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1.1 Voltage-gated calcium channels 

 

Mammalian cells respond to calcium ion (Ca2+)-signals to maintain cell homeostasis, to 

trigger muscle contraction, synaptic transmission, hormone and neuropeptide release and 

to influence gene expression1,2. Intracellular calcium (Ca2+) levels must be therefore 

carefully regulated. Voltage-activated calcium channels are crucial in this regulation, 

responding to changes in the potential difference across the plasma membrane2. Cells like 

neurons generate electrical signals based on changing the permeability of the cell 

membrane to specific ions. The electrical difference across the cell membrane is called the 

resting potential. The resting potential is generated by the transport of sodium and 

potassium ions. The sodium-potassium pump in the cell membrane moves large numbers 

of Na+ outside the cell and K+ ions inside of the cell. The number of Na+ ions moving outside 

of the cell is bigger than the number of K+ moving inside, which creates more positive 

charge extracellular3. When the stimulus arrives, the cell transmits the signal as an impulse 

called action potential. During the action potential, more Na+ ions enter the cell and the 

membrane potential becomes more positive which causes cell depolarization. The 

electrochemical balance distribution of ions across a membrane leads to the formation of a 

potential difference3.  

 

Depolarisation of the neuronal membrane causes the opening of voltage-gated calcium 

channels4. This cell potential difference is described by the Nernst equation and is referred 

to as the equilibrium potential (Veq). The equilibrium potential of Ca2+ in the neutral pH 

and for 37C is 129 mV5. As the extracellular calcium concentration of 1.8 mM6 is notably 

higher than the intracellular concentration of approximately 50-100 nM6, calcium ions 

move along this gradient to enter the cell through the open channels.  

 

1.1.1 Molecular properties of voltage-gated calcium channels 

 

Bernard Katz and Paul Fatt described voltage-gated calcium channels for the first time in 

1953 from crab muscle7,8. In 1975, Susumu Hagiwara was the first to describe evidence 

indicating that there might be more than just one type of calcium channel9. Now we can 

distinguish 3 subfamilies of calcium channels: Cav1, Cav2 and Cav3 (Figure 1.1). Calcium 

channels can be classified into two groups: high-voltage activated (HVA) and low-voltage 
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activated (LVA). There is always a large (190-250 kDa) main pore forming 1 subunit2 

supplemented with ancillary subunits in different combinations for each type. High-

voltage-gated calcium channels are complexes composed of five subunits (1, , 2,  and 

), whereas low-voltage-gated calcium channels don’t have any ancillary subunits1. Six 

classes of the α1 subunit have been characterised, termed A, B, C, D, E and S. α1A is a 

component of P/Q-type (Cav2.1) channels, which take their name from the place where 

they reside – Purkinje cells. α1B of N-type channels (Cav2.2) can be found at nerve 

terminals and dendrites, as well as on neuroendocrine cells1. “Long lasting” L-type 

channels (Cav1.1-Cav1.3) contain α1C and α1D subunit classes; these can be found in 

skeletal, smooth and cardiac muscles, endocrine cells, adrenal cortex and hippocampal 

neurons. Cav1.2, but also Cav1.3, channels play a role in the regulation of insulin secretion 

from pancreatic -cells. α1E is a component of R-type channels (Cav2.3), categorised as 

residual or resistant type, can be found in cerebellar granule cells10. Low-voltage-gated 

calcium channels (T-type) contain the α1S subunit. In addition to the main pore forming 

subunit, the composition of the associated subunits may also vary between types.  subunits 

that interact directly with the main pore-forming 1 subunit have been classified into four 

classes (1, 2, 3, 4). There are four different types of 2 subunits that vary between 

channel types11. The composition of this complex has little effect on channel function, 

although its co-expression results in increased calcium channel density in the membrane. 

The  subunit was first purified and described in skeletal muscle12,13, though to date it has 

not been as well studied as the other auxiliary subunits. We can distinguish eight  subunits 

isoforms that have been characterised into two groups; skeletal (1 and 6) and neuronal (2-

5 and 7-8)14. Molecular cloning of voltage-gated calcium channels shows that all subunits 

are encoded by separate genes, except 2 and , which were extracted from the same gene15. 

Studies identified N-type and P/Q-type channels are alone essential for the synaptic 

transmission, though the R-type channels additionally demonstrate presynaptic localisation 

in central neurons16 where they play a role in the Ca2+ influx into presynaptic terminals17,18. 

Calcium overloading during prolonged membrane depolarisation is prevented by a voltage- 

and calcium-dependent inactivation mechanism. The voltage-dependent mechanism is 

modulated by the  subunit19. It has also been proposed that segment S6 of the 1 subunit 

undergoes structural rearrangement, unmasking the binding site on its domain I-II linker19. 

Together, these processes control calcium entry into the cytosol.  
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Figure 1.1 Similarity tree of mammalian voltage-gated calcium channel 1 subunits. 

 

 

1.1.2 N-type calcium channel function and structure  

Neuronal N-type (also called non-L-type) calcium channels belong to the HVA family, 

which requires strong depolarisation of at least -20 mV 20. They have more negative 

membrane potential and their current decay is faster than L-type calcium channels21. The 

majority of N-type channels (85%) can be inactivated at membrane potentials of -120 to -

30 mV 20. They have many physiological functions, including neurotransmitter release in 

central and sympathetic neurons, sympathetic regulation of the circulatory system, activity 

and vigilance state control and governing the sensation and transmission of pain1. Genetic 

and pharmacological studies have identified that N-type calcium channels are an important 

target in many disease models including epilepsy, neuropathic pain, drug abuse or 

diabetes225,226.  

In the mammalian brain, they have a hetero-oligomeric structure22. The main 1B subunit 

is encoded by the CACNA1B gene1. This subunit acts as the voltage sensor and gating 
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apparatus1. This subunit is organised into four domains, (I to IV) that are linked by 

intracellular hydrophilic loops (Figure 1.2). It is hypothesised that the structural divergence 

of the cytoplasmic loops between calcium channel types, may indicate a function for 

significant interactions with docking and fusion proteins19. Each domain has six 

transmembrane segments (S1 to S6). The S4 segment controls the opening of the pore. The 

action potential causes centrifugal movement and rotation of the S4 segment. The 

conformational change of this segment leads to opening of the pore144. Between S5 and S6 

there is a membrane-associated P-loop. The loop of segment S6 forms the inner pore. These 

loops contain negatively charged glutamic acids and are essential for selecting and 

conducting permeant cations such as Ca2+, Ba2+, Sr2+ and interacting with non-permeant 

Cd2+ 23,4,24,25,26. The loop between domains II and III contains a 78-amino-acid synaptic 

protein interaction site (synprint)27. Vesicle docking and fusion are proposed to take place 

through the synprint site via SNARE protein interactions. This linker on α1B subunits is 

encoded by exons 17-21 and plays a crucial role in neurotransmission. An exon 18a in the 

N-type calcium channels encodes 21 amino acids in the synaptic protein interaction site28. 

