrane 
expression. 

LoF: reduced 
due to reduced 

membrane 
expression. 

10.1007/s0039
5-014-0446-5 

Gly402Ser TS hypermorph high high 1 Slow inactivation. - 
GoF: increased 
current window. 

10.1073/pnas.
0502506102 
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Gly406Arg TS hypermorph high high 1 

Slow inactivation and 
slight 

hyperpolarisation 
shift. 

- 
GoF: increased 
current window. 

10.1073/pnas.
0502506102 

Gly490Arg BRGDA3 hypomorph moderate moderate 0.76 Reduced Vmax. Normal. 
LoF: reduced 

currents. 

10.1161/CIRC
ULATIONAHA.

106.668392 

Arg518Cys TS hypomorph high high 1 
Reduced Vmax and 

slow inactivation. 

Reduced 
membrane 
expression. 

LoF: reduced 
due to reduced 

membrane 
expression. 

10.1161/CIRC
EP.115.00274

5 

Arg518His TS hypomorph - - 1 
Reduced Vmax and 

slow inactivation. 

Reduced 
membrane 
expression. 

LoF: reduced 
due to reduced 

membrane 
expression. 

10.1161/CIRC
EP.115.00274

5 

Ala582Asp LQT8 hypermorph high moderate 1 
Depolarised 

inactivation shift. 
- 

GoF: increased 
current window. 

10.1093/europ
ace/euu063et 

al., 2014 

Pro857Arg LQT8 hypermorph high moderate 1 Increased Vmax. 
Increased 
membrane 
expression. 

GoF: increased 
currents due to 

more membrane 
expression. 

10.1161/CIRC
GENETICS.11

3.000138 

Arg858His LQT8 hypermorph high moderate 1 
Increased Vmax and 

depolarised 
inactivation shift. 

- 

GoF: increased 
current window 

and larger 
currents. 

10.1093/europ
ace/euu063 

Arg860Gly LQT8 hypermorph high moderate 1 
Depolarised shift in 

VDI. 
- 

GoF: increased 
current window. 

10.1016/j.yjmc
c.2015.01.002 

Ile1186Thr LQT8 hypermorph high high 0.99 
Hyperpolarised shift 
and Vmax increased. 

- 

GoF: increased 
current window 

and larger 
currents. 

10.1016/j.yjmc
c.2015.01.002 

Ile1186Thr TS hypermorph - - - 
Reduced Vmax and 

hyperpolarised shift in 
activation. 

- 

GoF: left shit 
increasing 

window current 
although 

reduced Vmax. 

10.1016/j.hrth
m.2014.09.051 

Ile1186Val LQT8 hypermorph - - 0.97 Vmax increased. - 
GoF: increased 

currents. 
10.1016/j.yjmc
c.2015.01.002 
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Ile1523Met LQT8 hypermorph moderate high 0.72 
Hyperpolarised shift 

in Vmax. 
- 

GoF: increased 
current window. 

10.1016/j.yjmc
c.2015.01.002 

Glu1544Lys LQT8 hypermorph high high 1 
Hyperpolarised shift 
in Vmax and slowed 

VDI. 
- 

GoF: increased 
current window. 

10.1016/j.yjmc
c.2015.01.002 

Cav1.3 (CACNA1D) 

Val259Asp APAs hypermorph high high 1 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1038/ng.27
16 

Val401Leu 
ASD and 
epilepsy 

hypermorph high high 0.91 
Increased Vmax, 

hyperpolarised shift 
and slow inactivation. 

 
GoF: increased 

currents and 
current window. 

10.1093/hmg/d
dx175 

Gly403Asp APAs hypermorph high high 1 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1038/ng.26
95 

Gly403Arg APAs hypermorph - - 1 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1038/ng.26
95 

Gly407Arg PASNA hypermorph high high 0.98 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1016/j.biop
sych.2014.11.

020 

Gln558His 
Hearing & 
intellectual 
impairment 

hypomorph high high 0.99 Decreased Vmax. 
Reduced 

membrane 
expression. 

LoF: reduced 
due to reduced 

membrane 
expression. 

10.1074/jbc.R
A118.003681 

Ser652Leu ASD hypermorph high high 0.99 

Hyperpolarised shift 
in activation and 
inactivation but 

reduced currents. 

- 
GoF: increased 
current window. 

10.1186/s1322
9-019-0310-4 

Ser652Trp ASD hypermorph high high 0.99 
Hyperpolarised shift 

in activation and 
inactivation. 

- 
GoF: increased 
current window. 

10.1186/s1322
9-019-0310-4 

Phe747Leu APAs hypermorph high high 1 
Hyperpolarised shift 

in activation. 
- 

GoF: increased 
current window. 

10.1080/19336
950.2018.1546

518 

Ala749Gly PASNA hypermorph high high 1 
Hyperpolarised shift 

in Vmax. 
- 

GoF: increased 
current window. 

10.1016/j.biop
sych.2014.11.

020 
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Ala749Gly 
(Ala760Gly) 

ASD hypermorph - - - 
Hyperpolarised shift, 
decreased CDI and 
slow inactivation. 

- 
GoF: increased 
current window. 

10.1038/srep2
7235 

Ile750Met APAs hypermorph high high 1 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1038/ng.26
95 / 

10.1038/ng.27
16 

Arg990His APAs hypomorph high high 1 
Depolarised shift in 

activation and 
reduced Vmax. 

- 
LoF: decreased 

currents. 
10.1016/j.bpj.2

017.08.010 

Val1153Gly APAs hypermorph moderate high 0.99 
Hyperpolarised shift 
in Vmax and slow 

inactivation. 
- 

GoF: increased 
current window. 

10.1161/HYPE
RTENSIONAH
A.117.09057 

Pro1336Arg APAs hypermorph moderate low 1 Slow inactivation. - 
GoF: increased 
current window. 

10.1038/ng.27
16 

Cav1.4 (CACNA1F) 

Ser229Pro iCSNB null high high 1 No currents. Normal. 
LoF: no 
currents. 

10.1523/JNEU
ROSCI.3054-

04.2005 

Gly369Asp iCSNB hypermorph high high 1 
Hyperpolarised shift 
in Vmax and slowed 

inactivation. 
Normal. 

GoF: increased 
window current. 

10.1523/JNEU
ROSCI.3054-

04.2005 

Gly369Asp iCSNB - - - - 
Depolarised shift in 

Vmax. 
- No change. 

10.1523/JNEU
ROSCI.4846-

03.2004 

Arg508Gln iCSNB hypomorph high moderate 0.02 Normal currents. 
Reduced protein 

expression. 
LoF: less protein 

expressed. 

10.1111/j.1471
-

4159.2006.036
78.x 

Phe753Cys iCSNB hypermorph high high 0.88 
Hyperpolarised shift 
in Vmax and slower 

inactivation. 
- 

GoF: increased 
window current. 

10.1016/j.neur
oscience.2007

.09.021 

Ile756Thr iCSNB hypermorph low high 1 
Hyperpolarised shift 
in Vmax and slower 

inactivation. 
- 

GoF: increased 
window current. 

10.1073/pnas.
0501907102 

Leu860Pro iCSNB hypomorph moderate low 0.92 Reduced Vmax. Normal. 
LoF: reduced 

currents. 

10.1016/j.bba
mem.2014.04.

023 
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iCSNB: congenital stationary night blindness, LQT8: long QT syndrome 8, BRGDA3: Brugada syndrome 3, TS: Timothy syndrome, MH: malignant 

hyperthermia, HypoPP: hypokalaemia periodic paralysis, APAs: aldosterone-producing adenomas, ASD: autism spectrum disorder, and PASNA: 

primary aldosteronism, seizures, and neurologic abnormalities. GoF: gain-of-function and LoF: loss-of-function. VDI: voltage-dependent 

inactivation. Vmax is the maximum ion currents recorded. Residue nomenclature may differ from seminal article based on transcript used.

Gly1007Arg iCSNB null high high 1 No currents. Normal. 
LoF: no 
currents. 

10.1016/j.neur
oscience.2007

.09.021 

Arg1049Trp iCSNB null moderate high 0.99 No currents. Normal. 
LoF: no 
currents. 

10.1016/j.neur
oscience.2007

.09.021 

Leu1068Pro iCSNB null high high 0.97 No currents. Normal. 
LoF: no 
currents. 

10.1523/JNEU
ROSCI.3054-

04.2005 

Leu1364His iCSNB hypomorph high high 0.87 Normal currents. 
Reduced protein 

expression. 
LoF: less protein 

expressed. 

10.1111/j.1471
-

4159.2006.036
78.x 

Trp1459* 
(1440) 

iCSNB null high high - No currents. 
No protein 
expression. 

LoF: no 
currents. 

10.1523/JNEU
ROSCI.3054-

04.2005 

Lys1591* iCSNB hypomorph low moderate - 
Hyperpolarised shift 

in Vmax. 
- 

LoF: reduced 
currents. 

10.1038/nn175
1 

Arg1827* iCSNB 
conflicting 
hyper- and 
hypo-morph 

low low - 
Hyperpolarised shift 

in Vmax and reduced 
Vmax. 

Normal. 

GoF: left shift 
but slight LoF: 

reduced 
currents. 

10.1016/j.bba
mem.2014.04.

023 
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4.1 Abstract  

The application of genetic testing in research and clinical settings has generated a 

wealth of data. However, assigning the correct clinical significance of variants poses 

a large challenge, meaning they are often classified as variants of uncertain 

significance (VUS). Despite the refinement of informatics, no one tool can accurately 

discern clinically relevant variants from benign ones. We recently developed 

CACNA1F-vp as an informatics tool that outperforms other tools in predicting the 

pathogenicity of CACNA1F VUS, however, all predictions require functional 

validation.  

We have undertaken an integrated functional and informatics approach to categorise 

missense variants in Cav1.4 and refine CACNA1F-vp. Variants were identified in 

patients that have a putative incomplete congenital stationary night blindness 

(iCSNB) diagnosis. We functionally characterise five VUS in modelled regions and 

five in unmodelled regions of the Cav1.4α protein.  

We have increased the number of Cav1.4 variants tested, including in regions not 

tested before and found that informatic tools are uncertain for unmodelled regions. 

We identify degradation by the proteasome as the molecular mechanism regulating 

Cav1 protein function and levels. This data is used to inform the pathogenicity of 

iCSNB and allows improvement of the pathogenicity prediction of variants in Cav1.4 

while uncovering a suitable target for drug discovery. 

 

Keywords: CACNA1F; incomplete congenital stationary night blindness; 

Cav1.4; CACNA1F-vp; ubiquitin-proteasome; degradation. 

  



87 
 

4.2 Introduction  

The interpretation of pathogenic mutations has facilitated diagnosis, prognosis and 

therapeutic interventions (205). The application of high-throughput technologies has 

increased the wealth of genomic data. As most genetic variations are common in the 

general population and can have benign or pathogenic consequences, it is important 

to accurately determine their consequences to identify clinically significant variants. 

Assigning the correct clinical significance to variants is particularly problematic for 

genetically heterogeneous conditions such as inherited retinal disorders (IRDs) and 

hearing loss, where genomic testing provides a molecular diagnosis in approximately 

50% of patients (206,207). The challenge to discern clinically relevant pathogenic 

variants from benign variants means that many gene variants have insufficient 

evidence and are classified as variants of uncertain significance (VUS) (208).  

Incomplete congenital stationary night blindness (iCSNB) is caused by pathogenic 

mutations in CACNA1F that encodes the α1F subunit of Cav1.4 that disrupt the 

synaptic transmission from photoreceptor cells to bipolar cells (65). Previous studies 

have shown CACNA1F missense mutations to reduce channel function (35) and 

destabilize the protein (32) but it remains unknown whether the disease phenotypes 

arise from a decrease in protein expression, unstable proteins or changes to the 

channel kinetics. This hinders the development of therapeutic interventions.   

We have previously reported that CACNA1F variants identified by genetic screening 

lack enough evidence to confirm their pathogenicity in iCSNB, causing them to be 

reported as VUS (209) and precluding a molecular diagnosis to patients and families. 

For accurate interpretation of VUS, the American College of Medical Genetics and 

Genomics (ACMG) and the Association for Molecular Pathology (AMP) have 

benchmarked the evidence required (210). Gold-standard techniques to attain 

functional data are the most accurate form of evidence, however, these are costly 

and laborious to attain, meanwhile, current informatic tools alone do not provide the 

accuracy required for classifications (210,211). Informatic tools utilise different 

algorithms that mostly rely on general protein structures and such tools have 

equivocal specificity (~60% effective), tend to over-predict deleterious variants 

(212,213), can be gene-specific and inconsistent when combined (214–216). For 

example, the common oncogenic BRAF p.V600E mutation has conflicting in silico 

predictions with some predicting it to be a benign polymorphism (217). For this 

reason, we recently developed a protein-specific informatic tool, CACNA1F-vp, by 
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integrating genetic and homology data (158). CACNA1F-vp outperforms four other 

variant prediction tools (SIFT, PolyPhen2, CADD, and CONDEL) by correctly 

assigning a significantly higher number of true disease-associated variants with a 

significantly lower false positive prediction relative to the other four tools used (158). 

However, all predictions require functional validation. 

To refine CACNA1F-vp, we selected ten novel CACNA1F VUS from patients that lack 

a molecular diagnosis and have a putative iCSNB diagnosis. We selected five 

missense variants in resolved regions and five missense variants in unresolved 

regions of the Cav1.4α1F protein, of which, four are in the carboxyl-tail domain (CTD). 

Cav1.4 channels are unique compared to the rest of the Cav1 family as they endure 

sustained calcium influx rather than a transient one. This is regulated by a distal C-

terminal regulatory domain that inhibits calcium-dependent inactivation (CDI) and 

ensures the channel inactivation kinetics are solely dependent on the membrane 

potential through voltage-dependent inactivation (VDI) (76). 

