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Abstract 

Calcineurin (CaN) is a calcium (Ca2+) dependent protein phosphatase that is crucial 

for mammalian development. The requirement for CaN signalling has been indicated by 

genetic and pharmacological experiments, and further insights into the spatial and 

temporal characteristics  of CaN activity would be valuable in understanding its specific 

function in development. 

During development of the nervous system, axon outgrowth and pathfinding towards 

synaptic partners is guided by environmental cues detected by the growth cone, a 

navigational structure at the axon tip. Many guidance cues trigger Ca2+ influx that is 

asymmetric across the growth cone, and the guidance events that follow require CaN and 

Ca2+/calmodulin dependent protein kinase II (CaMKII). It has been hypothesised that 

CaN signalling occurs in spatially restricted regions of the growth cone, following the 

patterns of Ca2+ influx. Optogenetic techniques are uniquely positioned to probe the 

spatial and temporal patterns of protein signalling, because they use light to control 

protein activity. Modern optics can precisely control the illumination pattern in spatial 

and temporal dimensions.  

The aim of this project was to develop optogenetic tools to manipulate CaN signalling.  

This thesis will present approaches that can robustly inhibit CaN signalling in living cells 

using blue (<500 nm) or red (~650 nm) light. These approaches utilise reactive oxygen 

species, generated when certain chromophores are excited, to disrupt the phosphatase 

function of CaN. For the blue light version of the tool, the photosensitising fluorescent 

protein miniSOG is used, while the red light version utilises a novel photosensitising 

florescent dye (dibromo-JF649) that binds to the HaloTag protein domain. To target 

reactive oxygen species to endogenous CaN, the miniSOG or HaloTag domain is tethered 

to calcineurin B, an accessory subunit that incorporates into endogenous CaN complexes. 

Using both a live cell assay involving nuclear factor of activated T-cells (NFAT) in 

HEK293A cells, and biochemical measurement of CaN activity in cellular protein extracts, 

the data presented will show that CaN is selectively inhibited by these tools, and the 

extent of inhibition is dependent on the duration and intensity of the light.  

To activate CaN signalling using optogenetics, the protein must be modified to replace 

its regulatory mechanism with a light inducible module. Several approaches have been 

designed in this project, and the proteins that comprise each design have undergone 

initial screening. Data will be presented that demonstrate the potential of each approach, 

and where further development is required to achieve control of CaN signalling.  
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1.1  Introduction to calcineurin. 

1.1.1  Overview of calcineurin structure and function. 

Calcineurin (CaN) is a Ca2+ dependent protein serine/threonine phosphatase that is 

ubiquitously expressed, and is vital for mammalian development. CaN signalling is 

involved in a multitude of processes, ranging from cell cycle control and apoptosis, to 

cardiac muscle function and activation of T cells in the immune system. In the nervous 

system, CaN plays important roles in synaptic plasticity and axon pathfinding. In the 

latter processes CaN, alongside Ca2+/calmodulin dependent kinase II (CaMKII), is 

involved in decoding Ca2+ signals by converting them to activation of dephosphorylation 

or phosphorylation cascades that have opposing effects on cellular components involved 

in motility, such as the cytoskeleton.  

CaN is the only known serine/threonine phosphatase that is activated by calmodulin 

(CaM) in response to elevated intracellular calcium (Ca2+). CaN was identified in the late 

1970’s (1-3), and was originally classified as protein phosphatase (PP) 2B, based on 

similarities in substrates and inhibitor sensitivity to other protein phosphatases (4). The 

name calcineurin was independently assigned due to the Ca2+ dependence and abundant 

nervous system expression of this enzyme (5), and it is more recently classified as PP3 

(6). At an early stage it was ascertained that CaN has two subunits; a ~60kDa CaNA 

subunit containing the catalytic component, and a ~19kDa CaNB subunit that has 

regulatory functions.  

This chapter will provide a general introduction to CaN (Section 1.1), and then focus 

on an example of CaN function in the nervous system, examining the current hypothesis 

as to how CaN is involved in bidirectional Ca2+ signalling in axon pathfinding, and why 

the ability to manipulate CaN is desirable (Section 1.2). The structure and function of CaN 

will then be described (Section 1.3), and the final section will examine how optogenetic 

techniques may be used to manipulate activity of this protein (Section 1.4). 

1.1.2  Calcineurin isoforms and tissue distribution. 

CaN is very highly conserved among mammals (7), and homologues are also found in 

many lower eukaryotes, including Drosophila species (8), nematodes such as 

Caenorhabditis elegans (9), yeasts (10), and protozoa including Leishmania species 

(11,12), for example. 

The mammalian CaNA isoforms, CaNAα, β, and γ, are expressed from three genes, 

PPP3CA, B, and C, respectively (13,14). These variants, including their splice-isoforms, 

contain the same functional domains. The main sites of sequence divergence are the 
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extreme N- and C-termini, but the consequences of this variation are currently unclear. 

CaNAα and β have broad tissue distributions (7), with a higher expression level of the α 

isoform in the brain and heart (15), and a higher level of the β isoform in the spleen, 

thymus and lymphocytes (16). CaNAγ was believed to be a testis specific isoform until 

recently, when CaNAγ mRNA (17) and then protein (18) were detected at low levels in 

the brain.  

The PPP3R1 and 2 genes encode the two main CaNB isoforms in mammals (CaNB1 

and 2, or α1 and β) (19), as well as some less common splice variants (20). The CaNB1 

isoform is broadly expressed and binds CaNAα and β, while CaNB2 has been detected 

only in the testes (19) and forms a heterodimer with CaNAγ. 

 

1.1.3 Phenotypes of calcineurin mutants. 

One method to ascertain the function of a protein in vivo is to examine the effect of 

gene knock-out or mutation. In the case of CaN, the existence in mammals of multiple 

genes encoding isoforms of the catalytic subunit, CaNA, makes a standard knockout 

strategy impractical. An alternative method to achieve a knockout-like effect in mice was 

to modify the gene encoding CaNB1 so that the protein could no longer interact with 

CaNA (21). As CaNB1 is the isoform expressed in almost all tissues, and the heterodimer 

is necessary for appreciable catalytic activity, the result was essentially no CaN 

signalling. Mice carrying a single copy of this mutant CaNB gene were not grossly 

different from wildtype littermates, but homozygosity for the mutation was 100% lethal 

by embryonic day 11.5, at which point the mice showed severe vascular organisation 

defects, and the brain was reduced in size (21). Studies in which similar genetic 

alterations were restricted to specific tissues in rodents have revealed that CaN 

signalling is vital for healthy development of many tissues, including the heart valves 

(22), lung epithelium (23), and cells of the lymphoid lineage (24,25). This is considered 

to be primarily due to signalling from CaN to the nuclear factor of activated T-cells 

(NFAT) family of transcription factors. Prior to the appearance of gross developmental 

defects, disruption of CaN signalling has been shown to cause defects in neuronal 

differentiation (26), and the development and pathfinding of sensory axon projections 

(27). Errors of axon pathfinding have also been seen in Xenopus with genetically driven 

increase or decrease of CaN activity (28). 

Knockout mice of a single isoform of the catalytic CaNA subunit are viable (29), 

enabling the role of CaN in the adult to be examined. There are defects in the nervous 

system, skeletal and cardiac muscle, and the immune system. The mutant for each CaNA 
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isoform displays varying severity in different organ systems, consistent with their 

different expression patterns, and indicating that there is some overlap in the roles of 

the isoforms. Briefly, knockout animals have revealed the involvement of both CaNAα 

and β in proliferation and maturation of T cells in the immune system (29), as well as 

differentiation and contractile function of slow twitch skeletal muscle fibres (30). CaN is 

also involved in the hypertrophic response in cardiac muscle, both in healthy and 

pathological settings, and this is more strongly dependent on CaNAβ (31). Mice with a 

genetically driven increase or decrease in CaNAα activity that is restricted to the adult 

forebrain display changes in a variety of learning and memory tasks, and this is 

correlated with changes in synaptic strength measured electrophysiologically in the 

hippocampus (32).  