The role of the synprint site will be discussed in more detail in chapter 1.2.1. The complex 

of α2δ is composed of an α2 (143 kDa) subunit anchored to a δ (24-27 kDa) transmembrane 

subunit through disulfide linkage. The effect of the α2 complex is to increase whole-cell 

channel current by promoting trafficking of the α1 subunit to the membrane23,29. The β 

subunit (57 kDa), encoded by the CACNB gene, occupies an intracellular location and 

plays a role in trafficking channels to the plasma membrane23. It also regulates channel 

activity by binding to the cytoplasmic linker of the I-II loop of α1 subunit interaction 

domain (AID) in a 1:1 stoichiometry30. Tryptophan and tyrosine residues play the most 

crucial role in AID binding. It is also confirmed that the  subunit interacts with other 

regions of pore forming subunits31,23. Each of these  subunits cause different shifts in the 

kinetics and voltage dependence of gating, so binding of different  isoforms to the main 

pore forming subunit can alter channel function. Only the β3 and β4 subunits have been 

found in N-type calcium channels32. In order to form a functional complex, all subunits 

must be expressed together; when expressed individually they fail to form a functional 

complex33,29. The C-terminus of Cav2.2 is encoded by 3-14 exons and contains binding 

sides for calcium, calmodulin and G-proteins220. Additionally, it is required for targeting 

Cav2.2 channels to the synapse2,34. The existence of at least two different lengths of C-

terminus is widely accepted35. In Cav2.2 channels, there are two exons that may be spliced 
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out without affecting channel function. The current amplitude and dependence of 

inactivation increase when the C-terminus becomes shorter35.  

 

Figure 1.2 The structure of Cav2.2 (N-type) voltage-gated calcium channel. (a) 

Schematic of the Cav2.2 complex in the plasma membrane (approximate scale)14 (b) 

Diagram of voltage-gated calcium channel topology. α1β is organised in four domains I to  

IV that are linked by intracellular hydrophilic loops. Each domain has six transmembrane  

segments (S1 to S6). Between S5 and S6 there is a membrane-associated P-loop, S4. The  

loop between domains II and III contains a synaptic protein interaction site (synprint site).  

The cytoplasmic linker of the I-II loop contains a subunit interaction domain (AID). 
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1.2 Role of voltage-gated calcium channels in exocytosis 

 

Cells may communicate with each other through soluble cargo that they secrete. For 

example, neuronal cells and neuroendocrine cells relay an electrical signal through the use 

of neurotransmitters. These endogenous chemicals are stored in vesicles that reside next to 

the cell plasma membrane. Vesicles containing neurotransmitter fuse with the plasma 

membrane, secreting their contents to the exterior of the cell38. This process is called 

exocytosis. There are two types of exocytosis: constitutive and regulated. Constitutive 

exocytosis occurs continuously and is important for the transport of proteins, such as 

receptors, that function in the plasma membrane37. Regulated exocytosis38, is triggered 

when an extracellular signal is received39 that leads invariably to an increase in the local 

Ca2+ concentration; thus, for effective and fast exocytosis, vesicles that fuse must be near 

calcium channels36. One of the first reports about the role of voltage-gated calcium channels 

in neurotransmitter release was described in 1974 by Heuser, Reese and Landis by using 

the patch clamp technique. 

 

1.2.1 Interaction of voltage-gated calcium channels with SNARE proteins 

 

The SNARE (soluble NSF (N-ethylmaleimide-sensitive fusion protein) attachment protein 

receptor) protein family is the essential driver of exocytosis40,41. This protein family has 

been classified by the presence of a key glutamine residue into ‘Q-SNAREs’ or arginine-

residue into ‘R-SNAREs’ to denote their contribution to the heterotrimeric synaptic fusion 

complex42,43,44. The Q-SNARE complex localised in the plasma (target) membrane (t-

SNARE) consists of SNAP-25 (synaptosomal-associated protein of 25 kDa) and syntaxin-

1 (1A and 1B isoform). The R-SNARE family form the vesicle (vSNARE) and includes 

synaptobrevin-2 (vesicle-associated membrane protein (VAMP-2)39. Membrane fusion is 

driven by zippering of the SNARE and creating the four-helix bundle structure43. The 

arginine from VAMP-2 and three glutamines, two from SNAP-25 and one from syntaxin-

1, form a central ionic interaction layer of the SNARE complex44. This interaction is 

thought to require specific binding of SNAP-25 and syntaxin-1A to the synprint site of N-

type and P/Q-type calcium channels (Figure 1.2, 1.3)45,27. This interaction seems to be 

unique to mammals and necessary for efficient exocytosis, requiring that calcium channels 
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are located in close proximity to synaptic vesicles46. Although R-type channels do not 

encode a synprint site, several research reports have indicated that a similar regulatory 

mechanism must occur47. Biochemical studies have revealed two different microdomains 

separated by a linker within the synprint site, facilitating binding with syntaxin-1A and 

SNAP-2548,49. 

Syntaxin-1A (35kDa) is a 288 amino acid protein50 with three domains: a C-terminal 

transmembrane domain, a carboxy-terminal SNARE (H3) domain and an N-terminal 

(Habc) regulatory domain. The H3 and Habc regions are connected by a 30 amino acid 

linker51 (Figure 1.3a). The transmembrane and H3 domains are apparently critical for 

channel modulation but not for synprint site binding52,53. The H3 domain binds to 

synaptobrevin but also to SNAP-25 and form a stable core SNARE complex145. Two 

cysteines in the C-terminal domain have been found to be critical for modulation of the 

channel54, while the 10 amino acid region is involved in the binding of N-type calcium 

channel synprint sites55. These results were presented as evidence that syntaxin-1A takes 

part in two different kinds of interaction with calcium channels: modulatory and anchoring. 