Here we present an integrated functional and informatics approach to categorise 

missense variants in Cav1.4. This allows improvement of the pathogenicity prediction 

of Cav1.4 variants and delineates the pathogenic molecular mechanisms responsible 

for iCSNB. This will inform the genotype-phenotype of iCSNB and expand the number 

of Cav1.4 variants tested while identifying novel therapeutic opportunities.  
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4.3 Methods 

4.3.1 Samples  

We selected ten novel CACNA1F VUS identified by genetic screening from patients 

that have a putative iCSNB diagnosis. Such patients were previously tested at the 

Manchester Genomic Diagnostic Laboratory (MGDL).   

4.3.2 Informatic analyses  

4.3.2.1 Physicochemical analysis 

The physicochemical properties of each mutation were manually analysed using 

NCBI’s Amino Acid Explorer tools 

(https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi). The ‘Structure 

and Chemistry’ and ‘Common Substitutions’ tools were used to compare specific 

physicochemical constraints of the amino acid pair such as a change in amino acid 

size, charge, and hydrophobicity. The latter tool relies on BLOSUM62 matrix to sort 

the frequency of the substitution. 

4.3.2.2 Evolutionary conservation 

The evolutionary conservation of mutated residues in the human Cav1.4 

(NP_005174.2) were compared using Clustal Omega (58), between Cav1 channel 

paralogues (protein accession numbers: Cav1.1 NP_000060.2, Cav1.2 

NP_955630.3, Cav1.3 NP_000711.1) and 20 orthologues (UniProt ID: Mus musculus 

Q9JIS7, Rattus norvegicus Q923Z7, Xenopus tropicalis F7BQY6, Pan troglodytes 

H2QYL4, Canis lupus familiaris F6XU71, Felis catus M3W116, Bos taurus E1B9S9, 

Sus scrofa A0A287AWB1, Equus caballus F7AIE6, Danio rerio Q6ZM73, 

Ornithorhynchus anatinus F7FW49, Ailuropoda melanoleuca G1M0P2, Myotis 

lucifugus G1P5D5, Cavia porcellus H0W4W8, Ictidomys 

tridecemlineatus  A0A287CTK4, Trichinella pseudospiralis A0A0V1FW66, Physeter 

microcephalus A0A2Y9F1K7, Erinaceus europaeus A0A1S3A552, Capra hircus 

A0A452DKH5, Alligator sinensis A0A3Q0HD09).  

4.3.2.3 Cav1.4 homology model 

To analyse the distribution of mutations across channel domains, a computational 

model was generated. As the crystal structure of human Cav1.4 has not been fully 

https://www.ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi
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resolved, a homology model was generated. The CACNA1F protein sequence 

(accession number: O60840.2) was uploaded to SWISS-MODEL protein structure 

homology-modelling server. This identified the homologous rabbit Cav1.1 structure 

generated by cryo-electron microscopy Cav1.1 (PDB ID: 5GJV) that has 85% protein 

sequence homology to human (67). PyMol was used for model visualisation (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). This is 

consistent with the approach and structure used by CACNA1F-vp.  

CACNA1F-vp pathogenicity prediction analysis and comparison to other tools were 

performed as described in (158).  

4.3.3 Cloning  

Mutations were generated by directional sub-cloning into the wildtype Cav1.4α 

plasmid and verified by DNA sequencing (Source Bioscience, 

https://www.sourcebioscience.com). Fragments containing the single base 

substitutions were designed and ordered from GeneArt (Thermo Fisher Scientific, 

UK). Mutant fragments were cloned into a pUC18 vector with unique restriction 

enzymes to allow their excision with complementary ends to the wildtype recipient 

vector. Restriction sites were digested in the mutant and the wildtype vectors and 

separated by electrophoresis. The corresponding fragments were excised and gel 

purified (Bioline ISOLATE II PCR and Gel Kit, UK), then the recipient and mutant 

fragments were ligated together (Promega T4 ligation kit, USA) and transformed by 

electroporation (XL1 Electroporation-competent cells, Agilent Technologies, USA). 

This enabled the insertion of the mutant fragments into the recipient vector.  

4.3.4 Cell culture 

Human embryonic kidney cells 293T (HEK293T) cells were propagated in Dulbecco’s 

modified Eagle’s Medium (DMEM) (Sigma-Aldrich, UK), supplemented with nutrients; 

10% (v/v) heat-inactivated foetal bovine serum (FBS) (Life Technologies, USA), and 

1% (v/v) 2 mM L-glutamine (Sigma-Aldrich, UK). Cells were incubated at 37 °C with 

5% CO2. Versene solution (Life Technologies, USA) was used for non-enzymatic cell 

dissociation. 

4.3.4.1 Transient transfection 

HEK293T cells were transfected with either α wildtype or mutant constructs using 

FuGene HD transfection reagent (Promega Ltd, USA) in Opti-MEM media (Life 

https://www.sourcebioscience.com/
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Technologies, USA) in a 1 α: 0.6 β: 0.8 α2δ ratio. A pEGFP plasmid was used for 

detection (1 α: 0.2 pEGFP). Transfected cells were incubated at 37 °C with 5% CO2 

and for electrophysiological analysis, the temperature was reduced to 30 °C after 6-

8 h at 37 °C. Transfection medium was replaced with culture medium 24 h post 

transfection and incubated for a further 24 h.  

Note: for Cav1.4 expression, a β2a plasmid was used instead of the retina-specific 

β2x13 as better expression and higher currents are recorded with this β transcript. This 

is consistent with previous studies that have shown different β subunit transcripts to 

affect the current size while negligibly affecting the channel properties (e.g. (35,56)).  

4.3.4.2 Drug treatment  

Each drug was added directly to the cell culture media for the respective treatment 

time prior to harvesting for patch-clamp or western blot analysis. 

20 μg/ml cycloheximide (CHX) was added to the cell culture media at different time 

points prior to harvesting for western blot analysis. 

4.3.5 Whole-cell patch-clamp 

Transfected HEK293T cells expressing the Cav1 protein were dissociated and 

seeded on poly-L-lysine coated coverslips 24 h prior to analysis and maintained at 30 

°C with 5% CO2. For electrophysiology recording, coverslips were placed in 

extracellular buffer supplemented with either barium or calcium ions as the 

permeating ion (15 mM CaCl2 or BaCl2, 150 mM Choline-Cl, 10 mM HEPES, 1 mM 

MgCl2, pH 7.3 with CsOH). Borosilicate glass capillaries GC100F-10 (Harvard 

Apparatus, UK) were pulled with a Model P-97 pipette puller (Sutter Instrument CO., 

USA) to a resistance of 2-4 MΩ. The capillary pipettes were filled with intracellular 

buffer (5 mM EGTA, 140 mM N-methyl-D-glucamine, 2 mM MgCl2, 10 mM HEPES, 2 

mM Mg-ATP, pH 7.3 with methanesulfonic acid). The osmolarity of all buffers was 

adjusted to 290-310 using D-mannitol (Osmomat 3000: Gonotec, Germany). Only 

cells expressing a GFP signal were patched for assessment of channel currents. Cells 

were held at -80 mV and currents were evoked by 5 ms depolarisation from -80 to 80 

mV with leak subtraction protocol P/4. 

Conventional whole-cell recordings were analysed by pCLAMP v10, with a 

MultiClamp 700A amplifier and a Digidata 1440A digitizer. Raw and leak subtracted 
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currents were analysed on Clampfit software v11.0.3 All electrophysiology equipment 

and software were from Molecular Devices, UK. 

4.3.6 SDS-PAGE and Western blot 

Membrane protein lysates were harvested from 60 mm dishes following MEM-PER 

Plus membrane protein extraction kit (ThermoFisher, UK), supplemented with 

proteasome inhibitor cocktail (Sigma-Aldrich, UK). Protein lysates were prepared 1: 

1 with 2x Laemmli sample buffer (Sigma-Aldrich, UK) supplemented with β-

mercaptoethanol (Sigma-Aldrich, UK). These were loaded on a 4-20% Mini 

PROTEAN TGX Stain-Free Gel (Bio-Rad, UK). Gels were transferred onto a 

nitrocellulose membrane (LI-COR Biosciences, UK) by wet transfer at 350 mA for 90 

min at 4 °C. The membrane was blocked in 5% milk in TBS-T at room temperature 

for 1 h. It was then incubated with primary antibodies in 2% milk TBS-T for 1 h at room 

temperature. The membrane was washed three times in TBS-T and incubated with 

the secondary antibodies in 2% milk TBS-T for 1 h at room temperature. After three 

washes in TBS-T, the membrane was imaged using the LI-COR Odyssey CLx system 

and LI-COR Image Studio v5.0 to analyse the image.  

4.3.7 Data analysis 

Quantitative data were combined from at least three independent experiments and 

expressed as mean ± standard error of the mean (S.E.M). A minimum of three 

biological replicates were used for statistical analysis. Statistical significance was 

determined by Student’s t-test or one-way ANOVA, with statistically significant 

difference defined as p<0.05. The Student’s t-test was used when the limitation of 

replicates prevented the use of Kruskal-Wallis test. All data were analysed and plotted 

on Graphpad Prism v8.0 (Graphpad, La Jolla, USA).  

4.3.8 Resources 

Table 4.1 List of construct plasmids. 

Construct Source 

pcDNA3.1_α1f (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3.1_α2δ Prof Amy Lee (University of Texas) 

pUC18_β3 Prof Alexandra Koschak (University of Innsbruck) 

pcDNA3.1_α1f p.D119Y Generated during this study 

pcDNA3.1_α1f p.R290C Generated during this study 
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pcDNA3.1_α1f p.G674S Generated during this study 

pcDNA3.1_α1f p.E797V Generated during this study 

pcDNA3.1_α1f p.D1097N Generated during this study 

pcDNA3.1_α1f p.N1434S Generated during this study 

pcDNA3.1_α1f p.P1491L Generated during this study 

pcDNA3.1_α1f p.G1494R Generated during this study 

pcDNA3.1_α1f p.K1506N Generated during this study 

pcDNA3.1_α1f p.R1532W Generated during this study 

 

Table 4.2 List of inhibitors and molecules. 

 

Table 4.3 List of primary antibodies. 

Target Host species Dilution Supplier Identifier 

Cav1.4α (VDCCα1F) Mouse 1: 1000 Abnova 
H00000778-

A01 

Sodium-potassium 

adenosine triphosphatase 

(Na+/ K+-ATPase) 

Rabbit 1: 20,000 Abcam ab76020 

 

Table 4.4 List of secondary antibodies. 

Target Target Host species Dilution Supplier Identifier 

IRDye-800CW Mouse IgG Donkey 1: 5000 LI-COR 926-32213 

IRDye-680RW Rabbit IgG Donkey 1: 5000 LI-COR 925-68072 

 

  

Inhibitor Pathway Concentration Supplier Identifier 

Cycloheximide (CHX) Translation 20 μg/ml Sigma-Aldrich C1988 

MG132 Proteasome 20 μM Sigma-Aldrich M7449 

Bortezomib (BTZ) Proteasome 2.5 - 25 nM 
Adooq 

Bioscience 
A10160 

Chloroquine 

phosphate 
Lysosome 50 μM Sigma-Aldrich PHR1258 

Ammonium chloride Lysosome 50 mM Sigma-Aldrich A9434 
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4.4 Results 

4.4.1 Cav1.4 variants of uncertain significance 

Previous studies have shown CACNA1F missense mutations to reduce channel 

function (35). We previously reported that CACNA1F variants frequently lack 

sufficient evidence to confirm pathogenicity in the clinical setting (209). In order to 

facilitate refinement of informatic interpretation of such variants, we selected ten 

clinically identified CACNA1F VUS from patients that have a putative iCSNB 

diagnosis (Table 4.5). Homology modelling supported the informatic predictions and 

informed our choice of variants to test as it demonstrated that all candidate VUS 

cause steric clashes due to charge, polarity or bond disturbances that destabilise 

such protein regions (Figure 4.1, Figure S4.1). In total, we selected five missense 

variants in resolved regions and five missense variants in unresolved regions of the 

Cav1.4α1F protein. 

We previously showed the connecting loops to be the most frequently mutated 

regions in the Cav1 family (209). Thus, we selected two Cav1.4 variants situated in 

these loops, one extracellular (p.D119Y (c.355G>T)) that was identified in a male 

patient with an electronegative ERG and one cytoplasmic (p.E797V (c.2390A>T)), 

which has been reported in two unrelated families (29). We chose a further four 

variants in the pore-forming domains (p.R290C (c.868C>T), p.G674S (c.2020G>A), 

p.D1097N (c.3289G>A), p.N1434S (c.4301A>G)) as the pore mutations are likely to 

dysregulate calcium influx (209). All four variants were presented in male patients 

with ERGs consistent with iCSNB and we repeatedly identified p.R290C in four family 

members and p.N1434S in two cousins. The CTD of Cav1.4 remains structurally 

unresolved, preventing accurate predictions of the functional consequence of rare 

coding sequence variation. To address this, we functionally characterised four 

CACNA1F VUS in the CTD (p.P1491L (c.4472C>T), p.G1494R (c.4480G>A), 

p.K1506N (c.4518G>T), p.R1532W (c.4594C>T)) that were predicted as pathogenic 

by CACNA1F-vp (Table 4.5). We and others have reported p.P1491L in patients with 

ERGs typical of iCSNB (218,219) and we identified p.R1532W in four family members 

which has also previously been reported in a Danish family with suspected Aland eye 

disease (29). This consistently suggests a photoreceptor dysfunction. 
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Table 4.5 Clinical and informatic details of candidate Cav1.4 variants. 

Data on the ten Cav1.4 variants selected to functionally analyse in this study.  