Genetic studies have implicated CaN signalling in the pathogenesis of several 

diseases, some with an axon pathfinding component, including schizophrenia and Down 

syndrome. A forebrain specific CaNB1 knockout mouse was observed to display multiple 

behavioural abnormalities that are relevant to schizophrenia, including hyperactivity, 

decreased social interaction, impaired attention, and a working memory deficit (33). 

Variations in the genes encoding CaNAα and γ were then found to be associated with 

schizophrenia risk in humans (17,34). The mouse model is now being used to investigate 

possible disease mechanisms, and has shown that a synaptic vesicle recycling defect is 

the result of loss of CaN dephosphorylation of dynamin I, a protein that is 

hyperphosphorylated in the brains of schizophrenia patients (18,35). CaN activity is 

decreased in human Down syndrome brains (36), due to the presence of two CaN 

regulatory proteins within the Down syndrome critical region (DSCR) of chromosome 

21; Regulator of CaN (RCAN)1 and Dual specificity tyrosine phosphorylation regulated 

kinase 1A (Dyrk1A). Overexpression of RCAN1  in mouse and Drosophila leads to 

reduced CaN activity, and this effect is magnified in Down syndrome because Dyrk1A 

activates RCAN1 (36,37). Mouse models of Down syndrome share some features with 

the forebrain specific CaNB knockout mouse used to study schizophrenia, such as 

hyperactivity, and learning and memory deficits (38), suggesting there may be common 

disease mechanisms, which is consistent with the involvement of CaN in both cases.  

Each of these examples represents an area in which the role of CaN is the focus of 

ongoing study, demonstrating the value of new techniques to manipulate CaN signalling. 

The following sections will examine in more detail what is known about the role of CaN 

in one aspect of nervous system development, axon pathfinding, as well as how 

optogenetic manipulation of CaN could help answer the questions that remain. 
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1.2 Calcineurin in axon pathfinding. 

1.2.1 Introduction to axon pathfinding. 

Normal nervous system function depends on the existence of a complex neuronal 

network with precise connections between each neuron and its target cells. To assemble 

this network, the axon of each newly formed neuron must extend and navigate the 

developing body to find its synaptic targets, in a process known as axon pathfinding. The 

growth cone,  a structure found at the tip of growing axons (39), is responsible for axonal 

navigation during development, as well as in the regeneration of axons after injury. The 

growth cone has a large surface area that contains a multitude of different plasma 

membrane receptors that make it responsive to soluble and substrate bound chemical 

cues in the surrounding environment. Some guidance cues trigger a repulsive turning 

response away from the cue, and others attract growth cones to grow toward them 

(reviewed in 40). Forward and directional movement are made possible by signalling 

from occupied membrane receptors to the microtubule and actin cytoskeleton 

components, which are highly dynamic in the growth cone. Turnover of the plasma 

membrane, and dynamic adhesion complexes are also necessary. These components 

make up the growth cone ‘machinery’, and their function has been thoroughly reviewed 

elsewhere (41-43).  

Ongoing research into axon pathfinding is largely concerned with characterising the 

signalling pathways that are triggered by occupation of guidance cue receptors on the 

growth cone membrane. Many such receptors utilise the signalling molecule Ca2+ 

(reviewed in 44,45), which is a ubiquitous second messenger molecule that has been 

found in vitro and in vivo to be vital for axon pathfinding (46,47), with involvement of 

both plasma membrane and endoplasmic reticulum Ca2+ channels (48,49). Ca2+ imaging 

studies have revealed patterns in Ca2+ signalling in growth cones associated with their 

behaviour. The global concentration of intracellular Ca2+ ([Ca2+]i) across the growth cone 

is correlated with axon outgrowth rate (50-54), while concentration increases are seen 

to originate in smaller localised areas of growth cones during turning events, in the area 

of the growth cone closest to the source of the guidance cue (55,56). This pattern of 

asymmetric Ca2+ transients is seen in response to both attractive (54,55) and repulsive 

(56,57) guidance cues, but the magnitude of the transient is higher in the case of 

attractive turning events (56). In fact, a Ca2+ transient alone is sufficient to cause a 

turning event; if Ca2+ is released artificially to one side of a growth cone using a light-

mediated uncaging technique, directional movement of the growth cone can be achieved, 

with the trajectory controlled by varying the amount of Ca2+ released (50,57). Together 



Chapter 1 

6 

these studies demonstrate that Ca2+ is a central point in signalling pathways from many 

guidance cue receptors found on growth cones. As Ca2+ signalling is concentration 

dependent, it is able to summate information from multiple receptors. Downstream of 

the Ca2+ signal, the phosphorylation cascade associated with  CaMKII and the 

dephosphorylation activity of CaN are believed to be the key processes controlling 

cellular signalling.  

1.2.2 Calcineurin is necessary for axon pathfinding, 

Although CaN is widely distributed throughout mammalian tissues, it is highly 

enriched in the brain (58,59). Within the nervous system, CaN protein is found 

predominantly in neurons (60), expressed throughout the cytosol (61) and enriched at 

synaptic terminals (15). CaN is also present at a lower level in neuronal nuclei (61). In 

cultured cerebellar neurons, CaN protein is enriched at the growth cone during axon 

outgrowth, then distributes along the axonal and dendritic shafts after synaptic contacts 

are made (62). 

As noted above, chronic loss of CaN function in vivo results in pathfinding errors 

(27,28), and the specific defects have been elucidated in neuronal culture experiments 

using pharmacological CaN inhibitors. Inhibition of CaN alters neurite outgrowth rate 

(27,63,64), as well as disrupting the directional response to certain guidance cues. CaN 

activity is principally associated with facilitating growth cone repulsion.  For example, 

repulsion triggered by artificial Ca2+ transients (57) and by guidance cues (65) is 

switched to attractive turning when a CaN inhibitor is present. CaMKII activity is also 

necessary for appropriate neurite outgrowth rate (66-69), and, in contrast to CaN, 

CaMKII activity is strongly associated with attractive growth cone turning. Whether it is 

triggered by exposure to an attractive guidance cue (54) or by artificial generation of a 

large Ca2+ transient (57), CaMKII inhibition eliminates attractive turning. These data 

suggest that CaMKII and CaN could act in a molecular switch to control bidirectional 

growth cone turning. 

1.2.3 Ca2+ signalling and the CaN/CaMKII switch hypothesis. 

The CaN/CaMKII ‘switch’ hypothesis proposed by Wen et al. (57) for the mechanism 

of Ca2+ dependent axon guidance states that a large amplitude Ca2+ transient can initiate 

growth cone attraction via an increase in CaMKII activity selectively on the side of the 

growth cone closest to the source of the guidance cue. In contrast, a small rise above 

resting [Ca2+]i is hypothesised to trigger growth cone repulsion due to a localised 
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increase in CaN signalling (57).  The CaN/CaMKII switch hypothesis in growth cone 

turning is illustrated in Figure 1.1A, and was inspired by a similar signalling mechanism 

in synaptic plasticity (70,71). 