Additionally, syntaxin-1A exists in two conformational states with different capabilities to 

modulate calcium channel gating. Munc18 allosterically control the open and closed state 

of syntaxin-1A. When munc18 interact with both H3 and Habc domains of syntaxin-1A, it 

is termed closed structure. In an open conformation, the H3 domain takes part in creating 

a four-helix bundle. In this state, munc18 interact with syntaxin-1A through Habc 

region43,178. During exocytosis, syntaxin-1A undergoes a conformational change from the 

closed to the open state (Figure 1.3a)56,57, which suggests that syntaxin-1A can regulate 

calcium channel availability during the vesicle release cycle (Figure 1.3b). Crystal structure 

analysis of syntaxin-1A determined that the size of the open-state protein is around 9 nm 

above the membrane, with a 3 nm diameter51,58.  
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Figure 1.3. The syntaxin-1A structure. (a) Syntaxin-1A in the open (left) and closed 

(right) conformation. Syntaxin-1A has three domains; a C-terminal transmembrane domain 

(TM, yellow), a carboxy-terminal SNARE (H3) domain (red) and N-terminal (Habc) 

(white) regulatory domain. The H3 and Habc regions are connected by a linker (grey). (b) 

Syntaxin-1A in cluster conformation. (c) Predicted topology of the syntaxin-1A association 

with voltage-gated calcium channels (approximate scale). Syntaxin-1A interacts with 

calcium channels through the synprint site on the loop between transmembrane domains II 

and III of 1B subunit. 
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Synaptotagmin-1, localised on the synaptic vesicle, is the Ca2+ sensor that links Ca2+ influx 

to vesicle fusion (Figure 1.5)59. It binds calcium ions by two negatively charged domains. 

One of these domains, C2A, is required for vesicle membrane-association of 

synaptotagmin-160 and the other, C2B, compete with the synprint site of N-type and P/Q-

type calcium channels to bind to syntaxin-1A61. Synaptotagmin-1 interacts with syntaxin-

1A at high Ca2+ concentrations (100 µM- 1mM), when during lower Ca2+ concentrations 

syntaxin-1A prefers to bind to synprint site62. During the exocytosis process, the Ca2+ influx 

is also controlled by the vesicle-associated cysteine string proteins (CSP). It was suggested 

that CSP may link N-type channels and presynaptic vesicles, through synprint site 

interaction63,64,65. Another apparently critical element of the exocytosis machinery is Munc-

18. This protein interacts with the intracellular loop between domains II and III of the 

calcium channel 1B subunit66, influencing syntaxin-1A conformation56,57. It stabilises the 

closed state of syntaxin-1A in the absence of a docked vesicle53. In vitro studies 

demonstrate an interaction between the synprint site of N-type channels with another 

vesicle-associated protein, Rim-1 (Rab3-interacting molecule). Moreover, Rim-1 also 

interacts with SNAP-25 at low Ca2+ concentrations and with synaptotagmin-1 when Ca2+ 

levels are elevated (>75 M)67. 
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Figure 1.4 Secretory vesicles and tSNARE at the cell membrane. TIRF image generated 

from the summation of all detected molecular signals (upper left), immunostained secretory 

vesicles (green) and rendered PALM of endogenous SNAP-25 (red). The indicated region 

(yellow box) is shown enlarged (bottom) as an overlay of rendered PALM data. Images 

represent the real scale of synaptic vesicles (400 nm) and SNAP-25 (10 nm). Taken from 

Yang, L. et al. PLoS One 2012175 

 

 

Figure 1.5 Diagram of the SNARE complex that mediates the recruitment of the 

calcium channels and the docking and fusion of the vesicle at the release site (not to 

scale). 
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1.2.2 Voltage-gated calcium channels organization 

It is believed that voltage-gated calcium channels are distributed in active zones at 

presynaptic terminals39. The first hypothesis that calcium channels are organised in groups 

was proposed by Pumplin in 198171. Recent research established that voltage-gated calcium 

channels and SNARE proteins form clusters58 at the cell membrane but their number, 

density, distribution and influence in the exocytosis machinery have not yet been well 

explored. Syntaxin-1A forms homo-oligomers through its H3 domain and is stabilised both 

by cholesterol and specific homophilic interactions72. Syntaxin-1A clusters were observed 

to be 50-60 nm in pheochromocytoma cells (PC12) using STED microscopy, containing 

an estimated 74 molecules with a density of 19.6 clusters per m2 73,58. These data also 

suggest that the syntaxin-1A clusters have a tendency to be larger at the active zones58,74. 

Single molecule microscopy studies also show that syntaxin-1 is mobile in the cell 

membrane and has a tendency to move in reverse directions, as if caged75.  

Vesicles that have accumulated at the plasma membrane are triggered to fuse by a rise in 

local free Ca2+ ions. The probability of the release of synaptic vesicles is hypothesised to 

increase with the number of proximal calcium channels. Calcium channels are likely to be 

closed in the resting membrane, but depolarisation of the membrane caused by a 

presynaptic action potential increases the channel open probability and allows calcium ion 

influx and release of the synaptic vesicle within 200 s 76. Calcium channel opening is an 

independent event that generates a rise in Ca2+ ions lasting up to a few seconds. The 

intracellular concentration of Ca2+ at resting potential is around 50-100 nM, while the 

extracellular level is much higher at approximately 1.8 mM (Figure 1.6). Depolarisation of 

the membrane opens a fraction of calcium channels allowing calcium ions to enter into the 

cell. The Ca2+ concentration rises to 500 M near the channel mouth77,78, dropping steeply 

with distance from the main pore of the channel79,80. Such sites of high calcium 

concentration where calcium ions enter the cytoplasm are called microdomains.  
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Figure 1.6 Model of the vesicle release area and Ca2+ concentration. (a) Green colour 

represents calcium channels. The concentration of Ca2+ at the resting potential is around 

100 nM while the extracellular level is much higher at around 1.8 mM. While calcium 

channels are open the concentration of Ca2+ (red) reaches up to 500 μM close to the channel 

mouth. (Figure is taken from81). (b) Docking and priming of the synaptic vesicle is triggered 

by increased Ca2+ concentration. 
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1.3 The inhibitory effect of omega-conotoxin on N-type calcium channels 

 

Cone snails are a group of predators found in all tropical marine habitats. They developed 

a venomous harpoon-like radula tooth, which uses a peptide toxin to paralyse its prey 83,84. 