HGVS 

Nomenclature 
Location Conservation gnomAD CACNA1F-vp Clinical details Reference 

c.355G>T, 

p.(Asp119Tyr) 
R1S1 EL High – Pathogenic 

Suggestive CSNB 

Electronegative ERG 

Cystoid macular oedema 

No family history 

MGDL novel 

c.868C>T, 

p.(Arg290Cys) 
R1S5 EL High – Benign 

Horizontal nystagmus 

2 siblings 

MGDL novel, 

10.1016/j.ophtha.2017.02.005 

Suggestive iCSNB 

Cousin of above 

Attenuated light adapted and attenuated B waves on light 

adapted ERGs 

Cousin affected 

Electronegative ERGs 

c.2020G>A, 

p.(Gly674Ser) 
R2S5 High – Pathogenic Suggestive CSNB MGDL novel 

c.2390A>T, 

p.(Glu797Val) 
R2S6 CL Low – Benign Unknown DOI:10.1167/iovs.16-19445 

c.3289G>A, 

p.(Asp1097Asn) 
R3S5 EL High 

MAF 

0.00006; 

homo 0 

Pathogenic 

Cone dysfunction with abnormal b wave on dark adapted bright 

flash 

No family history 

MGDL novel, 

10.1016/j.ophtha.2017.02.005 

c.4301A>G, 

p.(Asn1434Ser) 
R4S6 High – Pathogenic 

Suggestive iCSNB 

Horizontal nystagmus 

Male cousins 

ERGs consistent with iCSNB 

MGDL novel, 

10.1016/j.ophtha.2017.02.005 

c.4472C>T, 

p.(Pro1491Leu) 
CTD High – Pathogenic 

Suggestive iCSNB 

Poor cone responses with attenuated b waves in darks 

MGDL novel, 

DOI:10.1016/j.ajhg.2016. 

12.003, DOI:10.1038/s41586- 
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R, repeat; S, segment; EL, extracellular loop; CL, cytoplasmic loop; CTD, carboxyl tail domain; Conservation, 3 paralogues and 20 orthologues; 

MAF, minor allele frequency; MGDL, Manchester Genomics Diagnostic Laboratory; CSNB, congenital stationary night blindness; iCSNB, 

incomplete CSNB; ERGs, electroretinogram. 

 

020-2434-2 

c.4480G>A, 

p.(Gly1494Arg) 
CTD High – Pathogenic Unknown 

DOI:10.1016/j.preteyeres. 

2014.09.001 

c.4518G>T, 

p.(Lys1506Asn) 
CTD High – Pathogenic Suggestive CSNB MGDL novel 

c.4594C>T, 

p.(Arg1532Trp) 
CTD High – Pathogenic 

4 affected in family; X-linked (but no cosegregation) 

Nystagmus 

Normal retina 

ERGs suggest combined cone and rod problem 

MGDL novel,  

DOI:10.1167/iovs.16-19445 
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Cav1.4 homology model shows CACNA1F variants of uncertain significance (VUS) 

to cause protein hindrance by inducing steric clashes. (A) Cav1.4 homology model 

shown in cross-section (extracellular, transmembrane and cytoplasmic regions 

indicated). Helices are coloured for each repeat. Carboxyl-tail is coloured in blue. 

Black spheres represent VUS. (B) PyMol images showing wildtype amino acid 

residue (left) and substituted residue (right). Red discs show steric clashes between 

the mutated residue and surrounding residues. These clashes unbalance such 

regions due to changes in polarities and charges; p.P1491L and p.G1494R replace a 

nonpolar proline/ glycine with a positive charge. p.K1506N and p.R1532W lose a 

positive charge (lysine/ arginine) and the latter variant introduces a bulky tryptophan 

that causes large steric clashes. (C) Cartoon of VUS locations in the Cav1.4α1F 

subunit showing four variants in pore-forming domains, two variants in connecting 

loops and four variants in the carboxyl-tail.   

Figure 4.1 CACNA1F carboxyl-tail missense substitutions alter the protein 

structure and physiochemical properties. 
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4.4.2 Cav1.4 missense mutations reduce the channel function by 

reducing protein stability and expression 

The functional consequences on channel function, global expression and protein 

stability of 10 selected variants were determined by patch-clamp, western blot and 

cycloheximide chase (CHX) respectively.  

Collectively, we show that low levels of Cav1.4 variant proteins with increased protein 

turnover are responsible for a reduced protein function compared to the wildtype. We 

identify a hypomorphic trend for nine variants situated throughout the channel that 

showed a significant loss of current function (62% mean reduction in variant Vmax 

compared to wildtype Vmax) and a significant reduction in protein levels (66% mean 

variant global protein expression compared to wildtype) (Figure 4.2). We correlated 

this to a significant increase in variant protein turnover relative to wildtype turnover 

(52% mean reduction in variant protein remaining after 8h CHX chase relative to 

wildtype levels) (Figure 4.3A). We show that protein instability is due to destabilising 

steric clashes that the substituted residues induce by disturbing the polarities, 

charges or bonding (Figure 4.1, Figure S4.1). A summary of the functional analysis is 

presented in Table 4.6.   

Of the nine variants that significantly reduced the currents, five variants also affected 

the inactivation kinetics of the channel by inducing a ~10 mV hyperpolarised shift 

relative to the wildtype inactivation (p.D119Y, p.R290C, p.G674S, p.E797V, and 

p.R1532W) (Figure 4.2A-B). We could not find a correlation between these distorted 

channel kinetics and the respective variant location. In addition, the loop and CTD 

variants reduced the protein expression more significantly than the pore variants as 

the five loop and CTD variants expressed approximately 60% of the wildtype protein, 

whereas the mean pore variants’ protein expression was 70% relative to the wildtype 

protein (Figure 4.2C). All the hypomorphic variants were significantly less stable than 

the wildtype as the variant proteins remaining after 8h CHX treatment were <80% of 

the wildtype, with the pore and loop variants having 55% mean protein remaining at 

the end of the CHX chase compared to the wildtype (Figure 4.3A). This was location 

specific for the CTD variants as variants in the functionally conserved pre-IQ domain 

(p.G1494R and p.R1532W) were less stable than the variant in the region between 

the EF hand motif and the pre-IQ domain (p.P1491L) when compared to the wildtype 

protein in the CHX chase. Overall, p.E797V, p.G1494R, and p.R1532W were the least 
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stable variants with <40% of the protein remaining after 8h CHX treatment (Figure 

4.3). 

We noticed certain omissions between our functional data and the informatic 

predictions detailed in Table 4.1. Two variants (p.R290C and p.E797V) we identified 

as hypomorphs were misclassified as benign polymorphisms by CACNA1F-vp. 

However, neither of these variants are found in the general population (gnomAD), 

which reduces their benign probabilities. Additionally, the conserved CTD variant 

p.K1506N was predicted to be pathogenic by CACNA1F-vp, yet it had comparable 

currents, protein expression and stability to the wildtype channel (data not shown). 

This demonstrates that informatic tools require refinement and must be used 

tentatively at present.  
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(A) I/V plots of Cav1.4 variants. The wildtype Cav1.4 calcium currents activate at ~-

45 mV, reach a maximum ion influx (Vmax) at ~0 mV and inactivate at ~45 mV, and 

barium currents activate at ~-35 mV, Vmax at ~10 mV and inactivate at ~60 mV. Both 

calcium and barium ions were used to assess whether mutations impair voltage-

dependence or induce calcium-dependence inactivation. All nine variants significantly 

reduce the Vmax compared to the wildtype Vmax. Currents were evoked by 5 ms 

depolarisation from -80 to 80 mV with P/4 leak subtraction in calcium (left) or barium 

(right) ions. Leak subtraction was used to account for passive leak currents. Currents 

of wildtype n=30 per ion and pcDNA3.1 control n=10. A minimum of n=10 per mutation 

group. Error bars represent mean ± S.E.M. (B) Vmax difference between wildtype 

and mutant whole-cell Ca2+ conductance was analysed by one-way ANOVA (Ca 

Figure 4.2 Cav1.4α1F variants reduce channel function and protein expression.  
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black; Ba grey). *P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences 

between mutant and wildtype. Error bars represent mean ± S.E.M. (C) Representative 

western blots of global protein expression (top) and quantified plot (bottom) showing 

a significant decrease in protein expression of each variant compared to the wildtype 

expression. Blot is presented per class of mutations (pore; loop; CTD (carboxyl-tail 

domain)). The amount of Cav1.4α1F protein (220 kDa) was normalised to loading 

control (Na+/K+-ATPase, 110 kDa) and is relative to wildtype expression. Error bars 

represent mean ± S.E.M of three independent experiments. *P < 0.05, **P < 0.01, 

***P < 0.001 indicate significant differences between each mutant and wildtype 

protein expression analysed by a Student’s t-test. Although a non-parametric Kruskal-

Wallis test would have been more appropriate for this comparison, it was not feasible 

for this number of replicates. The amount of protein was normalised to loading control 

and is relative to wildtype expression. Wildtype expression is set as 1. WT, wildtype; 

CTD, carboxyl-tail domain. 
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Table 4.6 Summary of Cav1.4 VUS functional data. 

The functional result collated for each Cav1.4 variant and the proposed class of mutation. Each value is normalised and relative to the wildtype 

protein. Chanel function is the mean of calcium and barium ions. WT, wildtype. 

Mutations 
Effect on channel function  

(% Vmax relative to WT)   

Additional channel kinetics 

affected  

Effect on channel expression  

(% relative to WT) 

Protein stability  

(% remaining after 8h with 

CHX, relative to WT) 

Mutation 

class 

Asp119Tyr 36.7 
Hyperpolarised shift in I

Ca
 

inactivation (-10 mV). 
64.5 56.8 Hypomorph 

Arg290Cys 66.2 
Hyperpolarised shift in I

Ca
 

inactivation (-10 mV). 
78.1 69.9 Hypomorph 

Gly674Ser 32.4 
Hyperpolarised shift in I

Ca
 

inactivation (-15 mV). 
88.3 76.9 Hypomorph 

Glu797Val 39.8 

Hyperpolarised shift in inactivation 

(I
Ca

 -15 mV, I
Ba

 -20mV) and I
Ca

 

Vmax (-5 mV). 

69.3 35.5 Hypomorph 

Asp1097Asn 0 - 78.4  54.6 
Complete 

hypomorph 

Asn1434Ser 0 - 42.8 46.3 
Complete 

hypomorph 

Pro1491Leu 74.2 - 63.7 71.7 Hypomorph 

Gly1494Arg 40.3 - 62.3 39.4 Hypomorph 

Arg1532Trp 56.9 
Hyperpolarised shift in I

Ca
 

inactivation (-20 mV). 
49.0 17.4 Hypomorph 
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4.4.3 Cav1.4 mutant proteins are degraded by the proteasome 

To verify that reduced channel functions is a consequence of low levels of mutant 

proteins and increased turnover, the rate and major route of degradation were 

investigated for the three least stable variants; one pore variant (p.E797V), and two 

CTD variants (p.G1494R and p.R1532W). 

We analysed the variant proteins’ turnover rates by quantifying the time it takes the 

proteins to be reduced by 50% from the level at the beginning of the chase. Each 

mutant protein, irrespective of its location, was turned over more rapidly than the 

wildtype, with <40% of the mutant proteins remaining at the end of the chase (Figure 

4.3B). We detected an average of a 3h half-life for the three mutant proteins, at which 

time, the variant proteins’ expression reduced by 50%, while 90% of the wildtype 

protein was still expressed (Figure 4.3B). 

Next, we sought to decipher their major route of degradation. Proteins are degraded 

by the proteasomes or lysosomes through the ubiquitin-proteasome pathway or 

autophagy respectively (119,127). We inhibited each pathway to identify the active 

pathway. For this, we used two proteasome inhibitors (PIs): Bortezomib (BTZ) and 

MG132 and two lysosomal inhibitors (LIs): chloroquine phosphate and ammonium 

chloride. BTZ and MG132 are highly selective PIs that inhibit the proteolytic activity 

of the 26S proteasome complex (220,221), whereas, chloroquine phosphate and 

ammonium chloride are weak bases that inhibit autophagic degradation by changing 

the lysosomal pH or by inhibiting phagosome-lysosome fusion respectively (222,223). 

We identified that the ubiquitin-proteasome degradation pathway is the major route 

for increased turnover of Cav1.4 variants (Figure 4.3C). Both PIs showed a 2- to 4-

fold increase relative to untreated, whereas there was only a modest increase for two 

variants (p.E797V and p.G1494R) with chloroquine phosphate and no significant 

increase with ammonium chloride. This suggests that degradation via the proteasome 

is the mechanism for the nine reduced Cav1.4 variant protein levels. 
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(A) Representative western blot of Cav1.4 proteins treated with 20 μg/ml 

cycloheximide (CHX) for 0 and 8h (left) and quantified (right), showing all nine 

variants to be degraded significantly faster than the wildtype protein. Error bars 

represent mean ± S.E.M of three independent experiments. Blots are presented per 

class of mutations (pore; loop; CTD (carboxyl-tail domain)). The amount of Cav1.4α1F 

protein (220 kDa) remaining after 8h treatment was normalised to loading control 

(Na
+
/K

+
-ATPase, 110 kDa) and is relative to wildtype expression. Wildtype expression 

is set as 1. *P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences between 

each mutant and wildtype protein expression analysed by a Student’s t-test. (B) 

Quantified western blot data of the three least stable mutations (p.E797V, p.G1494R, 

p.R1532W) with multiple CHX treatment times (0, 2, 4, 8h) showing each protein’s 

half-life. It takes an average of 3h for the mutant proteins’ expression to be reduced 

by 50%, while 90% of the wildtype protein is still expressed. Error bars represent 

mean ± S.E.M of three independent experiments. The amount of protein is relative to 
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Figure 4.3 Cav1.4α1F variants reduce protein stability and are degraded by the 

proteasome. 
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untreated (0h) expression which is set as 1. A Student’s t-test analysis compares the 

amount of protein remaining after 8h for each mutant respective to the wildtype. 