A fundamental feature of the CaN/CaMKII switch hypothesis is the difference in 

mechanism of activation of the two enzymes by Ca2+ bound CaM (Ca2+/CaM). As modelled 

by Forbes et al. (72), and shown in Figure 1.1B, CaN activity increases in a fairly linear 

manner with increasing [Ca2+] because each CaN protein is activated by a single 

Ca2+/CaM unit (73). In contrast, CaMKII displays cooperative activation between 

subunits (74), resulting in a sigmoidal shaped activation curve (see Figure 1.1B). The 

rapid increase in CaMKII activity occurs when CaN activity is in the middle of its range, 

such that there is a point (a [Ca2+]) at which the ratio switches from higher CaN signalling 

to higher CaMKII signalling (72). This effect is amplified by the presence of other 

Ca2+/CaM dependent enzymes that alter CaMKII activity (Figure 1.1C, adapted from Han 

et al. (75)). Protein phosphatase 1 (PP1) can inhibit CaMKII (76) unless it is blocked by 

inhibitor 1 (I1) (77). In turn, I1 is negatively regulated by CaN (78), but positively 

regulated by protein kinase A (PKA) activity (77). PKA can be activated via Ca2+ 

dependent adenylate cyclase production of cAMP (79), but this requires a higher [Ca2+] 

than does CaN activity. Therefore, PP1 activity is high with CaN during modest rises in 

[Ca2+], but low at the same time as CaMKII is activated by larger transients, increasing 

the difference between kinase and phosphatase activities.  

Downstream of CaMKII, CaN, and PP1, phosphorylation and dephosphorylation 

cascades have been shown to regulate many components of the growth cone machinery, 

including both the actin and microtubule cytoskeleton, and also membrane remodelling 

(reviewed in 80). For instance, CaMKII activity triggers actin polymerisation via the 

Cdc42 pathway (81), while CaN signalling to slingshot phosphatase results in actin 

depolymerisation (31,82). 

Current pharmacological and genetic methods do not readily probe CaN activity 

within specified subcellular regions, or with temporal resolution. The overall aim of this 

project, therefore, was to develop tools that could ultimately be used to test the 

spatiotemporal characteristics of CaN signalling in axon guidance.  In order to do that, 

the structure and function of CaN will be examined in Section 1.3, and Section 1.4 will 

describe how optogenetic techniques could be utilised to overcome these barriers, to test 

the switch hypothesis itself, and also to characterise the downstream effectors that 

facilitate changes to growth cone motility. 
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Figure 1.1 Ca2+ signalling in axon pathfinding.
A) A simpli�ied schematic of the hypothesised mechanism of bidirectional Ca2+

signalling in axon path�inding. A small in�lux of Ca2+ preferentially activates CaN,
causing growth cone repulsion, whereas large amplitude Ca2+ transients activate a high
level of CaMKII activity, instead triggering  growth cone attraction. B) Ca2+ dependence
of CaN and CaMKII, demonstrating how a 'switch' mechanism could occur (adapted
from Forbes et al. (72)). C) The core signalling pathways involved in decoding Ca2+

signals to produce opposing growth cone turning outcomes (adapted from Han et al.
(75)).
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1.3 Calcineurin structure and function. 

1.3.1 Calcineurin domain structure. 

The linear polypeptide structure of CaNA is shown in Figure 1.2A; the major features 

are a catalytic domain, followed by a CaNB binding region, CaM binding domain and an 

autoinhibitory domain (AID). Amino acid (aa) residues 24-342 of CaNA comprise the 

catalytic domain, with the metal centre active site containing iron and zinc ions (83) 

located in a shallow pocket distal from other features (84,85). Extending directly out 

from the ellipsoid catalytic domain is an amphipathic alpha helix (aa 343-373) to which 

CaNB binds (B binding helix, BBH). A small portion of the extreme N-terminus of CaNA 

(aa 14-23) also contacts CaNB (84,85). A CaM binding motif is found at aa 391-414 of 

CaNA (86), and the structure of this portion of the protein changes with activation (87). 

Finally, the C-terminus of CaNA contains the AID, and this region (aa 469-486) appears 

in crystal structures to sit over the active site cleft (85). The AID as a free peptide (aa 

467-491) can be used to inhibit CaN activity (88,89). However, in the context of the full-

length protein, residues 430-467 must also be deleted to render CaN active in the 

absence of Ca2+/CaM (90,91). The portion of CaNA from the BBH to the C-terminus is 

referred to as the regulatory region. 

The regulatory subunit, CaNB (Figure 1.2A), is comprised of two Ca2+ binding domains 

that are arranged linearly along the BBH of CaNA. Each domain contributes to a 

hydrophobic groove that ‘grasps’ the BBH (84,85). Within each domain there are two EF-

hand Ca2+ binding motifs with a high level of homology to CaM (92).  

A ribbon model showing the three dimensional structure of the CaNA-B heterodimer 

is in Figure 1.2B, illustrating the features described above. Note that this is an 

intermediate state between the resting and fully activated states, as described in the 

following section. 

 

1.3.2 Calcineurin activation. 

CaNA and B exist in a heterodimer in both the resting and activated states (93). The 

resting state occurs under conditions of low [Ca2+], and two of the Ca2+ binding sites of 

CaNB are occupied in this state due to their high affinity (94). The AID is positioned 

blocking the active site cleft as a pseudo-substrate (85), as shown in Figure 1.2B. There 

is also evidence that the CaM binding region contacts the interface between CaNB and 

the BBH of CaNA in at least one isoform (95). This is thought to reduce the availability of 

the binding site for CaM under low [Ca2+] conditions (96). 
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A

Figure 1.2  Calcineurin structure.
A) Linear schematics of CaNA and CaNB, showing domain features and amino acid 
count for Rattus	norvegicus CaNAα and CaNB1. BB, CaNB binding elements; CaM BD, 
CaM binding domain; AID, autoinhibitory domain; EF, Ca2+ binding EF hand motif. B) 
3D model of the CaNA-B heterodimer in an inactive state, with domain features 
coloured to match panel A. Ca2+ ions in CaNB are green, Fe3+ and Zn2+ ions in the active 
site of CaNA are orange and pink, respectively. This model was produced from PDB 
structure 1AUI, with unstructured regions added.
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Within cells, an increase in [Ca2+]i results in occupation of the two remaining binding 

sites on CaNB as well as binding of Ca2+/CaM to the CaN complex. To isolate the role of 

occupation of CaNB Ca2+ binding sites, the purified protein is exposed to increased [Ca2+] 

in the absence of CaM. It is estimated that this increases phosphatase activity  up to 10 

fold, depending on the substrate measured (97,98). Interestingly, this is the condition 

under which crystal structures of the CaN complex have been solved, and as stated, the 

AID is positioned over the active site (85). However, the CaM binding sequence no longer 

contacts the rest of the protein, but becomes flexible (99). It is proposed that ‘release’ of 

this region from the surface of the complex makes it available for CaM binding, and also 

partially relieves autoinhibition in a manner independent of the AID (100). Within the 

CaM binding region there is a sequence similar to a docking sequence found in many 

proteins that are targets of dephosphorylation by CaN. The sequence is known as the 

LxVP motif (described further in Section 1.3.3), and binds the BBH of CaNA as well as 

CaNB (101). Therefore, occupation of all four EF hands of CaNB is likely to reveal a 

docking site on CaN, increasing the affinity for target proteins that may then compete 

with the AID for access to the active site, as well as revealing the CaM binding domain. 