Interest in the pharmacological potential of venom components from cone snails has 

increased in recent years. Conotopeptide was first detected in the salivary gland of the 

Conus snail 82. Several conopeptides are commonly used for identification of calcium 

channels and for the treatment of neuropathic pain. Their small molecular size (<5 kDa), 

simple synthesis, structural stability and blocking target specificity make them ideal 

pharmacological research tools and pain targets. However, drugs based on conotoxin have 

many side effects as they block all calcium channels. We can distinguish seven disulphide-

rich superfamilies (O, M, A, S, T, P and I) within which we can find six families of 

conotoxins acting as ion channel blockers ( -, -, O-, -, - and -) 83,84. Omega (ω)-

conotoxin is a disulfide-rich peptide belonging to the O superfamily 83. This small, 24-30 

amino acid peptide rapidly blocks voltage-gated calcium channels, even at low doses (1 

μM) 85. A high specificity for blocking the N-type calcium channel is demonstrated by both 

-conotoxin MVIIA from Conus magus and -conotoxin GVIA from Conus geographus, 

while another peptide from the latter cone snail, -conotoxin MVIIC, preferentially blocks 

P/Q-type calcium channels. Conotoxin probably affects gating charge movement of N-type 

calcium channels and can reduce action potential-induced Ca
2+ 

influx via N-type channels 

by about 50%, by destabilising the open state. Gating currents are generated by the 

movement of specific charges in the transmembrane subunits of ion channels. Yarotskyy 

and Elmslie showed in their paper that conotoxin may inhibit action potentials induced by 

calcium ion influx86. Through the inhibition of N-type channels, conotoxin blocks 

peripheral and central nervous systems, leading to death. The conotoxin binding site is near 

the pore in the domain III, S5-S6 region 85. The specific mechanism for the ω-conotoxin 

effect on N-type channel inhibition is not known but there are a few hypotheses. All assume 

that toxin binding destabilises S4 segments to inhibit calcium channel gating 86. Inhibition 

of pre-synaptic calcium influx leads to quenching of acetylcholine release into the synapse 

82. Acetylcholine is the neurotransmitter in the autonomic nervous system. The release of 

this organic molecule occurs through vesicle release and depends on depolarisation of the 

nerve terminal and the influx of Ca
2+

. Acetylcholine inhibitors are used to treat many 

diseases, including Alzheimer’s disease and Parkinson’s disease. The mechanism of 
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conotoxin binding to voltage-gated calcium channels is via ionic and electrostatic 

interactions 87, and the speed of this reaction is negatively affected by increases in Ca2+ ion 

concentration 86. The high positive charge of toxin peptides may affect the binding reaction 

88. Most of the -conotoxin peptide residues are involved in the blocking interaction, 

although tyrosine 13 has been found to have a key role 83. Also, high concentrations of Ba2+ 

and Ca
2+ 

ions can inhibit the effect of conotoxin 89. One of the amino acids of 1B subunit, 

Gly1326, may have a substantial influence on the interaction between calcium channels 

and -conotoxin GVIA. This residue forms a barrier that controls access to the blocking 

site of the channel pore. When this residue is replaced with proline, channel inhibition is 

fully reversible after about 10 minutes 85. Calcium channel binding is also temperature-

dependent. At 25°C, the highest level of binding is reached by 7 minutes, in contrast to 

4°C, where it reaches a plateau in 20 minutes. Another factor that influences toxin binding 

is calcium cations. Ca
2+

 concentrations of 30 mM can reduce binding significantly 90. 5 μM 

of conotoxin GVIA shows no effect on gating currents generated by N-type channels 91. 

 

  

1.4. Microscopy methods for studying membrane surface at the molecular level 

 

In recent years, the amount of research on Ca2+ channels has markedly increased, but there 

are still many limitations related to diffraction-limited light microscopy. The last decade 

saw significant progress in overcoming the optical diffraction limit. Thanks to many 

fluorescence microscopy techniques and following the discovery of the green fluorescent 

protein, which enables specific labelling of a protein, we can now investigate cell 

membrane surfaces at the molecular level. 
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1.4.1 Fluorescence fundamentals and application in microscopy 

 

Fluorophores play a critical role in fluorescence imaging. A fluorophore is an element that 

absorbs the energy of a specific short wavelength (higher energy) and re-emits light at a 

longer wavelength (lower energy)92. The time between absorption and emission is very 

short, approximately 10-9 to 10-8 seconds92,101. The event of the emission is called 

fluorescence and can be presented by a Jablonski diagram (figure 1.7a)101. The fluorescent 

molecule in its ground energy state (S0) is excited by photon energy from a laser or lamp 

(hA) to an excited singlet (S1, S2). Excited molecules rapidly relax to the lowest excited 

state (S1) through non-radiative internal conversion92,101. Finally, the molecule goes back 

to the ground state (S0), releasing the remaining energy (hF) as fluorescence emission. 

Some of the molecules in the S1 state can move to the isoenergetic vibrational state T1. A 

molecule in the triplet state can return to the ground energy state (S0) by releasing the 

energy in relatively slow and lasting longer (10-3 to 10s) process which is called 

phosphorescence. The term fluorescence came from Sir George G. Stokes in 1852 when he 

observed that fluorspar produces visible light when excited with invisible light. His studies 

later formulated Stokes’ Law which states that the wavelength of fluorescence is always 

longer than that of its excitation light (figure 1.7b) 92.  
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Figure 1.7. Schematic Jablonski diagram and Stokes shift. (a) Schematic Jablonski 

diagram showing the process of fluorophore excitation. S0, S1, and S2 illustrate the singlet 

electronic states while the numbers 0, 1, 2 represent the vibrational energy levels associated 

with the electronic states. T1 represents the first triplet electronic state.(b) Illustrative Stokes 

shift of between a fluorophore’s excitation and emission spectra.  
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The discovery of Green Fluorescent Protein (GFP), the chemiluminescent protein from 

Aequorea Victoria jellyfish, by Shimomura in 1961 93 was a milestone that has had a major 

impact on microscopy, cell biology, live cell imaging and for research relating to 

intracellular signalling. Roger Tsien studied and modified the structure of GFP to create 

molecules that emit light at different wavelengths, producing a pallet of different colours 

94. Fusion of the genes encoding these fluorescent proteins to other genes opened up a world 

of new possibilities for the localisation and tracking of specific proteins in living organisms. 