Representative western blot is shown in Figure S4.2. (C) Representative western blot 

(left) and quantified (right) of Cav1.4 wildtype and three least stable proteins treated 

with degradation inhibitors for 6h. This shows that all three variants are predominantly 

degraded by the proteasome. Error bars represent mean ± S.E.M of three 

independent experiments. The amount of Cav1.4α1F protein (220 kDa) was 

normalised to loading control (Na
+
/K

+
-ATPase, 110 kDa) and is relative to the 

untreated that is set as 1. *P < 0.05, **P < 0.01, ***P < 0.001 indicate significant 

differences between each treatment and untreated, which was analysed by a 

Student’s t-test. Although a non-parametric Kruskal-Wallis test would have been the 

most optimal test for the statistical analyses in this figure, it was not feasible for this 

number of replicates. WT, wildtype; UT, untreated; P1 (Bortezomib, 10 nM) and P2 

(MG132, 20 μM) are proteasome inhibitors; L1 (chloroquine phosphate, 50 μM) and 

L2 (ammonium chloride, 50 mM) are lysosomal inhibitors.   
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4.5 Discussion 

Here we report 10 CACNA1F variants identified in patients displaying phenotypes 

consistent with iCSNB (Table 4.5). By functionally characterising these variants we 

confirmed the general trend that nine of these variants result in reduced function and 

elucidated proteasomal degradation as the likely pathogenic molecular mechanism. 

This classification provides a target for therapeutic opportunities.  

The full crystal structure of human Cav1.4 remains unresolved. Our previous 

informatic analyses were modelled on the rabbit Cav1.1 structure that has 85% 

protein sequence homology to human but which is incomplete with over a third 

unresolved (158). The inactivation of the Cav1.4 channel is regulated by the CTD that 

is only 10% defined in the rabbit Cav1.1 structure which reduces confidence in the 

Cav1.4 homology modelling and pathogenic predictions. We found a 75% prediction 

success rate for the CTD variants tested. Three CTD variants (p.P1491L, p.G1494R 

and p.R1532W) significantly reduced the protein function and thus, were accurately 

predicted as pathogenic by CACNA1F-vp (Table 4.5), whereas the fourth variant 

(p.K1506N) was also predicted to be pathogenic but we did not detect a significant 

difference in channel function or expression. As p.K1506 is on an exon-intron 

boundary of exon 38 it may affect splicing and result in a novel pathogenic isoform. 

This is in line with two previously reported variants at the same exon boundary that 

also likely lead to mis-splicing events (c.4519-1G>A  (224) and c.4518+2T>A (26)). 

The incorrect prediction of p.E797V as a benign variant is due to the lack of structural 

information as this residue is found outside of the modelled region and has a low 

conservation score (Table 4.5). Therefore, and unsurprisingly, predictions of variants 

in unmodelled protein regions are not as accurate as defined regions. To overcome 

these limitations, we require better structures or alternative approaches to predict the 

structures. To attain better predicted structures, a new platform (funNCion) trained a 

machine learning model on the structures of all ten calcium and ten sodium voltage-

gated channel isoforms on the principle that they share closely related structures 

(225). The authors demonstrate that this integration of structures increases the 

confidence in the predictions. However, we found this platform to have analogous 

predictions to CACNA1F-vp for our 10 variants, and it also misclassifies p.R290C and 

p.E797V as benign variants (p.R290C: 0.59 and p.E797V: 0.89 scores where 1 = 

likely benign). Additionally, a new innovative approach (AlphaFold) uses artificial 

intelligence to accurately predict more than 20,000 human protein structures (226–
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228). The accuracy of AlphaFold-generated structures was analysed by different 

parameters including specific domain analyses, i.e. per-residue confidence metric 

analysis that showed that >80% of rotamers were correctly modelled, or global 

structure analyses using the Template Modelling score (TM-score), which indicated 

that 70% of predictions had a high modelling TM-score (226,229). However, as a new 

tool, it requires functional validations. We found that AlphaFold’s protein structure of 

Cav1.4 is poorly defined in similar regions that are unresolved in our model.  

Alternatively, another approach is to avoid protein modelling altogether and use other 

assays such as multiplex assays of variant effects (MAVEs) (230). MAVEs can 

identify the relationship between DNA sequence and function as they analyse how 

DNA sequences alter gene regulation and function (i.e. promoters, enhancers, splice 

sites, and enzymes activity) (230). This is achievable on a large scale as multiple 

samples can be pooled at once and analysed by next-generation sequencing (230).  

We report four variants in the pore-forming domains that reduce (p.R290C, p.G674S) 

or abolish (p.D1097N, p.N1434S) the whole-cell Ca2+ conductance (Figure 4.2B). 

These hypomorphic variants are in line with three previously studied Cav1.4 pore 

mutations that also reduced the channel function (p.R1049W (36), p.L1086P (35), 

p.L1364H (231)). This is also seen in Cav1.2 channels, as the p.N300D pore mutation 

reduces the whole-cell Ca2+ conductance and is associated with Brugada syndrome 

(189). The two variants that abolish the whole-cell Ca2+ conductance (p.D1097N and 

p.N1434S) retained some protein expression, which was also reported for p.R1049W 

and p.L1068P, implying that the abolished currents are not exclusively a result of 

reduced protein levels, but more likely form non-functional proteins or impair the 

surface trafficking. Although we have shown that a reduced or abolished function is a 

common consequence for pore mutations, three previously characterised Cav1.4 

pore mutations have been described to increase the channel function by quantifying 

a significant increase in calcium influx (p.G369D (35), p.F742C (36), p.I745T (30)) 

and this is also reported in the other three Cav1 channel genes (e.g. (162,232,233)). 

Although these three Cav1.4 mutations have been electrophysiologically described 

as gain-of-function (GoF), in the retina these result in a loss of rod cell function and 

thus, either a GoF or loss-of-function (LoF) electrophysiologically can dysregulate the 

photoreceptors signalling to bipolar cells that is typical of iCSNB. We could not find a 

correlation between the location or physiochemical properties of the substituted 

residues and the GoF/ LoF consequences.  
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Irrespective of their protein positions, five hypomorphic variants (p.D119Y, p.R290C, 

p.G674S, p.E797V, p.R1532W) also altered the gating properties of the channel by 

inducing a hyperpolarised shift in the inactivation of the channel to varying degrees 

(Figure 4.2A). This indicates that the channel will inactivate faster and at less 

depolarised membrane potentials than the wildtype channel, which reduces the time 

for calcium influx. This shift has previously been seen in Cav1.4 mutations such as 

p.G369D (35), p.F742C (36), and p.I745T (30), however, these also caused a 

hyperpolarised shift in the Vmax which increased the overall time course. This 

emphasises that different consequences are involved in the pathology of iCSNB.  

We attribute the reduced rod function to a reduced Cav1.4 channel function because 

of increased degradation rates in mutant proteins that are turned over faster than the 

stable wildtype protein. This allowed the investigation of the route of degradation that 

identified the ubiquitin-proteasome pathway responsible for the reduced protein 

expression of unstable mutant Cav1.4 proteins (Figure 4.3C). This is the first report 

of the proteasome’s role in the low Cav1.4 mutant protein levels, which also identifies 

a suitable target for drug discovery. 

Overall, this data allows for the refinement of informatic tools and identifies nine new 

Cav1.4 mutations involved in the pathology of iCSNB. We show a general trend of 

hypomorphic consequences on the channel function, protein expression and stability 

that are degraded by the proteasome. This provides a deeper insight into the 

molecular pathophysiology of iCSNB that will ultimately expedite treatment 

development. 
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4.6 Supplementary materials 

 

Figure S4.1 CACNA1F missense substitutions disturb the protein structure and 

alter the physiochemical properties. 

Cav1.4 homology model shows CACNA1F VUS cause protein hindrance by inducing 

steric clashes. PyMol images showing wildtype amino acid residue (left) and 

substituted residue (right). Red discs show steric clashes between the mutated 

residue and surrounding residues. p.D119Y, p.R290C, p.E797V and p.D1097N cause 

steric clashes as a result of charge disturbances. p.D119Y, p.E797V and p.D1097N 

lose a negative charge and the latter substitution also disturbs the ionic bonds 

between oppositely charged residues. p.R290C disturbs the charges and bonding 

due to the loss of arginine’s positive charge and the substitution with a nonpolar 

cysteine disturbs the existing disulphide bonding between the four adjacent cysteines. 

p.G674S loses glycine’s nonpolar property and both p.G674S and p.N1434S 

introduce a smaller serine that is less flexible in helical segments.  
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Figure S4.2 Mutant proteins are degraded faster than wildtype protein. 

Representative western blots of Cav1.4 proteins treated with 20 μg/ml cycloheximide 

(CHX) for 0, 2, 4, 8h from three independent experiments. All three mutant protein 

expressions were less than the wildtype at the end of the CHX chase. The amount of 

Cav1.4α1F protein (220 kDa) remaining after treatment was normalised to loading 

control (Na+/K+-ATPase, 110 kDa) and is relative to wildtype expression. WT, 

wildtype. 

 

  

E797V

0h            2h           4h           8h

WT

0h            2h            4h           8h

G1494R

0h            2h           4h            8h

R1532W

0h            2h           4h       8h CHX (h)

– Cav1.4α

– Na+/K+-ATPase



111 
 

Chapter 5 

Manuscript 3 

  



112 
 

 

Proteasome inhibitors rescue loss of function in 

Cav1 channels mutated in a range of human 

diseases 

 

Tal T. Sadeh1,*, Graeme C. Black1,2, Forbes Manson1, Alexandra Koschak3, Amy 

Lee4 

1Division of Evolution and Genomic Sciences, Faculty of Biology, Medicine and 

Health, University of Manchester, Manchester, M13 9PT, UK, 2Manchester Centre for 

Genomic Medicine, Manchester Academic Health Sciences Centre, Manchester 

University NHS Foundation Trust, St Mary’s Hospital, Manchester, M13 9WL, UK, 

3Institute of Pharmacy, Pharmacology and Toxicology, Center for Chemistry and 

Biomedicine, University of Innsbruck, Innrain 80-82/III, 6020 Innsbruck, Austria, 

4Department of Pharmacology and Center for Neurodegenerative Disease, Emory 

University School of Medicine, Atlanta, Georgia 30322 

*To whom correspondence should be addressed: tal.sadeh@manchester.ac.uk 

 

Contributions 

TTS performed all the experimental data and wrote the manuscript. GCB and FM 

assisted the conceptualisation and sourced the funding for this project. AK and AL 

provided vital resources for this project.  

 

Pre-submission manuscript intended for submission to 

Molecular Cell. 

  

mailto:tal.sadeh@manchester.ac.uk


113 
 

5.1 Abstract  

The Cav1 voltage-gated calcium channels are mutated in a diverse range of rare 

disorders with different inheritance patterns and affect a spectrum of organ systems 

(e.g. cardiovascular, neurological, ocular, and hearing). Since it is not uncommon for 

different rare conditions to result from mutations of separate members of a protein 

family, functional mutation classification may allow the identification of therapeutic 

approaches that have broad applicability. 

We have recently demonstrated that incomplete congenital stationary night blindness 

(iCSNB) is caused by hypomorphic mutations in the Cav1.4α-encoding gene that are 

degraded by the proteasome. This discovery was then used to inform interpretation 

of the mechanism of pathogenicity in the other Cav1 channel family members.  

This study tests whether this discovery can be used to identify a therapeutic strategy 

for the Cav1 family of proteins using clinically approved proteasome inhibitors. We 

established that a group of mechanistically similar mutations in the Cav1 gene family 

are amenable to functional rescue using the proteasome inhibitors Bortezomib, 

Ixazomib and Carfilzomib. Bortezomib was the most potent drug, and it restored the 

function of Cav1 mutant proteins associated with Brugada syndrome, malignant 

hyperthermia, iCSNB, and hearing impairment. The use of Bortezomib, therefore, 

provides a potential therapeutic opportunity for disease conditions associated with 

mutations in Cav1 proteins.  

 

Keywords: Cav1 channels; ubiquitin-proteasome; degradation; proteasome 

inhibitors; Bortezomib; Ixazomib; Carfilzomib; treatment.  
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5.2 Introduction  

Voltage-gated calcium channels (VGCCs) are important regulators of calcium influx 

from the extracellular space. These integral proteins activate through membrane 

depolarisation that gate the channel open, permitting the influx of calcium along their 

electrochemical gradient (49). The ten VGCCs are grouped on the α subunit’s voltage 

sensitivity, with the L-type channels (Cav1.1-1.4) being high voltage channels (52). 

Cav1.1 (α encoded by CACNA1S) and Cav1.4 (α encoded by CACNA1F) are solely 

expressed in skeletal muscle and retinal interneurons respectively (49,60), while 

Cav1.2 (α encoded by CACNA1C) and Cav1.3 (α encoded by CACNA1D) are more 

widely expressed and are often found together (e.g. neurones, sinoatrial node, atrial 

cardiomyocytes, and adrenal chromaffin cells) (57). Cav1 channel dysfunction affects 

calcium influx and is associated with a number of pathologies such as cardiovascular 

(142), neurological (143), psychiatric (174) and retinal dystrophies (65).  

The mechanism of action for Cav1 mutations is unclear. For a loss-of-function (LoF) 

nonsense or frameshift allele, the pathogenic mechanism is predictable, as a 

truncated protein is likely to be inactive. This has been shown for two Cav1.4α  

nonsense mutations p.K1591X (76) and p.R1827X (32). However, the mechanism by 

which missense mutations disrupt Cav1 channel function is more complex as 

previously reported changes in normal function that either increases or decreases 

channel function can be pathogenic (209). Nevertheless, we have shown decreased 

activity to be the predominant pathogenic mechanism for Cav1.4 missense mutations 

in incomplete congenital stationary night blindness (iCSNB) and identified 

proteasomal degradation as the degradation route responsible (Chapter 4).  

Proteostasis is crucial for normal cell function and is dependent on the removal of 

non-native proteins by proteasomes or lysosomes (234). It is unsurprising that 

dysregulation of either degradation route is problematic for cells and this underlies 

disorders such as CF, Alzheimer’s disease and congestive heart failure (234–236). 