In contrast to Ca2+ only, the increase in CaN phosphatase activity in the presence of 

Ca2+ and CaM has been measured at 15-fold to >100-fold over the basal level, again 

depending on the substrate and conditions (97,98,102). A large structural change occurs 

at the C-terminus of CaNA with binding of Ca2+/CaM (103), and it was initially 

hypothesised that this involves displacement of the AID from the active site to form an 

unstructured region, equivalent to truncating the protein. However some studies have 

found that truncated CaNA without the AID and CaM binding domain actually has much 

higher activity than the maximum inducible activity from the native protein (99). One 

hypothesis to explain this result is that binding of Ca2+/CaM re-positions the AID on the 

surface of the CaNA catalytic domain rather than displacing it, increasing access for 

substrates, but to a lesser extent than removal of the domain by truncation (95). Binding 

of CaM involves formation of at least two regions of alpha-helix in the CaNA regulatory 

domain that are not present in the resting state. The first helix forms in the CaM binding 

motif, and becomes buried within CaM (73,104). On the C-terminal end of the CaM 

binding domain another helix forms, this time amphipathic, and there is evidence that it 

folds back to contact the surface of CaM (105,106). Together these structural changes 

shorten the length of the regulatory domain, providing the energy to change the 

arrangement of the AID in relation to the catalytic site. 
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1.3.3 Calcineurin substrate docking. 

Early work on CaN found that there is no consistent motif at phospho-sites targeted 

by CaN among known substrate proteins (107). Specificity and affinity of CaN substrates 

are rather determined by ‘docking’ sites. These are sites of reversible interaction 

between CaN and the target protein where there is no enzymatic action. To date two sites 

on CaN have been identified, with corresponding consensus motifs within target 

proteins. The variation in affinity at each site combine to generate substrates with a wide 

range of dephosphorylation rates (108-111). In yeast it is known that CaN concentration 

is a limiting factor, so the relative affinities of targets are important in regulating rates of 

signalling pathways (112). This may also be the case in other cell types, especially in sub-

cellular compartments where proteins may not be allowed to freely enter and exit, such 

as the neuronal growth cone. 

Both known docking motifs were initially identified in the nuclear factor of activated 

t-cells (NFAT) family of transcription factors. There are four NFAT isoforms that are 

activated by CaN, NFATc1-c4, which provide a sequence space to search for 

determinants of CaN binding.  Systematic mutation of regions conserved among isoforms 

revealed the first CaN docking motif in NFATc2, referred to as the PxIxIT motif. Mutation 

of the motif abolished dephosphorylation and thus activation of NFATc2 by CaN, and a 

free peptide containing the sequence competitively inhibited activation of several NFAT 

isoforms (113). PxIxIT motifs have since been identified in many CaN substrates and 

protein inhibitors of CaN, and peptides from these proteins display significant variation 

in affinity, corresponding to their sequence variation (112,114). Strong evidence for the 

role of PxIxIT docking in determining signalling rate comes from experiments in which 

the motif within intact proteins has been ‘tuned’. That is, exchanging one PxIxIT 

sequence for a sequence of higher or lower affinity for CaN produced proteins that were 

activated over a different range of [Ca2+] (112,113,115,116). This suggests that the 

mechanism of activation does not change, but rather the sensitivity to CaN. The PxIxIT 

motif forms a β-strand that augments a β-sandwich at the core of the CaN catalytic 

domain (117-119), as shown in Figure 1.3. A peptide has been optimised by mutagenesis 

screening for binding at this site, which contains the core sequence PVIVIT, and has a 

higher affinity than known binding  sequences from proteins (115). The VIVIT peptide is 

a very effective inhibitor of activation of NFAT isoforms c1, c2, and c3 in vitro (115), and 

has been utilised in vivo (120). However, PxIxIT peptides do not inhibit 

dephosphorylation of some other CaN substrates, for instance Tau and protein kinase A 

(PKA) (113), suggesting that there exists an additional method of targeting CaN to 

substrates.  
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2JOG and 5SVE, with unstructured regions added.
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A second CaN docking motif, known as LxVP, was identified (111,121) and then 

characterised (122) in the NFAT family. PxIxIT and LxVP containing peptides bind 

simultaneously to CaN (122), suggesting that they do not utilise the same binding site. 

Whereas PxIxIT sequences bind to a site on CaNA only, there is strong evidence that LxVP 

binding requires residues in the BBH of CaNA as well as surrounding residues in CaNB 

(101,123), as shown in Figure 1.3. This region is the most likely location for contact with 

the CaM binding domain in the inactive state CaN (95) (see Section 1.3.2), and binding of 

NFATc1 and c2 is increased when Ca2+ and CaM are present (121), suggesting that this 

region is a shared binding site. However, there are also two studies that describe LxVP 

and PxIxIT peptides competing for binding to CaN at the PxIxIT binding site on the CaNA 

catalytic domain (110,124). The proposed consensus sequence for the LxVP docking 

sequence is πфLxVP (where π indicates a polar aa, and ф indicates a hydrophobic aa) 

(125), but as with PxIxIT there is substantial variation among sequences that bind CaN 

at the same site and contribute to binding affinity (125). This was demonstrated in yeast, 

where mutation of the LxVP binding site in CaN disrupted interaction with known 

substrate proteins in which no LxVP motif had been identified (101).  

 

1.3.4 Anchoring and inhibition of calcineurin in vivo. 

In addition to proteins that are targets of CaN for dephosphorylation, there are 

proteins that have been identified as CaN inhibitors or anchoring proteins. Interestingly 

some of these proteins contain the same PxIxIT and LxVP binding motifs that are found 

in CaN substrates, adding complexity to the regulation of CaN activity. For instance, CaN 

is recruited by A-kinase anchoring protein (AKAP) 79/150, using both PxIxIT and LxVP 

type sequences (126,127), into large protein complexes that form signalling 

microdomains. In neurons, AKAP79/150 provides a scaffold to bring both kinases and 

phosphatases to the plasma membrane for bidirectional regulation of channels and 

receptors, and to facilitate downstream signalling (128). In this way Ca2+ influx through 

L-type voltage gated channels activates NFATc4 via CaN (129). Given that both 

AKAP79/150 and NFATc4 utilise PxIxIT type sequences to bind CaN, the question that 

remains is how a balance is achieved that allows both anchoring and substrate 

dephosphorylation. The dual use of the PxIxIT binding surface provides a possible 

explanation for why AKAP79/150 has in certain types of experiments been found to 

inhibit CaN dephosphorylation of other proteins (130), but it is unclear whether there is 

a true inhibitory effect in vivo. The Regulator of CaN (RCAN) protein family were 

originally defined as CaN inhibitors, because the effect of RCAN over-expression is 



  Chapter 1 

  15 

reduced CaN signalling both in vitro and in vivo (reviewed in 114). However, genetic 

studies have since determined that RCAN deficiency or gene knock-out in mice and yeast 

also results in reduced CaN signalling (131,132). Similarly to AKAP79/150, RCAN1 and 

3 contain PxIxIT like sequences, and competition for CaN binding has been shown to be 

one way that inhibition of CaN signalling to NFAT proteins occurs (133). There are 

additional regions of RCANs that bind to CaN (133), but these interactions have not been 

well characterised. Therefore RCANs may participate in ‘balanced competition’ with 

substrates, as AKAPs seem to do, but they may also be able to reveal novel modes of 

regulation of CaN activity.  

The examples given in the preceding sections, along with the multitude of other CaN 

interacting proteins, demonstrate that there is extensive regulation of CaN signalling in 

the intracellular environment. This regulation is conferred not only by direct activation 

or inhibition of the phosphatase, but also by control of CaN localisation, and by the 

unique characteristics of the interaction between CaN and each of its substrates. 

Developing tools to selectively control the activity of CaN could contribute to further 

understanding of these interactions, and their downstream effects. 