The subsequent development of photoactivatable fluorophores in 200295 (figure 1.8) 

enabled the activation of subpopulations of molecules and the study of their dynamics 

through time and space95. Photoactivation of fluorophores is a process of changing a 

fluorescent protein from a ‘dark’ to fluorescent state by activation with a high power of a 

laser (~400 nm)98 (figure 1.8b). In the same year, the process of photoconversion was also 

described (figure 1.8d). In this case, the fluorescent protein is switched from one emission 

wavelength to another using different wavelenghts96. Photoswitching was described in 

2004, where a fluorescent protein was reversibly activated and deactivated by switching 

between a dark and a fluorescent state or between different wavelengths (figure 1.8c) 97. 

The development of photoactivatable fluorophores enabled super-resolution imaging. 

Traditional imaging is limited by the diffraction of light, giving the highest resolution 

around 250 nm101. However, many cellular processes and structures are on a nanometre 

scale. Biological cells and materials are three-dimensional structures, requiring that 

microscopy is carried out in three dimensions, the lateral (x and y) and the axial (z). 
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Figure 1.8 The different switching states of fluorescent proteins. (a) The standard 

fluorophore absorbs a light energy of a specific wavelength (blue arrow) and emits light 

with a longer wavelength (green arrows) until bleached. (b) The Photoactivatable 

fluorophore switch from a nonfluorescent to the fluorescent state upon illumination (purple 

arrow) at an activating wavelength until bleached. (c) Photoswitchable fluorophore can be 

irreversibly converted either from nonfluorescent to fluorescent state or between different 

wavelengths. (d) Photoconversion converts fluorescent protein from one wavelength to 

another. 
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1.4.2 Resolution limit in light microscopy 

 

The ability of optical systems to separate two neighbouring objects is called resolution. The 

Rayleigh criterion states that two objects must be no closer than the radius from the centre 

of two diffraction patterns (Airy disks) in order to be resolved (figure 1.9). There are a few 

ways of defining the lateral resolution of the microscope98, one of which is Rayleigh 

criterion; 

 

𝑟 =
0.61𝜆

𝑁𝐴
 [1.1] 

where: r is the minimum distance between resolvable points (resolution),  is the 

wavelength of emitted light and NA is the numerical aperture of the objective lens. The 

closely related value of diffraction limit is defined by Abbe98. 

𝑟 =
0.5 𝜆

𝑁𝐴
 [1.2] 

The difference between these two criteria is the value of the coefficient. The point spread 

function (PSF) describes the diffraction of light, which dictates a microscope’s resolution 

limit, blurring any point-like object to a certain minimal size and shape. When diffracted 

light passes through a small circular aperture, it produces a pattern with a central bright 

circular region called an Airy disk. The PSF depends on the numerical aperture of the 

objective lens, the wavelength of emitted light and the size of the object. The longer 

wavelengths of the red visible spectrum produce a larger Airy disk. The numerical aperture 

is the half-angle over which the objective can collect light from the sample. Objective 

lenses with higher numerical apertures collect light from a wider angle, which results in a 

smaller PSF and increased resolution99. As the result of the PSF, microscope images 

become blurred and it might be hard to separate single point objects (figure 1.9)100. The 

apparent width of an object can be estimated by its PSF.  
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Figure 1.9 Diffraction limit of the resolution of two point-object images. To resolve 

two objects, they must be no closer than the radius from the centre of two diffraction 

patterns (Airy disks). 

 

To measure axial resolution, the 3D diffraction pattern formed around the focal plane is 

typically used. As with lateral resolution, it is also determined by the numerical aperture 

and magnification of the objective. As the magnification of the objective increases, the 

resolution decreases and it is difficult to distinguish between two points. The numerical 

aperture (NA) is a microscope objective’s ability to gather light. As the NA of objective 

increases, the Airy patterns become smaller indicates increase of the resolution98. A 

formula describing the depth of field in a microscope has been proposed by several authors. 

The total axial resolution can be measured by 

 

𝑑𝑡𝑜𝑡=
𝜆∙𝜂

𝑁𝐴2 +
𝑛

𝑀∙𝑁𝐴
𝑒 [1.3] 

where: d(tot) is the depth of field,  is the wavelength of illuminating light,  is the refractive 

index of the object medium (air =1.000, immersion oil=1.515) between the coverslip and 

the objective front lens element, NA is the numerical aperture of objective, 𝑒 is the smallest 

distance that can be resolved by a detector that is placed in the image plane of the 
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microscope objective, M is the lateral magnification of this microscope101. 

1.4.3 Confocal microscopy 

 

Confocal microscopy was invented in 1957 by Marvin Minksy. It was a huge step in science 

research, optimising over time better optics and detectors to provide the axial resolution (z 

–plane) up to 500 nm, and lateral resolutions (xy-plane) up to 250 nm101. The principle of 

the fluorescence microscope is that it uses a dichroic mirror (dichromatic) that reflects light 

with a wavelength shorter than a particular value, and transmits light longer than this 

wavelength (figure 1.10b). Thus, we see only light emitted from the fluorophore by 

excluding the excitation wavelength. There are also additional filters, the excitation and 

emission filter. The excitation filter selects the required wavelengths, and the emission 

prevents the excited light passes through the excitation filter101. This style of fluorescence 

microscopy is known as epi-fluorescence because it uses the objective to both illuminate 

the sample and collect fluorescence. In a conventional fluorescence microscope, the whole 

sample is illuminated by the excitation light. The emitted fluorescence is directed through 

a pinhole, which blocks out-of-focus light (figure 1.10b). The light that passes through is 

measured by a detector. The detector is commonly a photomultiplier tube (PMT) or 

avalanche photodiode (APD), which transform the emission light into an electrical signal 

that is recorded by a computer101. The confocal laser-scanning microscope images light 

from a single focal plane and by changing the focal plane can generate a series of high 

signal to noise sectioned images that can be reconstructed into 3D images. Although the 

confocal microscope is a powerful tool, it also has some limitations. Due to illuminating 

the entire sample throughout the axial resolution (figure 1.10b), out-of-focus planes are 

photobleached and photodamaged. This results in a reduction of the number of photons that 

can be detected and lower signal-to-noise ratio in the final image. The quality of the image 

can be described by its signal-to-noise ratio (SNR). Signal to noise ratio is a comparison of 

the fluorescent emission to the background noise. In confocal microscopy, the signal levels 

are typically low, thus the PMT detectors can multiply received photons to improve the 

SNR but also multiply some types of noise98,101.  
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Figure 1.10 A comparison of optical pathways in epi-fluorescence, confocal laser 

scanning and TIRF microscopy. (a) Epi-fluorescence microscopy uses broad lamp 

excitation source for widefield illumination and high-sensitive camera for the collection of 

light. The light illuminates the entire sample. (b) Confocal laser scanning microscopy uses 

lasers as the source of light. The pinhole eliminates the out-of-focus light. (c) TIRF 

microscopy uses laser excitation sources and allows us to excite fluorophores very near the 

plasma membrane, within ≤100 nm. By using that technique, we can visualise a single 

molecule near the surface while avoiding fluorescence excitation of the cytoplasmic matrix. 