Identifying the pathway used for a condition provides a target for therapeutic 

intervention. The proteasome degrades 80% of intracellular proteins (127). 

Proteasome inhibition is an approved treatment for multiple myeloma and mantle cell 

lymphoma using Bortezomib (BTZ), Carfilzomib (CFZ), or Ixazomib (IXA) (237). BTZ 

is the first-line treatment for multiple myeloma, whereas CFZ and IXA are offered to 

patients that show resistance to BTZ (220). 
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Here we tested whether inhibiting proteasome activity can correct the reduced protein 

levels and conductivity of our functionally characterised Cav1.4α mutations p.E797V, 

p.G1494R, and p.R1532W. The data from this study was used to infer the disease 

mechanism for the other Cav1 channel family members to identify mechanistically 

similar mutations and test whether they are functionally amenable to treatment with 

proteasome inhibitors.  
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5.3 Methods 

5.3.1 Samples  

We selected ten novel CACNA1F VUS identified by genetic screening from patients 

that have a putative iCSNB diagnosis. Such patients were previously tested at the 

Manchester Genomic Diagnostic Laboratory (MGDL).   

5.3.2 Informatic analyses  

5.3.2.1 Cav1.4 homology model 

To analyse the distribution of mutations across channel domains, a computational 

model was generated. As the crystal structure of human Cav1.4 has not been fully 

resolved, a homology model was generated. The CACNA1F protein sequence 

(accession number: O60840.2) was uploaded to SWISS-MODEL protein structure 

homology-modelling server. This identified the homologous rabbit Cav1.1 structure 

generated by cryo-electron microscopy Cav1.1 (PDB ID: 5GJV) that has 85% protein 

sequence homology to human (67). PyMol was used for model visualisation (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). This is 

consistent with the approach and structure used by CACNA1F-vp.  

CACNA1F-vp pathogenicity prediction analysis and comparison to other tools were 

performed as described in (158).  

5.3.3 Cell culture 

Human embryonic kidney cells 293T (HEK293T) cells were propagated in Dulbecco’s 

modified Eagle’s Medium (DMEM) (Sigma-Aldrich, UK), supplemented with nutrients; 

10% (v/v) heat-inactivated foetal bovine serum (FBS) (Life Technologies, USA), and 

1% (v/v) 2 mM L-glutamine (Sigma-Aldrich, UK). Cells were incubated at 37 °C with 

5% CO2. Versene solution (Life Technologies, USA) was used for non-enzymatic cell 

dissociation. 

5.3.3.1 Transient transfection 

HEK293T cells were transfected with either Cav1α wildtype or mutant constructs 

(Table 5.1), using FuGene HD transfection reagent (Promega Ltd, USA) in Opti-MEM 

media (Life Technologies, USA) in a 1 α: 0.6 β: 0.8 α2δ ratio. A pEGFP plasmid was 
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used for detection (1 α: 0.2 pEGFP). Transfected cells were incubated at 37 °C with 

5% CO2 and for electrophysiological analysis, the temperature was reduced to 30 °C 

after 6-8 h at 37 °C. Transfection medium was replaced with culture medium 24 h 

post transfection and incubated for a further 24 h.  

Note: for Cav1.4 expression, a β2a plasmid was used instead of the retina-specific 

β2x13 as better expression and higher currents are recorded with this β transcript. This 

is consistent with previous studies that have shown different β subunit transcripts to 

affect the current size while negligibly affecting the channel properties (e.g. (35,56)). 

For consistency with previous studies, a β2a subunit was used instead for Cav1.1-1.3 

expression (142,161).  

5.3.3.2 Drug treatment  

Each drug was added directly to the cell culture media for the respective treatment 

time prior to harvesting for patch-clamp or western blot analysis (Table 5.2). 

20 μg/ml cycloheximide (CHX) was added to the cell culture media at different time 

points prior to harvesting for western blot analysis. 

5.3.4 Whole-cell patch-clamp 

Transfected HEK293T cells expressing the Cav1 protein were dissociated and 

seeded on poly-L-lysine coated coverslips 24 h prior to analysis and maintained at 30 

°C with 5% CO2. For electrophysiology recording, coverslips were placed in 

extracellular buffer supplemented with either barium or calcium ions as the 

permeating ion (15 mM CaCl2 or BaCl2, 150 mM Choline-Cl, 10 mM HEPES, 1 mM 

MgCl2, pH 7.3 with CsOH). Borosilicate glass capillaries GC100F-10 (Harvard 

Apparatus, UK) were pulled with a Model P-97 pipette puller (Sutter Instrument CO., 

USA) to a resistance of 2-4 MΩ. The capillary pipettes were filled with intracellular 

buffer (5 mM EGTA, 140 mM N-methyl-D-glucamine, 2 mM MgCl2, 10 mM HEPES, 2 

mM Mg-ATP, pH 7.3 with methanesulfonic acid). The osmolarity of all buffers was 

adjusted to 290-310 using D-mannitol (Osmomat 3000: Gonotec, Germany). Only 

cells expressing a GFP signal were patched for assessment of channel currents. Cells 

were held at -80 mV and currents were evoked by 5 ms depolarisation from -80 to 80 

mV with leak subtraction protocol P/4. 

Conventional whole-cell recordings were analysed by pCLAMP v10, with a 

MultiClamp 700A amplifier and a Digidata 1440A digitizer. Raw and leak subtracted 
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currents were analysed on Clampfit software v11.0.3 All electrophysiology equipment 

and software were from Molecular Devices, UK. 

5.3.5 SDS-PAGE and Western blot 

Membrane protein lysates were harvested from 60 mm dishes following MEM-PER 

Plus membrane protein extraction kit (ThermoFisher, UK), supplemented with 

proteasome inhibitor cocktail (Sigma-Aldrich, UK). Protein lysates were prepared 1: 

1 with 2x Laemmli sample buffer (Sigma-Aldrich, UK) supplemented with β-

mercaptoethanol (Sigma-Aldrich, UK). These were loaded on a 4-20% Mini 

PROTEAN TGX Stain-Free Gel (Bio-Rad, UK). Gels were transferred onto a 

nitrocellulose membrane (LI-COR Biosciences, UK) by wet transfer at 350 mA for 90 

min at 4 °C. The membrane was blocked in 5% milk in TBS-T at room temperature 

for 1 h. It was then incubated with primary antibodies in 2% milk TBS-T for 1 h at room 

temperature (Table 5.3). The membrane was washed three times in TBS-T and 

incubated with the secondary antibodies in 2% milk TBS-T for 1 h at room 

temperature (Table 5.4). After three washes in TBS-T, the membrane was imaged 

using the LI-COR Odyssey CLx system and LI-COR Image Studio v5.0 to analyse 

the image.  

5.3.6 Data analysis 

Quantitative data were combined from at least three independent experiments and 

expressed as mean ± standard error of the mean (S.E.M). Statistical significance was 

determined by Student’s t-test with statistically significant difference defined as 

p<0.05. The Student’s t-test was used when the limitation of replicates prevented the 

use of Kruskal-Wallis test. All data were analysed and plotted on Graphpad Prism 

v8.0 (Graphpad, La Jolla, USA).  

5.3.7 Resources 

Table 5.1 List of construct plasmids. 

Construct Source 

pcDNA3.1_α1f (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3.1_α2δ Prof Amy Lee (University of Texas) 

pcDNA3.1_β2a Prof Amy Lee (University of Texas) 

pUC18_β3 Prof Alexandra Koschak (University of Innsbruck) 

pcDNA3.1_α1C (wildtype) Prof Amy Lee (University of Texas) 
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pcDNA3_α1c p.A39V 
Dr Jonathan Cordeiro (Masonic Medical Research 

Institute) 

pcDNA3_α1c p.G490R 
Dr Jonathan Cordeiro (Masonic Medical Research 

Institute) 

pcDNA3_α1S (wildtype) Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_α1S p.R1086H Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_α1S p.R174W Dr Kurt Beam (University of Colorado) 

pcDNA3.1_α1D (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3.1_α1D p.Q558H Prof Amy Lee (University of Texas) 

pcDNA3.1_α1f p.D119Y Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.R290C Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.G674S Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.E797V Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.D1097N Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.N1434S Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.P1491L Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.G1494R Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.K1506N Generated in manuscript 2 (Chapter 4) 

pcDNA3.1_α1f p.R1532W Generated in manuscript 2 (Chapter 4) 

 

Table 5.2 List of inhibitors and molecules. 

 

Table 5.3 List of primary antibodies. 

Target Host species Dilution Supplier Identifier 

Cav1.4α (VDCCα1F) Mouse 1: 1000 Abnova 
H00000778-

A01 

Inhibitor Pathway Concentration Supplier Identifier 

Bortezomib (BTZ) Proteasome 2.5 - 25 nM 
Adooq 

Bioscience 
A10160 

Carfilzomib (CFZ) Proteasome 2.5 - 100 nM 
Adooq 

Bioscience 
A11278 

Ixazomib (IXA) Proteasome 2.5 - 100 nM 
Adooq 

Bioscience 
A10600 

Metformin (MET) – 25 – 100 nM 
Adooq 

Bioscience 
B1970-APE 
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Sodium-potassium 

adenosine triphosphatase 

(Na+/ K+-ATPase) 

Rabbit 1: 20,000 Abcam ab76020 

 

Table 5.4 List of secondary antibodies. 

Target Target Host species Dilution Supplier Identifier 

IRDye-800CW Mouse IgG Donkey 1: 5000 LI-COR 926-32213 

IRDye-680RW Rabbit IgG Donkey 1: 5000 LI-COR 925-68072 
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5.4 Results 

5.4.1 Proteasome inhibitors restore the expression and function of 

mutant Cav1.4 proteins 

We have recently identified the proteasome responsible for the reduced expression 

of the variant Cav1.4 proteins (Chapter 4). Here, we postulate and test whether 

chemically inhibiting this pathway is a viable option to elevate channel expression and 

function. 

Inhibiting the proteasome is an approved therapeutic approach in the treatment of 

multiple myeloma and mantle cell lymphoma (237). We tested the clinically approved 

BTZ and a further two approved PIs (Carfilzomib (CFZ) and Ixazomib (IXA)) that 

inhibit the proteolytic activity of the proteasome differently. BTZ and IXA have similar 

dipeptide structures with bromic acids that bind reversibly to the 26S proteasome 

complex or the β5 site of the 20S proteasome respectively (220), whereas, CFZ has 

a larger tetrapeptide structure that irreversibly binds to the 20S and 26S catalytic sites 

of the proteasome (238) (see Table S5.1 for PIs chemical structures). We first tested 

their effects on the p.G1494R channel as p.G1494R currents were the most 

significantly reduced out of the three most unstable proteins (209). 

All three PIs had comparable toxic effects on the cells with higher doses and longer 

treatment times becoming extremely toxic to the cells and thus, we selected a 6h 

treatment time as >50% of the cells were still viable at this stage (data not shown). 

All three inhibitors significantly increased protein expression after 6h, with the highest 

doses reaching a 5-fold increase in protein expression relative to untreated samples 

(Figure 5.1A). Bortezomib was the most potent PI. Five times the concentration of 

CFZ (25 nM cf 5 nM) and ten times the concentration of IXA (50 nM cf 5 nM) were 

required to achieve a similar increase in protein expression as BTZ. These are the 

doses we used for the analysis of channel function.  

We next sought to investigate the effect of the PIs on protein function while seeking 

to balance drug toxicity. We were able to significantly increase the whole-cell Ca2+ 

conductance of p.G1494R cells treated with each PI relative to untreated ones (Figure 

5.1). Again, BTZ was the most potent. High concentrations of BTZ treatments doubled 

the variant currents (>80% Vmax compared to that of the wildtype) and we determined 

5 nM BTZ as the threshold concentration to achieve a significant rescue of whole-cell 

Ca2+ conductance and expression with minimal toxicity in p.G1494R (Figure 5.1B). 
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2.5 nM BTZ had no significant effect on the currents compared to untreated cells, 

which is consistent with the insignificant effect this concentration had on protein 

expression. Higher concentrations of CFZ and IXA were required to achieve a 

significant increase in variant currents relative to untreated variants (Figure 5.1C). 

We found 5 nM BTZ to have a similar significant rescue of the two remaining least 

stable Cav1.4 proteins, p.E797V and p.R1532W (Vmax increased to approximately 

75% of the wildtype Vmax) (Figure 5.1D). 
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(A) Proteasome inhibitor (PI) dose response of Cav1.4 p.G1494R. Representative 

western blot (left) and quantified plot (right) of p.G1494R treated with increasing 
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Figure 5.1 Proteasome inhibitors increase protein expression and channel 

function of unstable Cav1.4α1F mutations. 



124 
 

doses of each PI. All three PIs significantly increase the p.G1494R protein expression 

for doses 5 nM and above. Error bars represent mean ± S.E.M of three independent 

experiments and statistical difference is analysed by a Student’s t-test. The amount 

of Cav1.4α1F protein (220 kDa) was normalised to loading control (Na
+
/K

+
-ATPase, 

110 kDa) and is relative to the untreated that is set as 1. (B) I/V plots of p.G1494R 

treated with increasing concentration of Bortezomib (BTZ) (left) and the Vmax 

currents are plotted (right), which show BTZ at doses 5 nM and above to significantly 

increase the Vmax of p.G1494R compared to untreated cells. Error bars represent 

mean ± S.E.M and statistical difference is analysed by a Student’s t-test. (C) I/V plots 

of p.G1494R treated with different PIs (left) and the Vmax currents are plotted (right). 

These show the PIs at doses 5 nM and above to significantly increase the Vmax of 

p.G1494R compared to untreated cells. Error bars represent mean ± S.E.M and 

statistical difference is analysed by a Student’s t-test. Although a non-parametric 

Kruskal-Wallis test would have been more appropriate for the statistical analyses in 

A-C, it was not feasible for the number of replicates attained. (D) Cells expressing 

p.E797V, p.G1494R or p. R1532W were treated with 5 nM BTZ, which show a 

significant increase in Vmax of treated cells compared to untreated cell. Error bars 

represent mean ± S.E.M. I/V plots are found in Figure S5.1. For B-D, the currents 

were evoked by 5 ms depolarisation from -80 to 80 mV with P/4 leak subtraction in 

calcium ion. Leak subtraction was used to account for passive leak currents. The 

Vmax currents on the charts were normalised to the wildtype Vmax which is set as 1. 