 

1.4 Using optogenetics to manipulate calcineurin signalling. 

1.4.1 Introduction to optogenetics. 

Proteins that sense and respond to light, called photoreceptors, are found in many 

organisms, and are involved in processes as diverse as vision in mammals, phototropism 

in plants, and bacterial metabolism. The technique called optogenetics involves 

repurposing photoreceptor proteins in order to manipulate a cellular function of interest 

using light as the stimulus. Development of an optogenetic tool requires modifying a 

photoreceptor protein to retain the feature of light absorption, whilst altering the 

signalling outcome. 

Optogenetic techniques can be used in combination with traditional genetic 

techniques that remove expression of an endogenous protein (e.g. gene knock-out or 

RNA interference) or enable expression of a protein of interest, offering improved spatial 

and temporal resolution. The use of light as the stimulus allows these characteristics. 

Switching on a light source takes a fraction of a second, more rapid than delivery of 

pharmacological agents in in vitro studies, and much more rapid than even inducible 

genetic alterations in vivo. Therefore compensatory mechanisms can be avoided, and 

signalling events that require precise timing can be probed. Many optogenetic systems 

are also reversible, so signalling may be switched off by a different light stimulus or 
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withdrawal of the activating stimulus. Modern optical techniques and equipment also 

allow the user to selectively illuminate small structures. For instance, light can be 

delivered to a selected brain region for in vivo studies, and individual cells or even 

subcellular regions can be targeted in tissue culture experiments. 

Early optogenetic tools focussed on the modulation of membrane excitability using 

light gated ion channels and pumps (134,135). The latest optogenetic tools can 

manipulate many other aspects of cell function including the control of signalling 

proteins, motor proteins, and gene transcription (reviewed in 136). These are possible 

because photoreceptor proteins also have many different modes of action.  

 

1.4.2 Engineering photoreceptor modules from light sensitive proteins. 

For the control of cellular signalling, optogenetic modules that display either of two 

modes of action are most commonly utilised: those that undergo association or 

dissociation reactions when exposed to a specific wavelength of light; or single protein 

domains that show large conformational changes. Development of an optogenetic 

module involves finding photoreceptors that will be expressed and folded in 

heterologous systems. The minimum sequence that will retain the desired features 

should then be ascertained, and a variety of fusions with other protein domains should 

be explored to determine which will be tolerated. Once an optogenetic module has been 

shown to be useful, further development, typically by mutagenesis, may be able to move 

or widen the dynamic range, change the propensity to interact with different proteins, 

or alter the kinetics of conversion between dark and light adapted states. For further 

information on photoreceptor engineering see Ziegler and Moglich (137). The following 

is a brief description of some examples of photosensory modules that are available to be 

used in development of optogenetic tools, focussing on the wavelength of activating light 

and the chromophore used by each module, as illustrated in Figure 1.4. 

Photoreceptors that respond to ultra-violet (UV) light have been characterised, such 

as UVR8 (Arabidopsis thaliana UV Resistance Locus 8), which dissociates from a 

homodimer when exposed to UV-B light (~300 nm), and is then able to interact with 

COP1 (Constitutively Photomorphogenic 1) (138). Both of these reactions have been 

utilised in optogenetic tools (139,140), although application of UV responsive tools is 

limited by phototoxicity of short wavelength light (141). However, UVR8 has the 

desirable characteristic of forming its chromophore from tryptophan residues within the 

protein (142,143), whereas many other photoreceptors require a cofactor, which is a 

tightly bound non-protein molecule, to act as their chromophore. 
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Figure 1.4  Photoreceptor proteins absorb across the light spectrum.
Examples of photoreceptor proteins or domains that have been engineered to produce 
optogenetic modules, illustrating different light induced modes of action, and showing 
the wavelengths of light that trigger them. The chromophore of each protein or domain 
is listed on the right. Trp, trypotophan side chain; FAD, �lavin adenine dinucleotide; 
FMN, �lavin mononucleotide; PCB, phycocyanobilin.
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Among those proteins that respond to longer wavelength irradiation, blue light 

(~450-500 nm) photoreceptors have been used in a large number of optogenetic tools. 

One reason for this is that although most do require a cofactor, they typically utilise flavin 

chromophores that are found ubiquitously across cell types and organisms. Flavin 

adenine dinucleotide (FAD) is the cofactor that enables A. thaliana cryptochrome 2 

(Cry2) to respond to blue light by forming homooligomers, and also interacting with 

CIB1 (cryptochrome-interacting basic-helix-loop-helix protein) (144). Optogenetic 

modules have been created from several variants of Cry2 and CIB1, each with one type 

of interaction enhanced (145,146). The light-oxygen-voltage sensitive (LOV) domains of 

various proteins have been used in optogenetic tools, a key example being the 

phototropin1 LOV2 domain from Avena sativa (AsLOV2). AsLOV2 contains a flavin 

mononucleotide (FMN) cofactor that is bound by non-covalent bonds in the dark adapted 

state (147). Blue light exposure causes transient formation of a covalent adduct between 

a conserved cysteine residue and the cofactor (148), which results in structural 

rearrangement throughout the LOV domain, including unfolding of a long α-helix on the 

C-terminus of the domain called Jα (149). This order-disorder transition in Jα has been 

used in various ways, examples of which are given in the next section. Vivid, a LOV 

protein from the filamentous fungus Neurospora crassa, displays a similar blue light 

response; a covalent adduct is formed between a cysteine residue and the FAD cofactor 

(150), but in this case blue light triggers formation of a homodimer due to rearrangement 

of an N-terminal α-helix (151). Rational engineering of the dimer interface has converted 

Vivid into a pair of proteins called Magnets that form a heterodimer in response to blue 

light, and several variants have been produced with different kinetics and affinities 

(152). A final illustrative example of a blue light photoreceptor is Dronpa, which is also 

a photoswitchable fluorescent protein (153). In the absence of light exposure, Dronpa is 

a dimer or tetramer, depending on the variant and fusion protein design (154). 

Irradiation at ~500 nm induces green fluorescence, but also ‘switches off’ fluorescence, 

producing a non-fluorescent monomer. The fluorescent multimer can be reformed by 

irradiation at 390 nm (154). Active control of both activation and inactivation of 

optogenetic tools is an attractive feature of Dronpa, however the short wavelength light 

required is a limitation. 

There is significant interest in producing optogenetic tools from modules that 

respond to red and infrared light, due to the increased tissue penetrance and reduced 

phototoxicity compared to shorter wavelength light (141,155). Several members of the 

phytochrome (Phy) family have been developed into either fluorescent proteins or 

optogenetic modules (reviewed in 156). For instance, the interaction of A. thaliana PhyB 
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with PIF (phytochrome interacting factor) proteins has been used to recruit proteins of 

interest to their sites of action (157,158). However, AtPhyB requires the cofactor 

phycocyanobilin which must be purified and added exogenously to non-plant cells. As 

such, it can only be used in cells in culture or near the surface of small model organisms. 

In contrast, bacterial phytochromes use a biliverdin chromophore, which usually does 

not need to be added exogenously as it is a natural metabolite of heme. Optogenetic tools 

have been engineered based on light-induced conformational changes (159) in bacterial 

phytochromes, as well as using their endogenous binding partners (160). The 

phytochrome proteins that have been utilised for optogenetics have the very favourable 

characteristic of have two thermo-stable states, which are switched between using two 

different wavelength light stimuli; far-red and near infra-red. However they are also very 

large proteins, often intolerant to truncation, and typically form constitutive 

homodimers, which reduce their adaptability to different signalling mechanisms (156). 

 

1.4.3 Designing optogenetic tools. 

There are some modes of action of that are repeated among photoreceptor modules. 