(Figure adapted from102).  

 

 

 

 

 

 

 



 25 

One limitation of fluorescence imaging is that of spatial resolution. This phenomenon result 

in a loss of information with regard to the true location of a point source that is emitting 

light. There are a few methods that allow imaging closer to the molecular scale, such as 

Stimulated Emission Depletion Microscopy (STED)103, Stochastic optical reconstruction 

microscopy (STORM)115 and Photoactivated localisation microscopy (PALM)114.  

 

1.4.4 Stimulated Emission Depletion Microscopy 

Stimulated Emission Depletion Microscopy (STED) was the first method that overcame 

the diffraction limit of imaging103,104. The advantage of this method is using two beams; 

one for fluorescence excitation that excites the molecules to their fluorescent state and the 

other that comes a few picoseconds later, to switch off fluorescence and drive molecules to 

their ground state (figure 1.11). A doughnut-shaped depletion pulse overlaps the initial 

excitation beam and leaves a centre focal spot active to emit fluorescence. Optical 

resolution can be considerably improved to around 50 nm and depends upon the type of 

sample, wavelength, depletion energy and time gating of the detector105. STED microscopy 

is based on using pulsed or continuous-wave (CW) lasers as the light source. The pulsed-

STED microscopy usually requires lower depletion laser power and exposure time and 

gives higher resolution, although its main drawback is the high price and photobleaching. 

It also does not guarantee the depletion laser comes on at the right time. As an alternative 

source of light continuous-wave STED can be used, with much lower cost. The spatial 

resolution is poorer, but still, can be improved up to 50 nm106. This can be further improved 

by applying time-gated detection. To create the final image only photons arriving after a 

given time-window are used. Time-gated detection also reduces the influence of local 

variations of the fluorescence lifetime on STED microscopy resolution. Moreover, gated-

STED reduces the instantaneous intensity required to obtain images with a given sub-

diffraction resolution107,108.  



 26 

 

Figure 1.11 The STED method. In comparison to the confocal microscope, the STED 

technique uses a doughnut-shaped depletion beam that overlaps the initial excitation beam 

and leaves a centre focal spot active to emit fluorescence. The resolution can be improved 

to ~50 nm. 

 

1.4.5 Widefield and TIRF Microscopy 

Widefield microscope is another type of epifluorescence microscope. As a light source the 

widefield microscopy commonly uses mercury or xenon arc lamps which illuminate the 

entire sample (figure 1.10a). White light passes through an excitation filter to produce the 

specific excitation light which is reflected by the dichroic mirror to the objective lens and 

so illuminates the sample. The emitted light from the fluorescent sample is separated by 

the emission filter and can be seen either by the eye or captured with a camera98. Cameras 

usually used for widefield microscopy are Electron Multiplying Charge-Coupled Device 

(EMCCD) cameras or scientific Complementary Metal Oxide Semiconductor (sCMOS) 

cameras that can image even 1000 frames per second109. The total internal reflection 

fluorescence (TIRF) microscopy allows visualisation of membrane proteins and structures 

close to the cell membrane, within ≤100 nm (figure 1.10c). By using that technique, we can 

visualise a single molecule near the surface while avoiding fluorescence excitation of 
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cytoplasmic matrix110. The idea of that technique is that an evanescent field is generated in 

a solid (glass coverslip or tissue culture plastic) by totally internally reflected excitation 

light beam at a high angle. TIRF microscopy enables a visualisation of the plasma 

membrane in living cells with high resolution. This method was first introduced to image 

the exocytosis process in the 1990s111,112,113.  

 

1.4.6 Single molecule localization microscopy 

Techniques that are based on single molecule localisation like PALM and STORM were 

first demonstrated in 2006114. They depend on using a high power of the laser that 

individual fluorophores are photoactivated with over time, so we can precisely determine 

the position of individual fluorophores (ie molecules) (figure 1.12)105.  

Originally Stochastic optical reconstruction microscopy (STORM) reported in 2006, was 

described based on using Cy5 and Cy3 pairs attached to proteins115, but nowadays we can 

distinguish techniques like direct STORM (dSTORM), Nikon’s N-STORM or 3D STORM 

based on using different probes or strategies116,117,118. Through multiple cycles of 

photoswitching, the positions of many fluorophores can be determined resulting in a super- 

resolution image. This phenomenon is achieved using a ‘switching buffer’ that allows the 

dyes to cycle between ‘on’ and ‘off’ states114. Fluorescent molecules are switch 

stochastically in the sample, one by one. This process is recorded by the camera and then 

their position is calculated. Buffers used for effective photoswitching, require either 

activator/reporter pairing system for N-STORM or oxygen-scavenging system for 

dSTORM119,120. The buffer that controls blinking of molecules contains the combination of 

enzymatic oxygen scavenging system and reducing agent like thiol: Mercaptoethilamine 

(MEA), Mercaptoethanol (BME)116 or tris (2-carboxyethyl) phosphine (TCEP)120. 

dSTORM uses conventional fluorescent antibodies or chemical tags. Experiments start 

with fluorescent, bright samples in which fluorophores have to be switched to their 

reversible ‘off’ state. Individual molecules in their ‘on’ state can be imaged sequentially 

rather than simultaneously, allow to achieve up to 20 nm lateral resolution98,121. The big 

advantage of dSTORM is that it is simple and relatively cheap set up. The organic 

fluorophores for dSTORM have high photostability and can be excited for a long time. By 

using antibodies there is a vast variety of targets that can be labelled and imaged and also 
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allows for two or more channel imaging. Buffers used to induce photoswitching are based 

on oxygen removal and this aspect precludes live-cell imaging122. Disadvantages of this 

method, include the use of antibodies tagged with organic fluorophores, as there is a high 

probability that one molecule can be activated more than once, and count as a different 

particle. There is also a problem of nonspecific binding leading to unwanted background123.  