*P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences between groups. 

WT, wildtype; BTZ, Bortezomib; IXA, Ixazomib; CFZ, Carfilzomib. 

 

Due to the toxicity of these PIs, we sought to reduce the threshold concentration for 

a significant rescue of whole-cell Ca2+ conductance by combining each one with 

Metformin (MET). MET is approved for the treatment of type 2 diabetes but also acts 

to suppress the expression of GRP78-dependent autophagy and enhance the 

pharmacological effects of BTZ (239). We tested a low 2.5 nM dose of each PI 

combined with increasing MET doses on the p.G1494R variant (Figure 5.2A). These 

combinations significantly increased the protein expression of the variant compared 

to each PI alone and again, BTZ showed the most significant increase. However, the 
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combination of MET and BTZ made no significant difference to whole-cell Ca2+ 

conductance compared to BTZ alone (Figure 5.2B).   

(A) Representative western blot (top) and quantified (bottom) data of different drug 

combinations showing a significant increase in p.G1494R’s protein expression when 

treated with all of the drug combinations compared to a monotherapy. Error bars 

represent mean ± S.E.M of three independent experiments. The amount of Cav1.4α1F 

protein (220 kDa) after treatment was normalised to loading control (Na
+
/K

+
-ATPase, 

110 kDa) and is relative to the untreated expression which is set as 1. A Student’s t-

test analysis compares the amount of protein per drug combination respective to the 

Figure 5.2 A combination of Metformin (MET) and proteasome inhibitors (PIs) 

increase the protein expression of p.G1494R but not the channel function.  

A

B

-50 50

-300

-200

-100

WT (n=30)

Untreated (n=15)

50+0 (n=5)

50+2.5 (n=5)

100+0 (n=5)

100+2.5 (n=5)

100+5 (n=5)

50+5 (n=5)

0+5 (n=5)

0+2.5 (n=5)

V (mV)

ICa (pA)

MET ± BTZ (nM)

G1494R

0n
M

 M
et

25
nM

 M
et

50
nM

 M
et

10
0n

M
 M

et

0

1

2

3

4

5
Met only

MET +2.5nM BTZ

MET +2.5nM CFZ

MET +2.5nM IXA

N
o

rm
a

li
s

e
d

 a
m

o
u

n
t 

o
f 

p
ro

te
in

**

**
**

**

**
***

***

***
**

W
T

U
ntr

ea
te

d
50

+0

10
0+

0

0+
2.

5

50
+2

.5

10
0+

2.
5

0+
5

50
+5

10
0+

5

-400

-300

-200

-100

0

Combination dose (MET ± BTZ, nM)

V
m

a
x

 c
u

rr
e

n
t ns

ns



126 
 

amount of protein detected for MET alone. (B) I/V plots (left) and Vmax currents 

(right) of p.G1494R treated with different combinations of MET and PIs showing no 

significant increase in currents. Currents were evoked by 5 ms depolarisation from -

80 to 80 mV with P/4 leak subtraction in calcium ions. Leak subtraction was used to 

account for passive leak currents. Error bars represent mean ± S.E.M. The Vmax 

currents are normalised to the wildtype Vmax which is set as 1. *P < 0.05, **P < 0.01, 

***P < 0.001 indicate significant differences between groups, which is analysed by a 

Student’s t-test. Although a non-parametric Kruskal-Wallis test would have been the 

most optimal test for the statistical analyses in this figure, it was not feasible for this 

number of replicates. MET, Metformin; BTZ, Bortezomib; CFZ, Carfilzomib; IXA, 

Ixazomib. 

 

5.4.2 Bortezomib restores the function of mutant Cav1 proteins 

Having established the potency of BTZ, we investigated its pertinence to other 

hypomorphic mutations. We selected previously described LoF Cav1 mutations 

associated with different phenotypes. We used our informatic analysis and functional 

conclusions to select five mutations (Cav1.1 p.R174W and p.R1086H, Cav1.2 p.A39V 

and p.G490R, and Cav1.3 p.Q558H) in conserved loops and transmembrane 

domains as we deemed these properties likely to destabilise the protein and result in 

proteasome degradation. We modelled these in the homology model and showed 

them to cause steric clashes as a result of disturbances to the polarity and charge of 

the residues (e.g. Cav1.2 p.G490R introduces a positive arginine that unbalances the 

R1S5-S6 pore loop and causes steric clashes) (Figure 5.3).  

We tested the effect of 5 nM BTZ on the whole-cell Ca2+ conductance of these mutant 

proteins and found that, aside from Cav1.1 p.R174W which is a total LoF and was 

unresponsive to BTZ treatment, BTZ significantly increased the channel currents for 

the latter four Cav1 mutants tested (>70% mean increase in Vmax relative to each 

wildtype Vmax) (Figure 5).  

Overall, this group of mechanistically similar unstable mutations in the Cav1 protein 

family are amenable to functional rescue by 5 nM BTZ.  
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I/V plots of (A) Cav1.1, (B) Cav1.2 and (C) Cav1.3 treated and untreated with 5 nM 

Bortezomib (BTZ) (left) showing a significant increase in currents of all mutations 

treated with BTZ compared to untreated currents, apart from Cav1.1 p.R174W that is 

unresponsive to BTZ. Currents were evoked by 5 ms depolarisation from -80 to 80 

mV with P/4 leak subtraction in calcium ion. Leak subtraction was used to account for 

passive leak currents. Error bars represent mean ± S.E.M. The Vmax currents are 

normalised to the wildtype Vmax which is set as 1 (right). *P < 0.05, **P < 0.01, ***P 

< 0.001 indicate significant differences between different groups analysed by a 

Student’s t-test. Although a non-parametric Kruskal-Wallis test would have been the 

most optimal test, it was not feasible for this number of replicates. PyMol images 

showing wildtype amino acid residue and substituted residue (top). Red discs show 

steric clashes between the mutated residue and surrounding residues. WT, wildtype; 

BTZ, Bortezomib. 

 

  

Figure 5.3 Bortezomib increases the channel function of Cav1.1-1.3 loss of 

function mutations.  
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5.5 Discussion  

We have recently determined that proteasomal degradation is the route of 

degradation for mutant Cav1.4 proteins (Chapter 4). Here we show that inhibition of 

this pathway using clinically approved PIs could partially restore channel function to 

that of wildtype protein function for a group of related mutations in the other Cav1 

family members, so providing a potential therapeutic intervention. 

As chemotherapeutic drugs, PIs are used at high concentrations that result in the 

accumulation of oncogenic proteins, which increases ER stress and hence, cellular 

apoptosis (240). However, our approach here was to avoid the apoptosis of cells by 

balancing drug toxicity and efficacy. We discovered that these PIs can significantly 

rescue the channel conductance of mechanistically similar mutations in Cav1α 

encoding genes, with BTZ showing the most potent effect (BTZ treatment rescued an 

average of 70% of Cav1 mutants function compared to wildtype Vmax). The 

selectively of these PIs to different sites of the proteasome explain their varied effects. 

This demonstrates that BTZ is a viable drug that can ameliorate the function of all 

Cav1.1-1.4α1 protein members associated with LoF mutations, independent of the 

associated disease. This conclusion is in keeping with similar studies that have 

described the clinical significance of BTZ by showing it to rescue the function of 

mutant proteins such as the respiratory chain assembly factor protein COA7 (mutated 

in mitochondrial leukoencephalopathy) (241) and the DNA mismatch repair protein 

Msh2 (mutated in Lynch syndrome) (242). BTZ restored nearly half of the function of 

mutant COA7 proteins compared to the wildtype protein and fully restored the function 

of Msh2 mutants (241,242). At present, neither have been investigated further and 

both require in vivo testing prior to in human trials. 

Using different inhibitors to prevent the turnover of a mutant protein in a Mendelian 

disease is frequently investigated. For example, dominant negative mutations in 

caveolin-3 cause limb-girdle muscular dystrophy are known to sequestrate the 

wildtype allele in the Golgi apparatus (243). PIs treatment (lactacystin, MG-115, MG-

132, or proteasome inhibitor I) has been shown to restore caveolin-3 expression on 

the membrane (243). Additionally, the common cystic fibrosis deltaF508 mutation in 

the CFTR gene is known to cause protein retention within the endoplasmic reticulum 

that are degraded by the proteasome, where treatment with two potent PIs (N-acetyl-

L-leucinyl-L-leucinyl-L-norleucinal or lactacystin) prevented degradation and restored 

deltaF508 mutant protein expression on the membrane (244). However, no trials have 
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been conducted, primarily due to the unknown and toxic effects of these inhibitors 

that have not been tested as extensively as BTZ. Nevertheless, there are active trials 

for oprozomib, delanzomib and marizomib as potential therapies for many 

malignancies (240,245). Marizomib is particularly promising for the treatment of 

glioblastomas as it can cross the blood-brain barrier which BTZ cannot (246).            

The data we present shows the significant clinical benefit of BTZ and hence, it is 

currently being investigated in more than 250 clinical trials exploring the therapeutic 

potential for a broad range of diseases (e.g. severe autoimmune encephalitis), and 

the efficacy of combination therapies (e.g. BTZ combined with cytarabine and 

dexamethasone). This demonstrates the applicability of BTZ. Nevertheless, long-term 

BTZ treatment has been associated with certain side effects such as BTZ-induced 

peripheral neurotoxicity (247,248), cardiotoxicity (249) and mitotoxicity (250). Since 

ubiquitin pathways are conserved, it is to be expected that inhibiting the proteasome 

will have negative downstream consequences such as inhibiting the degradation of 

cyclins and cyclin-dependent inhibitors (e.g. cyclin D and cyclin E), the stabilisation 

of tumour suppressor p53 or by the downregulation of growth factor receptors (i.e. 

cytokine IL-6) (240,245). If any of these downstream events are not managed 

carefully, prolonged BTZ treatment will inevitably lead to cellular apoptosis.  

The data presented here show proteasomal degradation as the pathogenic 

mechanism underlying hypomorphic mutations in Cav1 channelopathies. The 

clinically approved BTZ is effective in vitro for restoring functional activity to mutant 

Cav1 channels associated with a number of human diseases including Brugada 

syndrome, malignant hyperthermia, iCSNB, and hearing impairment. As the BTZ 

concentrations we have shown to be effective in vitro are in the range approved for 

clinical use (251), using BTZ clinically will likely have therapeutic benefits. Therefore, 

proteasomal inhibition is a promising potential therapy for this group of 

channelopathies. 
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5.6 Supplementary materials 

Table S5.1 Proteasome inhibitors used in this study.  

The chemical structure of the three clinically approved PIs used in this study. 

  

Proteasome inhibitor Chemical structure 

Bortezomib (BTZ) or Velcade  

 

Carfilzomib (CFZ)   

Ixazomib (IXA) or Ninlaro  
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Figure S5.1 Bortezomib increases the channel function of unstable Cav1.4α1F 

mutations. 

I/V plots of p.E797V, p.G1494R and p. R1532W ±5 nM Bortezomib (BTZ). BTZ 

increased the Vmax currents for all three mutant proteins when compared to no BTZ 

treatment. Currents were evoked by 5 ms depolarisation from -80 to 80 mV with P/4 

leak subtraction in calcium ions. Error bars represent mean ± S.E.M. WT, wildtype; 

BTZ, Bortezomib.   
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Chapter 6 

General discussion 
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6.1 General discussion 

The Cav1 voltage-gated calcium channels are important for the normal physiology of 

cells and dysfunctional Cav1 channels are associated with numerous cardiovascular, 

neurological, ocular and hearing disorders. Three decades since the discovery of the 

first Cav1 channel, research has focused on expanding our comprehension of the 

function and dysfunction of Cav1 channels. These have provided novel insight into 

the channel function and associated diseases. However, most studies have focused 

on channel kinetics and function, with very few investigating the mechanisms 

underlining the pathogenic phenotypes. I describe in Chapter 3 that only 10% of 

reported variants in Cav1.4 have been functionally analysed, from which two 

mutations have been described to reduce the protein expression (p.R508Q and 

p.L1364H (231)) and only a single Cav1.4 mutation has been shown to destabilize 

the protein (p.L860P (32)). This limited molecular characterisation has left it unclear 

which pathways dictate the fate of a mutant protein that cause the associated disease 

phenotypes, which prevents the development of therapeutic interventions.    

The application of high-throughput technologies and sequencing in research and 

clinical settings have increased the wealth of genomic data. Approaches range from 

whole-exome and whole-genome sequencing to liquid biopsies and the advent of 

direct-to-consumer genetic testing. This has increased the catalogue of variants on 

databases such as HGMD and ClinVar (252), creating a large bottleneck between 

reported and characterised variants. This is largely limited by our inability to 

accurately predict the effects of variants and as functional evidence is laborious to 

attain. The challenge to discern clinically relevant pathogenic variants from benign 

variants means that many gene variants have insufficient evidence and are classified 

as VUS (208). Clinically, VUS create ambiguity for patients by delaying the provision 

of diagnosis and treatment. 

To adopt an accurate interpretation of VUS and benchmark the evidence required, 

the American College of Medical Genetics and Genomics (ACMG) and the 

Association for Molecular Pathology (AMP) developed stringent guidelines that 

catalogue the evidence required to interpret VUS (210). Although these guidelines 

provide uniformity, certain guidelines require pre-existing knowledge on the disease 

or gene, which limit the interpretation of rare gene variants (253). Working within the 

guidelines requires a combination of gold-standard techniques ranging from 

informatic tools to functional evidence. Gold-standard functional data provides the 
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most significant evidence for variant pathogenicity, however, its associated costs and 

time-laborious factors often limit its large-scale application, while current informatic 

tools alone do not provide the accuracy required for classifications (210,211). This 

demonstrates that we need an accurate and precise variant analysis pipeline.  