For instance, there are photoreceptors sensitive across the light spectrum that respond 

with changes in protein-protein associations (Figure 1.5A). Monomer to homodimer or 

homooligomer transitions are common; in some cases light triggers association, while in 

others it is dissociation. Formation of a heterodimer is another common mode, and in 

some modules this is combined with homooligomerisation of one component, resulting 

in a large protein complex. The order-disorder transition displayed in LOV domains has 

been utilised in many different ways (Figure 1.5B); in some tools, access to a peptide or 

protein domain may be hindered by fusing it to a LOV domain, and unfolding of Jα 

relieves that hindrance. Some native and some engineered LOV domains are special 

cases of heterodimerisation systems, where folding or unfolding of N- and/or C-terminal 

α-helices reveals a sequence required for interaction with another protein. The iLID 

system (for improved Light Induced Dimer) is an example of this, in which a small 

bacterial protein called SspB binds to the LOV domain only after blue light exposure due 

to incorporation of its native binding peptide (SsrA) into Jα, as well as directed evolution 

(161).  

 

Development of a new optogenetic tool begins with examining what is known about 

the structure and mechanism of activation of the protein of interest (POI). There are 

many proteins that are exclusively localised to one subcellular region, and all of their 
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Figure 1.5  Modes of signalling output by photoreceptor modules.
A) Many photoreceptor modules display light induced changes in protein-protein 
associations, including both homo- and hetero-associations. B) The order-disorder 
transitions triggered by blue light in LOV domains can be used to reveal a caged 
enzyme active site, allosterically regulate an enzyme, or uncage a peptide. Peptides may 
be inhibitory or may facilitate heterodimerisation.
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binding partners are found in that region. In some cases, using light to control the 

localisation of the protein is sufficient to control its activity. For instance, optical 

heterodimeriser pairs have been used to activate several enzymes involved in ERK 

(extracellular signal-regulated kinase) (162,163) or Akt (164,165) signalling pathways 

by recruiting them from the cytosol to the plasma membrane. Both nuclear localisation 

and export sequences have been controlled by blue light by incorporation into the Jα 

helix of AsLOV2, allowing control of transcription factor localisation and gene 

transcription (166-169). If a POI has cytosolic targets, it may be sequestered at the 

plasma membrane or  mitochondria, and released in response to blue light, using the 

LOVTRAP system (170). 

Activation of cytosolic proteins with multiple targets has been achieved by caging and 

releasing the active site using light. Several kinases have been modified for control with 

light by insertion of Dronpa into two loops near the active site (171). The version of 

Dronpa utilised in these tools is dimeric in the dark condition, obscuring the active site, 

while blue light induces dissociation of Dronpa to reveal the active site. Light inducible 

stromal interaction molecule (STIM)1 signalling has also been achieved, in this case by 

fusion of a STIM1 fragment to the C-terminus of AsLOV2 (172). In the dark adapted state, 

when Jα is helical and packed against the LOV domain core, the peptide is inaccessible. 

Whereas the unfolding of Jα in response to blue light increases access and flexibility, 

allowing the peptide to interact with target proteins. Alternatively, insertion of AsLOV2 

into a loop that is allosterically linked to the active site has enabled light induced 

activation of Vav2 (173). 

Other proteins are activated by self-association, exemplified by the receptor tyrosine 

kinases (RTKs). This mechanism may be imitated by fusion of all or part of the POI to an 

optical dimeriser module. This approach has been applied to several RTKs, including 

epidermal and fibroblast growth factor receptors (FGFR1 and EGFR) (174,175), and 

tropomyosin related kinase (Trk)A, TrkB and TrkC (176,177) at the plasma membrane. 

Finally, light inducible heterodimerisers have been used to reconstitute activity of 

proteins that have been split into two fragments (145,178). Each of the fragments must 

be expressed and folded but inactive until brought together by light induced 

dimerisation of the optogenetic components to which they are fused. 

 

Inhibition of protein signalling may also be induced using optogenetic approaches. In 

some cases the technique is very similar to that used for activation; for instance, AsLOV2 

has been used to cage and release peptide inhibitors of PKA (cyclic AMP dependent 

kinase) and MLCK (myosin light chain kinase) (179). Alternatively, protein inhibition 
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may be achieved by recruiting the POI into large complexes of Cry2 and CIB1 using light 

(180). Another approach utilises surface loops that are allosterically linked to the active 

site. By inserting AsLOV2 into a different loop than in the Vav2 tool mentioned in the 

previous paragraph, Dagliyan et al. (173) were also able to produce a photo-inhibited 

version of Vav2, as well as other guanine exchange factors (GEFs) and kinases. 

Finally, inhibition of a POI can be achieved by the highly localised production of 

reactive oxygen species (ROS), in a technique called chromophore assisted light 

inactivation (CALI). Where all of the previously discussed photosensory modules 

respond to light with a conformational change, CALI tools utilise a photosensitiser. This 

is a chromophore (which is commonly also a fluorophore) which has a specific excited 

state generated by absorption of light that reacts with oxygen to produce ROS, most 

commonly singlet oxygen and/or superoxide anion (181,182). As the lifetime and 

therefore diffusion distance of these ROS in the intracellular environment are small 

(181) the effect can be limited to the POI, with little  or no effect on other proteins, 

depending on the distances between them (183). There are many reactions that can 

occur between ROS and both amino acid  side chains and the peptide backbone of 

proteins, changing their structure and disrupting their function (reviewed in 184,185). 

Sulphur containing side chains (cysteine and methionine) and aromatic side chains 

(histidine, tryptophan, and tyrosine) on solvent exposed surfaces are particularly 

susceptible to oxidation mediated by ROS (186). Photosensitisers can be genetically 

encoded or small molecule dyes, and must be targeted to the protein of interest. 

 

As the above examples have demonstrated, there are many possible designs for 

optogenetic tools, and each will be successful for control of only some proteins. While 

there are some factors that can be predicted by a thorough understanding of the 

structure and function of the POI, increasing the probability of success, there is no 

guaranteed method to control any given protein using light, so the process of tool 

development must allow for screening of multiple designs. To facilitate this, it is 

important to consider how protein activity will be measured, and to match the activity 

assay as closely as possible to the final conditions in which the tool will be deployed.  

It is also worth considering using optogenetic modules that offer variants. For 

instance light and dark state mimics can be very useful in constructing positive and 

negative control proteins, or to demonstrate the maximum possible difference between 

dark and light adapted states, which is the dynamic range. For some optogenetic 

modules, variants are available with different dynamic range and timing characteristics. 

For instance, SspB has been mutated to tune its binding affinity for the LOV domain of 
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the iLID system to produce nano, micro, and milli versions. As the binding affinity of SspB 

nano is higher than that of SspB micro or milli in both the dark and light adapted 

conditions, this version switches between bound and unbound states at a lower protein 

concentration (161,187). The on- and off-kinetics of AsLOV2 can also be tuned by 

introduction of point mutations, which has been demonstrated in the LOVTRAP system. 

The components of LOVTRAP are AsLOV2 and a small protein named Zdark1 (Zdk1), 

which was engineered to bind only the dark state configuration of AsLOV2. By altering 

the rate of reversion from the light to the dark state, Wang et al. (170) were able to tune 

the duration of activity of their optogenetic tool. Both the binding affinity and off-rate of 

an optogenetic tool will contribute to the total magnitude of the effect of that tool within 

cells. Many cellular processes are regulated by the timing and magnitude of signalling 

events, and proteins are expressed within cells at varying concentrations. Therefore, 

comparison of variants such as these may reveal how an optogenetic tool could be 

improved or how the fusion protein needs to be altered to be functional. 