In contrast to STORM, PALM experiments start with dark fluorescent samples that have 

to switch to their active, fluorescence state.  

The principle of photoactivated localisation microscopy (PALM) is activating several 

fluorescence molecules to their active state, imaging them by high-power illuminating laser 

beam until they go back to their inactive state. This process of activation and inactivation 

is then repeated over thousands of frames to ensure all molecules have been imaged125. At 

the end, the position of each molecule is localised with nanometre precision by collecting 

an adequate number of photons. Afterwards, the centre of each PSF is localised by 

determining the coordinates (xp, yp) (figure 1.12) with localisation precision through a 

statistical fit of PSF to its measured distribution of photons according to the equation;  

𝜎𝑥,𝑦 = √
1

𝑛−1
∑ (𝑥𝑝,𝑖 − �̅�𝑝)

2𝑛
𝑖=1   [1.4] 

where: 𝜎𝑥,𝑦 is the standard deviation of the mean of measured position coordinates, 𝑛 is the 

number of estimates, 𝑥𝑝is the true position of coordinate, �̅�𝑝 is the measured position 

coordinates determining the coordinates of the centre of each126. When the SNR is small, 

the error in the fitted position of a molecule can be measured by; 

𝜎𝑥,𝑦 = 𝑠/(𝑁1/2) [1.5] 

where: 𝑠 is the standard deviation of a Gaussian approximating the true PSF, N is the total 

number of detected photons127,128. The final image of summed coordinates is produced 

(figure 1.12). The thousands of frames are imaging over a period of time with hundreds of 

thousands localised molecules and produce a high-density map of proteins distribution 

within the cell. For credible PALM results, understanding the localisation precision and 

molecular density is crucial129. PALM has advantages in high labelling specificity and low 

chance of over-counting the same molecule. PALM allows the study of the dynamics of 

molecules at the cell membrane; single-particle tracking (sptPALM)130,131. The trajectories 
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of molecules can be reconstructed after connecting the coordinates of localised 

photoactivatable fluorophores in a rapid sequence of images. Because the photons that 

mobile molecules emit could be spread, the exposure time has to be as short as possible to 

avoid blurring. Simultaneously the exposure time and excitation intensity have to be high 

enough to register hundreds of photons per image. Another very important criteria is the 

amount of the photoactivation. Localisation of single molecules is not possible if there are 

too many molecules activated at once. For proteins in the membrane typical diffusion 

coefficient vary between 0.1-05 m2/s depend on environment and mass or protein132. 

However, the photoactivated fluorescent dye must be chosen carefully. Some dyes might 

reversibly go to a long-lived dark state rather to get photobleached, and back to the bright 

state later. The same molecule might be counted numerous times129,133.  

 

 

Figure 1.12 Principle of single-molecule localization microscopy. Several fluorescence 

molecules are activated to their active state and imaged by high-power illuminating laser 

beam until they go back to their inactive state. This process of activation and inactivation 

is then repeated over thousands of frames. At the end, the position of each molecule is 

localised with high nanometre precision. Afterwards, the centre of each molecule is 

localised. 

 

PALM and STORM have a similar fundamental concept but still, differ in technical details. 

PALM uses endogenously expressed fluorophores, in the form of fused genetic constructs 

to photoactivatable fluorescent proteins, allowing for tracking single molecules inside of 

the cell. STORM uses antibodies tagged with organic fluorophores for immunolabelling. 

However, these techniques may entail errors, such as overcounting of single fluorophores 



 30 

due to multiple localisation, undercounting because of partial photoconversion, 

unreliability in the localisation of single molecules, drift of a sample of microscope stage 

during long time recording or incorrect sample registration when dual-colour imaging is 

used134. 

1.4.7 Fluorescence lifetime imaging microscopy (FLIM) and Förster resonance energy 

transfer (FRET) 

Whereas super-resolution microscopy techniques are essential for imaging down to 

nanometre scales, they lack the ability to measure protein-protein interactions inside cells. 

This information is essential to understand protein function in the biological context. One 

of the powerful tools to characterise protein-protein at the nanometre scale interactions is 

Förster Resonance Energy Transfer (FRET). Super-resolution imaging, together with 

Time-Correlated Single Photon Counting - Fluorescence Lifetime Imaging Microscopy 

(TCSPC-FLIM) is a powerful combination to investigate molecule interactions within live 

or fixed samples. As mentioned before, fluorophores are excited from ground state (S0) to 

the excited state (S1) and during this time consume some energy until they go back to 

ground state (S0). The time a fluorophore spends in the exited state is termed the 

fluorescence lifetime. Fluorescence lifetime depends on, for example, the pH of the sample, 

ion or oxygen concentration, but also on molecular binding or the proximity of the energy 

acceptors. Time-Correlated Single Photon Counting is used to measure the time between 

the sample excitation and arrival of the emitted photon to the detector. This method 

registers precisely single photons on the nanosecond timescale by using sensitive detectors 

such as; Photomultiplier Tube (PMT), Micro Channel Plate (MCP), a Single Photon 

Avalanche Diode (SPAD) or Hybrid PMT92,98. The time between excitation and arrival is 

recorded as a single event and present on a histogram, which can be fitted with exponential 

functions and calculate fluorescence lifetime with high accuracy135,136,137,138.  

FLIM microscopy is a technique that produces the image based on the difference in the 

excited state decay rate of the fluorescence from a fluorescent sample. This technique can 

be used to detect in vivo protein-protein interaction by measuring Förster resonance energy 

transfer (FRET)139,136. The theory of Förster resonance energy transfer was developed in 

1948 by Professor Theodor Förster. The theory describes the mechanism of energy transfer 

between two or more fluorophores. This phenomenon involves a donor fluorophore in its 

exited state, which may transfer his excitation energy to an acceptor fluorophore in close 
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proximity (<10 nm), through long-range dipole-dipole interactions (figure 1.13) 98,140,141,142. 