To this end, the work in this thesis aims to validate an informatic tool and identify the 

pathogenic molecular mechanisms involved in Cav1 channelopathies. I further aim to 

use this functional characterisation to inform the ability to rescue channel function, 

thereby, providing the basis for therapeutic intervention. 

The data presented in this thesis has advanced our understanding of the 

pathogenesis of Cav1 channelopathies, as in Chapter 3 I consolidated all existing 

knowledge of previously functionally studied mutations in Cav1 proteins. This 

elucidated the parallels between them, and the different mechanistic effects 

mutations can have on the protein function that are associated with different 

inheritance patterns (i.e. autosomal recessive/ dominant, or X-linked recessive). This 

chapter emphasised the gaps in knowledge of these channels that warrants further 

studies to better understand the potentially treatable mutation types, as well as 

facilitating the prediction of VUS identified during molecular diagnosis.  

To address this, one aim of this project was to integrate informatic and functional 

information to refine the limitations of informatic tools. Informatic approaches provide 

an economical approach to predict the pathogenicity of variants and can be 

categorised into two groups: in silico prediction tools and protein modelling that both 

attempt to discern whether nucleotide changes in genes will impact the structure and 

function of the protein. In silico tools use different algorithms to predict the functional 

impact of variants by considering the variant location, evolutionary conservation of a 

nucleotide residue or amino acid, the biochemical impact of a substituted amino acid, 

and physiochemical properties. Examples include polymorphism phenotyping v2 

(PolyPhen2 (167)) that utilises a structure and sequence method, Sorting Intolerant 

From Tolerant (SIFT (254)) which relies on sequence homology, combined 

annotation dependent depletion (CADD (255)) that uses a supervised learning 

method, and consensus deleteriousness score (CONDEL (256)) which follows a 

consensus-based method. However, these tools have equivocal specificity 

(approximately 60% effective) and tend to over-predict deleterious variants (212,213), 

can be gene-specific and inconsistent when combined (214–216). For example, the 

well-characterised BRAF p.V600E oncogenic mutation is prevalent in approximately 

50% of melanoma and Langerhans cell histiocytosis cases and >60% of histiocytic 
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sarcoma (257,258), yet it has conflicting in silico predictions with some predicting it to 

be benign, demonstrating that these tools must be used tentatively (217). The main 

limitation of these tools is that they focus on common protein properties and are not 

protein or location-specific, therefore overlooking protein-specific properties such as 

functionally important domains or binding sites. 

To overcome these challenges, protein modelling creates a 3D model of the protein 

of interest, whereby it applies a similar analysis of protein properties but in a structure-

relevant way. Analysing the tertiary structures of proteins enables the characterisation 

of specific domains such as catalytic and binding sites that are unique to the protein, 

providing a structural perspective that general in silico tools cannot achieve. Although 

modelling overcomes many limitations of in silico tools, they require a defined protein 

structure to generate the model. Despite advances in protein modelling, protein 

structure databases such as PDB, only catalogue approximately 35% of human 

proteins and many are incomplete structures (226,259). This limitation means that the 

majority of proteins cannot be modelled at present. This is the case for Cav1.4 as its 

crystallographic structure remains unresolved. Homology modelling constructs the 

unknown structure of the protein by comparing the available protein information from 

homologous protein sequences (260). This is the approach CACNA1F-vp and I used 

to generate the homology models of Cav1.4. Unlike other in silico tools, this approach 

enables the analysis of amino acid properties (size, charge, hydrophobicity, and 

position) relative to the surrounding amino acids and specific Cav1.4 domains (e.g. 

voltage-sensor, channel pore, CTD, etc.). CACNA1F-vp has been shown to 

outperform four other variant prediction tools (SIFT, PolyPhen2, CADD, and 

CONDEL) by correctly assigning a significantly higher number of true disease-

associated variants with a significantly lower false positive prediction relative to the 

other four tools used (158). However, all predictions require functional validation that 

can validate and refine the programme. This is the basis of Chapter 4. 

The functional work I present in Chapter 4 enlarges the CACNA1F variant spectrum 

that will aid molecular diagnosis. The functional data provide new evidence that 

iCSNB is caused by hypomorphic pathogenic mutations to CACNA1F that disrupt the 

synaptic transmission from photoreceptor cells to bipolar cells. Merging this with the 

informatic predictions identified certain omissions between CACNA1F-vp predictions 

and the functional outcomes, which shows that CACNA1F-vp requires further 

refinement. For example, the benign misclassification of p.R290C by CACNA1F-vp 

could be fed back into the model to refine this region of the protein and highlight its 
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functional importance. Another misclassification by CACNA1F-vp was the mutant 

p.E797V, however as this residue is outside of the modelled region, CACNA1F-vp 

cannot predict it accurately. This is a known limitation of CACNA1F-vp that can only 

be overcome once we resolve the structure further. Models like this are always prone 

to refinement as new information is identified or better protein structures are attained. 

An example of such refinement is the most recent version of CONDEL that integrates 

the predictions of two informatic tools to enhance its prediction efficiency; the 

Functional Analysis Through Hidden Markov Models (261) and mutation assessor 

(262). 

As crystal structures of proteins are not easily attainable, recent studies have focused 

on alternative approaches to predict protein structures with high confidence. For 

example, a new platform (funNCion) trained a machine learning model using the 

structures of all ten calcium and ten sodium voltage-gated channel isoforms on the 

principle that they share closely related structures (225). The authors show this 

integration of structures to increase the confidence in the predictions. However, we 

found this platform to have analogous predictions to CACNA1F-vp for our 10 variants 

that also misclassifies p.R290C and p.E797V as benign variants (p.R290C: 0.59 and 

p.E797V: 0.89 scores where 1 = likely benign), thus not providing new information. 

Additionally, a new innovative approach (AlphaFold) uses artificial intelligence to 

predict more than 20,000 human protein structures with extremely high accuracy 

(226–228). The accuracy of AlphaFold-generated structures was analysed in different 

ways including specific domain analyses, i.e. per-residue confidence metric analysis 

that showed that >80% of rotamers were correctly modelled, or global structure 

analyses using the Template Modelling score (TM-score), which indicated that 70% 

of predictions had a high modelling TM-score (226,229). However, as AlphaFold is in 

its infancy it still requires functional validations. Comparing my informatic approach to 

AlphaFold highlighted that both structures are still poorly resolved in the same regions 

for over a third of the protein, which does not provide much novelty compared to 

CACNA1F-vp. 

Even once such models are refined, their scalabilities are limited due to being 

analysed and refined manually, which is extremely time-consuming. Thus, an 

alternative approach to analysing VUS is the employment of multiplex assays of 

variant effects (MAVEs) (230). MAVEs can identify the relationship between DNA 

sequence and function as they analyse how DNA sequences alter gene regulation 

and molecular function such as promoters, enhancers, splice sites, and enzymes 
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activity (230). These assays are possible on a large scale as they rely on next-

generation sequencing (NGS) to test samples in a pooled format that reduces sample 

processing (230). Sequencing of each sample pool allows the quantification of variant 

frequencies across the assay and by pooling under different conditions (e.g. time 

points, treatments, etc.) a variant’s effect on a specific mechanism, pathway, or 

phenotype can be identified. Such experiments have been done to analyse a variant’s 

effect on drug resistance by quantifying cell growth with and without the drug 

treatment (263). 

I describe in Chapter 1 the importance of proteostasis for protein synthesis, regulation 

and quality control in the cell. A dysregulation of proteostasis can have pathogenic 

consequences on cellular functions that manifest certain phenotypes. In Chapter 4, I 

elucidated that the unstable Cav1.4 proteins are degraded by the proteasome. This 

is the first time the proteasome is shown to be involved in the pathogenesis of Cav1.4 

mutations. Although both the proteasomes and lysosomes are crucial proteolytic 

organelles that degrade proteins in the ubiquitin-proteasome system and autophagy 

respectively (234), the proteasome is the major route of degradation as it catalyses 

the degradation of at least 80% of intracellular proteins, with the lysosomes degrading 

the remaining 20% of proteins (127). Cellular, misfolded and regulatory proteins are 

targeted for degradation by the proteasome, whereas lysosomes degrade 

cytoplasmic components (proteins and protein aggregates, and surplus or defective 

organelles) (234). Given the versatility and importance of the quality control system, 

it is unsurprising that dysregulation of either degradation routes is problematic for 

cells and underlines numerous disorders such as CF, Alzheimer’s disease and 

congestive heart failure (234–236). For this reason, it is crucial to distinguish the 

malfunctioning pathway. For example, in approximately 50% of human cancers, the 

TP53 (encoding the tumour suppressor p53) is mutated, which prevents p53 from 

binding to its inhibitor (MDM2) (264). This prevents the degradation of p53 by the 

proteasome which favours uncontrolled cell proliferation (264). However, it is not 

always clear which pathway is responsible for the disease manifestation and in some 

cases, it has been shown that both pathways are involved, for example, both the 

proteasome and lysosome significantly degrade the β-site APP-cleaving enzyme 2 

(BACE2) protein that is involved in the onset of Alzheimer’s disease (235). Delineating 

the specific pathways allows for the potential of therapeutic interventions as in these 

two examples; the TP53 gene can be targeted to upregulate the expression of p53 

and thus, tumour suppressor function, or combination therapy to inhibit both active 

pathways from degrading BACE2 proteins.  
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In Chapter 5, I used the functional characterisation of Chapter 4 to test whether 

targeting the proteasome can have therapeutic benefits and I showed that the three 

clinically approved PIs (BTZ, IXA, and CFZ) are sufficient to restore the protein 

expression and function of the unstable Cav1 variants, with BTZ being the most 

potent at the lowest dose. These three PIs are currently used as chemotherapeutic 

drugs in the treatment of multiple myeloma and mantle cell lymphoma (237). 

Molecularly, these have different modes of action as they are selective to different 

subunits of the proteasome; BTZ is selective to the 26S proteasome complex (220) 

and IXA shares a similar structure to BTZ but is specific to the β5 site of the 20S 

proteasome (220), whereas, CFZ has a larger structure that covalently binds to the 

20S and 26S catalytic sites of the proteasome (238). IXA is advantageous as it is an 

orally active prodrug (Ixazomib citrate converts into the active form IXA) (265). This 

overcomes the requirement of intravenous administration such as with BTZ and CFZ 

(240). In addition to these drugs, other PIs are being investigated, namely oprozomib, 

delanzomib and marizomib. There are active clinical trials for all three inhibitors as 

potential therapies for numerous malignancies (240,245). Marizomib is particularly 

promising for the treatment of glioblastomas as it can cross the blood-brain barrier 

which the PIs I used cannot do (246). These compounds are structurally similar to the 

inhibitors I used – Oprozomib is related to CFZ and delanzomib is structurally similar 

to BTZ, which suggests that they may be beneficial in the treatment of Cav1 

mutations.  

BTZ was first approved by the Food and Drug Administration (FDA) in 2006 and is 

still the first-line treatment for multiple myeloma (155). There are currently over 250 

active clinical trials including BTZ (https://clinicaltrials.gov) as numerous studies are 

investigating its efficacy in other malignancies (e.g. breast cancer and intrahepatic 

cholangiocarcinoma), other disorders (e.g. severe autoimmune encephalitis), and the 

efficacy of combination therapies (e.g. BTZ, cytarabine and dexamethasone). 

Combination therapies are very common for complex diseases, such as CF or HIV 

(156,266). Many in vitro and in vivo studies have shown BTZ to be more effective 

when combined with immune modulating agents (e.g. lenalidomide) or steroids (e.g. 

dexamethasone) than as a monotherapy (240). 

Importantly, the clinical benefit of targeted inhibition of the ubiquitin pathway to 

prevent the turnover of a mutant protein in a Mendelian disease is in keeping with 

mounting evidence for this as a viable therapeutic approach. For example, the DNA 

mismatch repair protein Msh2 is frequently malfunctioned due to MSH2 mutations 

https://clinicaltrials.gov/
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that cause Lynch syndrome (242). Unstable MSH2 variants reduce the protein 

function that prevents the repair of DNA mismatch and BTZ has been shown to fully 

restore the function of certain unstable MSH2 variants (242). Moreover, as these 

variants typically cause resistance to chemotherapy, the authors conclude that this 

functional rescue may also increase the sensitivity to chemotherapy, although, this 

requires testing. Another study tested two pathogenic variants in the respiratory chain 

assembly factor COA7 that mislocalise and reduce the protein function, which are 

associated with mitochondrial leukoencephalopathy (241). Proteasome inhibition with 

either BTZ or IXA partially rescued the function of COA7 by 35-50% relative to the 

untreated protein function and increased the mitochondrial levels in patient-derived 

cell lines (241). Additionally, an in vivo model demonstrated that the MG132 inhibitor 

can successfully rescue all of the reduced protein expression and function of the 

sodium channel (Nav1.5) in dystrophin-deficient mdx5cv mice (267). Further, DNM in 

caveolin-3 cause limb-girdle muscular dystrophy and are known to sequestrate the 

wildtype allele in the Golgi apparatus (243). PIs treatment (lactacystin, MG-115, MG-

132, or proteasome inhibitor I) has been shown to restore caveolin-3 expression on 

the membrane (243). Moreover, the common cystic fibrosis deltaF508 mutation in the 

CFTR gene is known to cause protein retention within the endoplasmic reticulum that 

are degraded by the proteasome, where treatment with two potent PIs (N-acetyl-L-

leucinyl-L-leucinyl-L-norleucinal or lactacystin) prevented degradation and restored 

deltaF508 mutant protein expression on the membrane (244). However, at present, 

no human trials have been conducted, primarily due to the unknown and toxic effects 

of such inhibitors that have not been tested as extensively as BTZ. 