 

1.5 Project hypothesis and aims. 

The above sections have described the importance of  CaN activity in nervous system 

development and function, and explained how CaN dysfunction has been implicated in 

several neurological disorders. In this project it was hypothesised that optogenetic 

systems could be developed to achieve bi-directional manipulation of CaN signalling to 

activate and inhibit CaN signalling with light. These tools would surpass the existing 

genetic and pharmacological approaches in the investigation of calcineurin signalling. In 

line with this hypothesis, the project had two broad aims; 

 

1. Develop optogenetic approach(es) to inhibit CaN signalling with light. 

2. Develop optogenetic approach(es) to activate CaN signalling with light. 

 

To address these aims, novel fusion proteins were designed that were hypothesised 

to either activate CaN signalling pathways or inhibit endogenous CaN in response to 

light. The designs are based on the structure and function of CaN, and available 

photoreceptor modules, as have been described in this chapter. Multiple variants of each 

protein design were screened for activity against a known CaN substrate in live cells, and 

those designs that showed promise were characterised further. The following chapters 

will describe a selection of the protein designs considered in this project, giving the 

results of screening and/or characterisation experiments, as well as proposed future 

experiments to develop and apply the tools. 
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2.1 Introduction. 

The aim of this project was to create optogenetic systems to manipulate calcineurin 

(CaN) signalling using light. To achieve this, novel fusion proteins were designed that 

combine photoreceptor modules with parts of the CaN protein, that were hypothesised 

to either increase or decrease CaN signalling in response to light. DNA plasmids have 

been cloned to express each of these proteins in mammalian cells, and the activity of the 

proteins was tested against two substrates of CaN. This chapter will outline the methods 

used to produce the plasmids, and express and detect activity of the proteins, including 

the modification of an assay described in the literature that indicates CaN signalling to 

nuclear factor of activated T cells (NFAT) family proteins based on their subcellular 

localisation. 

 

2.2 Production of plasmids encoding recombinant protein constructs.  

2.2.1 Cloning materials and reagents. 

Expression vectors: pcDNA3 Invitrogen (replaced with 
pcDNA3.1) 

 pcDNA3.1/Hygro(+) Invitrogen V87020 

 pLenti Lin et al. (188), modified as 
described below 

Enzymes: Phusion Flash High-Fidelity PCR 
Master Mix 

Thermo Scientific F548 

 Restriction enzymes and buffers New England BioLabs 

 T4 DNA ligase and buffer New England BioLabs M0202S 

 T4 DNA ligase and buffer Invitrogen 15224-017 

DNA purification: Zymoclean Gel DNA Recovery Kit Zymo Research D4008 

 NucleoSpin Gel and PCR Clean-up 
Kit 

Macherey-Nagel 740609 

 GenElute Plasmid Miniprep kit Sigma-Aldrich PLN350 

 NucleoSpin Plasmid (miniprep 
kit) 

Macherey-Nagel 740588 

Bacteria: Escherichia coli DH5α strain (F-φ80lacZΔM15 Δ(lacZYA-argF) U169 
recA1 endA1 hsdR17(rk-, mk+) phoA supE44 thi1 gyrA96 relA1 λ-) 

  

 

The pcDNA3 and pcDNA3.1/Hygro(+) (abbreviated to pcDNA3.1H) available from 

Invitrogen contain the cytomegalovirus (CMV) promoter, which makes them suitable for 

high-level constitutive protein expression in mammalian cells. They contain the bovine 

growth hormone (BGH) polyadenylation signal and transcription termination sequence 

to enhance mRNA stability. They contain an ampicillin resistance gene for selection in E. 
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coli, and pcDNA3.1H contains a hygromycin resistance gene for selection in eukaryotic 

cells. 

 

The pLenti transfer/expression vector was provided by John Lin (Addgene plasmid 

#50956), as used in Lin et al. (188), with the human synapsin (hSyn) promoter. This was 

exchanged for the CMV promoter between PacI and BamHI restriction sites prior to 

insertion of a transgene. This second generation transfer vector contains 5’ and 3’ long 

terminal repeats to facilitate integration into the genome of infected cells. The packaging 

and envelope plasmids used to produce lentiviral particles are listed in Section 2.3.1. 

 

2.2.2 General cloning method.  

Plasmids were produced using the restriction enzyme method, briefly; 

Polymerase chain reaction (PCR) was used to produce cDNA fragments that code for 

each protein domain, with flexible linkers and restriction sites added with 

oligonucleotide primers. Short peptide components (VIVIT and CaaX) were also added 

using primers, by overlapping PCR. The stop codon was removed from the native 

sequence of domains that required fusion of another domain to their C-terminus. 

Recombinant proteins with multiple domains were typically produced using overlapping 

PCR, however a restriction site was included between domains for simple creation of 

variants (e.g. NFATc1-mCherry and NFATc3(416)-mCherry). The source of the sequence 

for each protein domain is listed in Section 2.2.3, and these (or their derivatives) were 

used as the templates for PCR. 

DNA fragments  were separated on a 1-2% agarose gel, and fragments of the correct 

size were purified using commercial DNA purification kits. Purified PCR products and 

vector backbones were digested with restriction enzymes for 1-2 hours at 37°C, then 

separated and purified again as above. The vector and insert DNA were then combined 

in the ligation reaction, using 50 ng vector and enough insert to produce a 3:1 

insert:vector molar ratio, with 0.2-0.5 U (μL) T4 DNA ligase. This reaction proceeded for 

1-2 hours at 25°C. The non-purified ligation reaction was used to transform KCM 

competent E. coli DH5a cells, and grown overnight (~16 hours) at 37°C on ampicillin 

selective agar plates. 

From each ligation plate, multiple colonies were ‘picked’ to inoculate separate 5 mL 

liquid cultures, which were grown overnight at 37°C with shaking. Plasmid DNA was 

purified from liquid cultures using a miniprep kit. Candidate plasmids were screened by 

digestion or PCR; that is, restriction enzymes or primers were selected that would 
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produce a product of different size from the correctly ligated plasmid compared to the 

original vector.  

For those plasmids that returned correct screening results, Sanger sequencing was 

used to confirm the sequence of the whole insert as well as the insertion sites into the 

vector. 

 

2.2.3 Protein domains. 

2.2.3.1 Sources of protein domains. 

The novel proteins designed in this project utilise domains from a variety of different 

proteins, some of which have been used intact and others have been mutated, truncated, 

or had regions inserted or substituted, which are described in the relevant chapters. The 

following is a list of the protein domains used and their original sources; 

Protein domain Notes Reference 

FLUORESCENT PROTEINS 

 mCherry Full length mCherry including flexible N- and 
C-terminal linkers (7 amino acids (aa) each). 

Shaner et al. (189) 

 Green 
fluorescent 
protein (GFP) 

Cloned to match the protein sequence of 
superfolder green fluorescent protein (GFP) 
including flexible N- and C-terminal linkers (7 
aa each). 

Pedelacq et al. (190) 

 Cerulean 
fluorescent 
protein (CFP) 

Cloned to match the published protein 
sequence, including flexible N- and C-terminal 
linkers (7 aa each) 

Rizzo et al. (191) 

OPTOGENETIC PROTEINS 

 miniSOG 
variants 

See section 2.2.3.2 Shu et al. (192) 

 SOPP See section 2.2.3.2 Shu et al. (192) 

 CIB170 Artificially synthesised to match published 
protein sequence of CIBN(∆NLS) (Addgene 
plasmid #26867). The full length sequence 
was used, as well as the sequence encoding 
the N-terminal 81 aa. 

Kennedy et al. (145) 

 Cry2(535)E490G Artificially synthesised to match the published 
protein sequence of Cry2(535). 

The E490G mutation was shown to increase 
the clustering of Cry2 in the 498 aa (PHR) 
version, but here has been used in the 535 aa 
version. 

Taslimi et al. (146) 

Taslimi et al. (193) 

 SspB Artificially synthesised to match published 
protein sequence of SspB nano. 