Apart from the short distance between donor and acceptor, some more parameters have to 

be fulfilled; the fluorescence emission spectrum of the donor must overlap the absorption 

or excitation spectrum of the acceptor and the transition dipole of the donor and acceptor 

must be approximately parallel to each other. The distance in which the efficiency if energy 

transfer is 50% is described by Förster radius (R0); 

𝑅0 = [2.8 × 1017𝜅2𝜚𝐷𝜀𝐴 𝐽(𝜆)]
1

6 (nm) [1.6] 

 

where: 𝜅2 is the dipole orientation factor, 𝜚𝐷 is fluorescence quantum yield of the donor in 

the absence of the acceptor, 𝜀𝐴 is the maximal acceptor extinction coefficient (mol-1 cm-1), 

𝐽(𝜆) is the spectral overlap integral between donor emission and acceptor excitation. 

Dependence of the efficiency of the FRET process (EFRET) and the distance between donor-

acceptor (𝑟) can be calculated by; 

 

𝐸𝐹𝑅𝐸𝑇 =
1

1+(
𝑟

𝑅0
)

6 [1.7] 
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Figure 1.13 Schematic diagram of FRET. (a) FRET efficiency depends on the distance 

between donor and acceptor (in the range 1 to 10 nm). (b) When two fluorescent fusion 

proteins interact the energy, transfer affects the fluorescence lifetime of donor. 
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These two techniques can be used together to measure the difference in the lifetime of the 

fluorescence donor protein and, consequently, determine the FRET efficiency141,143. The 

fluorescent dye attached to the donor is absorbed in the presence of acceptor dye. FRET 

can be indicated by the decrease of fluorescence lifetime of the donor. This FRET 

efficiency can be calculating from the ratio of the fluorescence lifetime of the donor 

fluorophore in the presence of the acceptor (q) and in the absence of the acceptor (); 

𝐸 = 1 −
𝜏𝑞

𝜏
= 1 −

𝜏𝑑𝑜𝑛𝑜𝑟,𝐹𝑅𝐸𝑇

𝜏𝑑𝑜𝑛𝑜𝑟,𝑛𝑜 𝐹𝑅𝐸𝑇
 [1.8] 

To provide an essential control, the fluorescence lifetime of the only-donor and only-

acceptor sample must be measured. Finally, the lifetime is measured in the test sample by 

exciting the donor and measuring the fluorescence of the acceptor141. 

 

 

 

Figure 1.14 Comparison of the spatial and temporal resolution of fluorescence 

microscopy. The estimated lateral (x, y) and axial (z) resolution and resolvable volume are 

listed for the indicated emission maxima. Figure adapted from Schermeleh et al. 2010179. 
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1.4.8 Patch-clamp technique  

The patch-clamp method allows the examination of single or multiple ion channels in the 

cell. It uses a glass micropipette with an open diameter of around 1 µm180. The solution 

inside of pipette matches to the ionic composition of the bath solution or cell cytoplasm. 

The suction is applied to suck membrane inside the pipette with the metal electrode and 

form a high-resistance seal in the gigaohm range180. All the variations of ions in the patched 

membrane are recorded by the electronic amplifier. The patch-clamp technique is used to 

record the single ion channel current and membrane potential, which improve the 

investigation of single cell behaviour in many cell processes180. The patch-clamp method 

can be combined with live cell imaging and is broadly used for calcium imaging174,181.  

1.5 Aims 

Voltage-gated calcium channels are crucial for processes of hormone or neurotransmitter 

secretion. Although their structure and functions are well explored, there are still many 

questions about their behaviour relating to exocytosis machinery. The whole project aim 

was to develop novel tools for calcium channel imaging, to allow biologists to examine 

single molecules over time in living cells. It is hypothesised that the docking of vesicles 

must occur in close proximity to the calcium channels and also that SNARE proteins takes 

a major part in this process. The most common methods currently employed to study 

voltage-gated calcium channels are based on electrophysiology and pharmacology. Fpr 

example, the interaction between the synprint region of Ca channels and syntaxin-1A was 

measured using biochemistry (GST in vitro binding assay, PAGE, Western blotting) and 

patch clamp electrophysiology methods on embryonal kidney cells (tsA-20155, 

HEK293229), superior cervical ganglion neuronal cells230 and in Xenopus oocytes52. 

Electron microscopy allows obtaining very high resolution of structures but only the fixed 

sample can be observed210. Another microscopy method used for calcium channel imaging 

is Atomic Force Microscopy228, which is a powerful tool to study structure and permeability 

of ion channels.  

To date, there has been no evidence of research on the interaction between N-type channels 

synprint site and syntaxin-1A using the super-resolution microscopy. Although previous 

studies have suggested an interaction between those two proteins, there has been used the 

limited super-resolution microscopy techniques can be used to confirm the close proximity 

of those two proteins.  
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Because of the limit of spatial resolution, the nanoscale distribution and dynamics of 

calcium channels remain unexplored. Microscope methods transferred into biology labs 

present a considerable challenge. In my thesis, I focused on voltage-gated calcium 

channels in secretory neuroendocrine cells, including improving understanding of the 

dynamics and distribution of N-type (Cav2.2) Calcium channels. I want to address a 

number of remarkable questions about the spatial distribution of N-type calcium channels 

ate the cell membrane. Is it random distribution or they are form clusters? One of the major 

questions is related to their mobility behaviour. Are they mobile, and how is their mobility 

influenced by SNARE proteins? By using the sptPALM method and tracking algorithms I 

was able to analyse the mobility and trajectories of single calcium channel. It is thought 

that voltage-gated calcium channels interact with one of the SNARE proteins, syntaxin-1 

through the synprint motif, nevertheless, their distribution with each other has never been 

registered. I want to examine the interactions between the N-type calcium channels and 

syntaxin-1A by using both FLIM-FRET and dSTORM method. One of the outstanding 

methods for resolving the single ion channel activity is electrophysiology method. The 

drawback of this method is that it allows the study of only one single channel in the cell, 

or of all the channels. To address this limitation, I wanted to develop novel imaging tools. 

To answer the question how voltage-gated calcium channels are involved in exocytosis 

process, I have decided to combine super-resolution microscopy with electrophysiology 

methods, and thereafter examine the activity of channels only with calcium indicators and 

TIRF microscopy. One of the novel tools that I have used to address my questions about 

distribution and calcium channels behaviour was combining the pharmacological 

properties of -conotoxin with single molecule localisation microscopy.  

Individually or in combination, these techniques can provide exceptional information 

needed to understand the mechanism and distribution of N-type calcium channels at the 

molecular level.  
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