BTZ is not perfect and it has numerous limitations. As the proteasome is ubiquitously 

found in cells (0.6% of soluble protein from cultured human carcinoma cells (HeLa) 

(268) and 1% of soluble proteins in rat liver (269)), BTZ can have off-target inhibition 

effects as it is not specific. This means that BTZ will not only inhibit the degradation 

of the unstable proteins targeted but also other proteins that can have lethal cellular 

effects. BTZ also has certain side effects associated with a long-term BTZ treatment 

such as BTZ-induced peripheral neurotoxicity (247,248), cardiotoxicity (249) and 

mitotoxicity (250). For these reasons, the possibility of using BTZ clinically requires 

careful considerations, balanced in the context of the disease severity. In addition, 

the mechanisms of how BTZ rescues the protein function of Cav1 proteins are 

undefined. I show that inhibiting proteasome degradation increases the quantity of 

global protein expression, however, whether this constitutes more unstable proteins 

that compensate for the reduced function, enables more proteins to reach the 
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membrane, or increase the function of an individual channel remains unclear. It has 

been shown that mutant COA7 proteins treated with BTZ increased protein 

localisation (241) and thus, it is feasible to predict that this is also the case for the 

mutant Cav1 treated with BTZ in this study. In addition, I found the chemical 

chaperone sodium phenylbutyrate (4PBA) to have no significant effect on the function 

of unstable mutant Cav1.4 proteins (data not shown). 4PBA is believed to assist 

misfolded proteins in achieving their native structures within the ER (270). The fact it 

has no functional effect on Cav1.4 proteins, suggests that these unstable proteins are 

not retained within the ER and so, they are secreted to the cytosol and then subjected 

to degradation by the proteasome. This further explains that these Cav1 mutants form 

their trimeric protein structures and are secreted out of the ER as otherwise their ER 

retention signal will be exposed, as described in Chapter 1.   

Ubiquitin pathways are highly conserved so it is expected that inhibiting the 

proteasome can have negative downstream consequences on signalling pathways 

such as cell cycle, growth, proliferation, and apoptosis. This is due to inhibiting the 

degradation of crucial regulatory proteins that result in cell cycle arrest, such as 

reduced nuclear factor (NF)-κB signalling by preventing degradation of its inhibitor 

IκB (240), inhibiting degradation of cyclins and cyclin-dependent inhibitors (e.g. cyclin 

D and cyclin E), the stabilisation of p53 (tumour suppressor) or by the downregulation 

of growth factors receptors (i.e. cytokine IL-6) (240,245). Further, the accumulation of 

misfolded and unfolded proteins cause ER and oxidative stress that activates 

apoptotic pathways (245). All these consequences require thorough investigations to 

quantify their effects on cellular homeostasis and stringent regulation to manage their 

toxicities.  

Whilst the results presented in this thesis provide novel insights, it is important to note 

the limitation of the experimental design. The informatic tools utilised in this study are 

prone to omissions and must be used tentatively. This project utilises a transient 

overexpression system of HEK293T cells, while this is a commonly used cell line for 

the study of Cav1 channels, there are significant physiological differences and 

limitations to working in a cell line that cannot accurately simulate the physiological 

conditions of complex organisms. Furthermore, using the gold-standard techniques 

showed a reduced function or expression but did not delineate whether this was a 

result of a misfolded protein retained within the ER or a trafficking dysfunction that 

results in a mislocalised protein. It is also unclear what the threshold for a therapeutic 

benefit is, i.e. how much protein function is required to restore normal photoreceptor 
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homeostasis and reduce the consequences of the disease. Additionally, BTZ cannot 

rescue total LoF mutations, as shown for the Cav1.1 p.R174W and clinically, the main 

disadvantages of BTZ are that it can have off-target inhibition effects, the range of 

clinical side effects, its intravenous route of administration, and that some patients 

develop resistance over time. Even if these limitations were overcome, it will still be 

important to establish whether mutations are degraded by the proteasome to predict 

the proteins amenability to BTZ treatment. 

The work presented in this thesis raises several interesting questions that together 

with the limitations provide future perspectives. Firstly, to overcome the limitation of 

pathogenicity predictions of residues in unresolved regions of the protein, I would 

attempt to strengthen the homology structure of the protein by integrating the new 

approaches of funNCion and AlphaFold, although this may still generate a partial 

protein structure. Before optimising further limitations, I would attempt to use a 

superior cell line. For this, I would either stably transfect the proteins of interest or 

develop a patient-derived cell line to increase the translatability of the results 

presented. To delineate whether a mutant protein is mislocalised, I would analyse 

protein trafficking by immunofluorescence and cell surface expression via 

biotinylation assays. I would also use these techniques to assess whether BTZ 

treatment increases the cell surface expression of unstable proteins. Further to the 

effect of BTZ on protein expression, it would be of interest to analyse the effect of 

BTZ on gene expression via RT-qPCR. It would also be interesting to repeat the CHX 

chase for the unstable mutants in the presence of BTZ treatment to quantify whether 

BTZ affects the stability of these proteins. Once these have been achieved, I would 

progress from in vitro studies to in vivo models utilising similar models to the ones 

discussed in Chapter 1. This would be interesting to assay the effects of the 

hypomorphic variants characterised in Chapter 4 on a higher organism and to test the 

functional rescue of BTZ on animal models of Cav1 hypomorphic mutations. As 

mentioned above, there are many clinical trials for both single drugs and BTZ 

combinations that would be interesting to test and see if a different drug is superior to 

BTZ as a monotherapy or when combined with BTZ.  

In conclusion, the data presented in this thesis has enhanced the number of Cav1.4 

variants tested, including ones in regions not previously tested that will provide a 

molecular diagnosis for patients and I have refined pathogenicity predictions tools for 

novel Cav1.4 variants. The most significant finding of this project provides the first 

evidence that proteasome degradation is the pathogenic mechanism responsible for 
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the hypomorphic consequences of unstable Cav1 mutations associated with a 

number of disorders. Importantly, I show that a clinically approved class of PIs are a 

viable therapeutic strategy to treat a class of hypomorphic conditions and I 

demonstrate the potency of BTZ, which provides the foundations for a therapeutic 

treatment and exploration of many diseases.  
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Chapter 7 

Appendix 
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7.1 Buffers and solutions  

7.1.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) and Western blotting buffers 

Blotting buffer 

20 mM Tris, 150 mM Glycine, 10% (v/v) Methanol, 0.005% (w/v) SDS. 

SDS-PAGE running buffer 

25 mM Tris base, 190 mM glycine, 0.08% (w/v) SDS. 

Tris-buffered saline Tween 20 (TBST) 

20 mM Tris base, 150 mM NaCl, pH 7.4 with HCl, 0.1% Tween 20. 

7.1.2 Agarose gel electrophoresis buffers 

Tris-acetate-EDTA (TAE)  

40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8. 

7.1.3 Microbiology buffers  

Luria Bertani (LB) broth 

172 mM NaCl, 1 % (w/v) Tryptone, 0.5 % (w/v) Yeast extract, autoclave, 100 μg/ml 

ampicillin. 

LB broth agar 

172 mM NaCl, 1 % (w/v) Tryptone, 0.5 % (w/v) Yeast extract, 1 % (w/v) agar, 

autoclave, 100 μg/ml ampicillin. 

Super optimal broth (SOB)  

2% (w/v) Tryptone, 0.5% (w/v) Yeast extract, 10 mM NaCl, 2.5 mM KCl, pH 7.0 with 

NaOH, autoclave, 10 mM MgCl2, 10 mM MgSO4. 

Super optimal broth with catabolite repression (SOC)  

SOB, 20 mM Glucose. 
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7.1.4 Whole-cell patch-clamp buffers  

The osmolarity of all buffers was adjusted to 290-310 using D-mannitol, measured by 

freezing point depression (Osmomat 3000: Gonotec, Germany). 

CaCl2 extracellular buffer  

15 mM CaCl2, 150 mM Choline-Cl, 10 mM HEPES, 1 mM MgCl2, pH 7.3 with CsOH. 

BaCl2 extracellular buffer  

15 mM BaCl2, 150 mM Choline-Cl, 10 mM HEPES, 1 mM MgCl2, pH 7.3 with CsOH. 

Intracellular buffer 

5 mM EGTA, 140 mM N-methyl-D-glucamine, 2 mM MgCl2, 10 mM HEPES, 2 mM 

Mg-ATP, pH 7.3 with methanesulfonic acid.  

7.2 Materials 

7.2.1 Constructs used and generated 

Table 7.1 Respective pair of restriction enzymes used for each mutation. 

 

 

Mutation 5’ / 3’ restriction enzyme 

p.Asp119Tyr (c.355G>T) XbaI /  AgeI 

p.Arg290Cys (c.868C>T) XbaI / AgeI 

p.Gly674Ser (c.2020G>A) AgeI / HindIII 

p.Asn746Thr (c.2237A>C) AgeI / HindIII 

p.Glu797Val (c.2390A>T) AgeI / HindIII 

p.Asp1097Asn (c.3289G>A) AgeI / HindIII 

p.Asn1434Ser (c.4301A>G) HindIII / NotI 

p.Pro1491Leu (c.4472C>T) HindIII / NotI 

p.Gly1494Arg (c.4480G>A) EcoRI / NotI 

p.Lys1506Asn (c.4518G>T) EcoRI / NotI 

p.Arg1532Trp (4594C>T) EcoRI / NotI 
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Table 7.2 List of construct plasmids. 

Construct Source 

pcDNA3.1_α1f (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3.1_α2δ Prof Amy Lee (University of Texas) 

pcDNA3.1_β2a Prof Amy Lee (University of Texas) 

pUC18_β3 Prof Alexandra Koschak (University of Innsbruck) 

pcDNA3.1_α1C (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3_α1c A39V 
Dr Jonathan Cordeiro (Masonic Medical Research 

Institute) 

pcDNA3_α1c G490R 
Dr Jonathan Cordeiro (Masonic Medical Research 

Institute) 

pcDNA3_α1S (wildtype) Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_β1a Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_α1S (wildtype) Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_α1S R1086H Prof Manfred Grabner (University of Innsbruck) 

pcDNA3_α1S R174W Dr Kurt Beam (University of Colorado) 

pcDNA3.1_α1D (wildtype) Prof Amy Lee (University of Texas) 

pcDNA3.1_α1D_Q558H Prof Amy Lee (University of Texas) 

pcDNA3.1_α1f_D119Y Generated during this study 

pcDNA3.1_α1f_R290C Generated during this study 

pcDNA3.1_α1f_G674S Generated during this study 

pcDNA3.1_α1f_E797V Generated during this study 

pcDNA3.1_α1f_D1097N Generated during this study 

pcDNA3.1_α1f_N1434S Generated during this study 

pcDNA3.1_α1f_P1491L Generated during this study 

pcDNA3.1_α1f_G1494R Generated during this study 

pcDNA3.1_α1f_K1506N Generated during this study 

pcDNA3.1_α1f_R1532W Generated during this study 
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7.2.2 Antibodies 

Table 7.3 List of primary antibodies. 

Target Host species Dilution Supplier Identifier 

Cav1.4α (VDCCα1F) Mouse 1: 1000 Abnova 
H00000778-

A01 

Sodium-potassium 

adenosine triphosphatase 

(Na+/ K+-ATPase) 

Rabbit 1: 20,000 Abcam ab76020 

 

Table 7.4 List of secondary antibodies. 

Target Target Host species Dilution Supplier Identifier 

IRDye-

800CW 
Mouse IgG Donkey 1: 5000 LI-COR 926-32213 

IRDye-

680RW 
Rabbit IgG Donkey 1: 5000 LI-COR 925-68072 

 

7.2.3 Inhibitors and molecules 

Table 7.5 List of inhibitors and molecules. 

Inhibitor Pathway Concentration Supplier Identifier 

Cycloheximide 

(CHX) 
Translation 20 μg/ml 

Sigma-

Aldrich 
C1988 

MG132 Proteasome 20 μM 
Sigma-

Aldrich 
M7449 

Bortezomib (BTZ) Proteasome 2.5 - 25 nM 
Adooq 

Bioscience 
A10160 

Carfilzomib (CFZ) Proteasome 2.5 - 100 nM 
Adooq 

Bioscience 
A11278 

Ixazomib (IXA) Proteasome 2.5 - 100 nM 
Adooq 

Bioscience 
A10600 

Chloroquine 

phosphate 
Lysosome 50 μM 

Sigma-

Aldrich 
PHR1258 
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7.2.4 Enzymes 

Table 7.6 List of enzymes. 

Enzyme Source 

AgeI HF Bioline 

EcoRI HF Bioline 

HindIII HF Bioline 

NotI HF Bioline 

XbaI HF Bioline 

HF: high-fidelity; all HF enzymes were used in CutSmart buffer (Bioline, UK).  

7.2.5 Bioinformatic tools  

Table 7.7 Bioinformatic tools used. 

Tool name Source 

Human Gene Mutation Database (HGMD) (80) Licensed version 

Online Mendelian Inheritance in Man (OMIM) (157) 

Genome Aggregation Database (gnomAD) (159) 

NCBI Protein (271) 

NCBI’s Amino Acid Explorer (165) 

Universal Protein Resource (UniProt) (168) 

Polymorphism phenotyping v2 (PolyPhen-2) (167) 

Sorting intolerant from tolerant (SIFT) (254) 

Combined annotation dependent depletion 

(CADD) 
(255) 

Consensus Deleteriousness score of non-

synonymous single nucleotide variants 

(CONDEL) 

(256) 

Mutation Taster (272) 

Clustal Omega (58) 

SWISS-MODEL (160) 

Ammonium 

chloride 
Lysosome 50 mM 

Sigma-

Aldrich 
A9434 

Metformin (MET) – 25 – 100 nM 
Adooq 

Bioscience 
B1970-APE 
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Protein Data Bank (PDB) (67) 

PyMOL 
Molecular Graphics System, 

Version 2.0 Schrödinger, LLC 

CACNA1F-vp (158) 
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