Guntas et al. (161) 

 

 iLID  

(AsLOV2-SsrA) 

Modified from an existing LOV domain using 
oligonucleotide primers and overlapping PCR 
to match the published protein sequence of 
iLID. 

Guntas et al. (161) 
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 Zdk1 Artificially synthesised to match published 
protein sequence. 

Wang et al. (170) 

 LOV (LOVTRAP 
version) 

Modified from miniSOG using primers and 
overlapping PCR to match the published 
sequence. 

Wang et al. (170) 

OTHER PROTEINS 

 mouse NFATc1 Artificially synthesised to match Mus musculus 
NFATc1 isoform 1A-IXS mRNA (GenBank 
EU887568.1). Full length protein coding 
sequence used. 

Vihma et al. (194) 

 human NFATc3 mRNA matching isoform IB-∆Xa (GenBank 
EU887606.1) was produced from a HEK293A 
cell cDNA library. Sequence coding amino 
acids 1-413 was used. 

Vihma et al. (194) 

 CaNA mRNA matching the α isoform (PPP3CA; 
GenBank NM_017041.1) was produced from a 
Rattus norvegicus brain cDNA library. The full 
length protein coding sequence was used, as 
well as the phosphatase domain in isolation 
(amino acids 1-398). 

Guerini and Klee 
(195) 

 CaNB mRNA matching the α1 isoform (PPP3R1; 
GenBank NM_017309.2) was produced from a 
Rattus norvegicus brain cDNA library. Full 
length protein coding sequence was used. 

Chang et al. (20) 

 HaloTag Available commercially from Promega. Los et al. (196) 

 

2.2.3.2 SOPP and miniSOG domains. 

miniSOG cDNA was provided by John Lin, as used in Shu et al. (192), matching the 

insert in Addgene plasmid #54821, with one silent nucleotide substitution to remove a 

XhoI restriction  site.  

The SOPP, miniSOG(RI) and miniSOG2 domains used in this project were produced 

by overlapping PCR on the miniSOG template to introduce 1, 2, or 7 amino acid 

substitutions respectively. The protein sequences of SOPP and miniSOG2 match the 

proteins developed by Westberg et al. (197) and Makhijani et al. (198), however the DNA 

sequences have a lower level of homology. 

 

2.2.4 Plasmid constructs produced for this thesis. 

2.2.4.1 Plasmid list. 

The following is a list of the plasmids produced for this thesis. Visual depictions of the 

plasmid inserts can be found in Appendix A, showing protein domains, linkers, and 

restriction sites. Appendix B contains the DNA and amino acid sequences of the inserts 

of the plasmids encoding optogenetic tools available for use.  
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Thesis chapter/s Plasmid name Contributor 

2 pcDNA3_NFATc1-mCherry EJD 

2, 5 pLenti_NFATc1-mCherry EJD 

2, 3, 4, 5 pcDNA3_NFATc3(416)-mCherry 

*expressed protein called NFATc3-mCherry 

EJD 

5 pcDNA3_NFATc3(416)-CFP 

*expressed protein called NFATc3-CFP 

JYL 

2 pcDNA3_CaNAp EJD 

2 pcDNA3.1H_GFP-VIVIT EJD 

3 pcDNA3.1H_miniSOG-mCherry AR 

3 pcDNA3.1H_miniSOG2-mCherry AR 

3 pcDNA3.1H_SOPP-mCherry AR 

3 pcDNA3.1H_CIB-mCherry AR 

3, 4 pcDNA3.1H_GFP EJD 

3 pcDNA3.1H_CaNB-GFP EJD 

3 pcDNA3.1H_miniSOG(RI)-GFP EJD 

3 pcDNA3.1H_CaNB-miniSOG(RI)-GFP JYL 

3 pLenti_CaNB-miniSOG(RI)-mCherry EJD 

3, 4 pcDNA3_CaNAn-CIB81(l)-CaNAc-mCherry-CaaX 

*expressed protein called CaNA-mCherry-Caax 

EJD 

4 pcDNA3.1H_HaloTag JYL 

4 pcDNA3.1H_CaNB-HaloTag JYL 

5 pcDNA3_CaNAn-CIB170(s)-CaNAc EJD 

5 pcDNA3_CaNAn-CIB81(s)-CaNAc EJD 

5 pcDNA3_CaNAn-CIB81(l)-CaNAc EJD 

5 pcDNA3.1H_Cry2(535)E490G-GFP JYL 

5 pcDNA3_CaNAn-SspB(s)-CaNAc EJD 

5 pcDNA3_CaNAn-SspB(l)-CaNAc EJD 

5 pcDNA3_CaNA-SspB EJD 

5 pcDNA3.1H_GFP-iLID JYL 

5 pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-CaNAp JYL 

5 pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-VIVIT JYL 

   

Cloning for this project was carried out by Elise Devenish (EJD), Andrew Reading (AR) 

and Dr John Lin (JYL). 

 

2.2.4.2 pcDNA3_CaNAn-x-CaNAc plasmids. 

As will be described in Chapter 5, these plasmids were produced to encode proteins 

in which the CaM binding domain (BD) in the regulatory region of CaNA is replaced with 
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one component of an optical dimeriser module (either CIB or SspB). PCR products 

encoding the CaNA N-terminal fragment finishing before the CaM BD, the C-terminal 

fragment starting after the CaM BD, and the CIB or SspB domain flanked by flexible 

linkers were produced, and joined together by overlapping PCR before insertion into the 

vector backbone. For the (l) versions, new CaNAn and CaNAc fragments were produced 

with flexible linkers on the C- and N-termini, respectively. Substituting these in doubled 

the length of the linkers that flank the CIB or SspB domain. 

 

2.2.4.3 pcDNA3_CaNAn-CIB81(l)-CaNAc-mCherry-CaaX plasmid. 

This plasmid was produced for the purpose of troubleshooting the Cry2/CIB version 

of the CaM binding mimic design described in the previous section. Substitution of the 

CaM BD for CIB does not disrupt the CaNB binding domain, so in this thesis the plasmid 

has been used to demonstrate binding of CaNB fusion proteins to CaNA. This construct 

has had mCherry and the CaaX motif added to the protein C-terminus. In mammalian 

cells this motif triggers the enzymatic addition of an isoprenoid lipid, which targets the 

protein to the plasma membrane. If another transgenic protein interacts with the 

membrane tethered CaNA, it will also be localised to the membrane, which was 

visualised in this project by fluorescence microscopy. The expressed protein is referred 

to as CaNA-mCherry-CaaX for simplicity. 

 

2.2.4.4 LOVTRAP plasmids. 

Section 5.4 will describe a design for sequestration of CaNAp (CaN phosphatase 

domain) and VIVIT, and release using blue light using the LOVTRAP module. The two 

components of the system were encoded by a single plasmid, separated by the Moloney 

Murine Virus internal ribosome entry site (MoMuV IRES) (199). The LOV domain of the 

LOVTRAP system was targeted to the mitochondria by addition of the TOM20 sequence 

(200) to the N-terminus, and was placed on the 5’ side of the IRES. The sequence 

encoding the fusion protein Zdk1-mCherry-CaNAp or Zdk1-mCherry-VIVIT was placed 

on the 3’ side of the IRES, and is expected to have a lower expression level than the 5’ 

component, as is observed with other IRES sequences (201). 
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2.3 Cell culture. 

2.3.1 Cell culture materials and reagents. 

HEK293A cell line  Invitrogen R70507 

Growth media 1X Dulbecco’s Modified Eagle 
Medium (DMEM), low glucose 

100 U/mL Penicillin-Streptomycin 

8% foetal bovine serum (FBS) 

Gibco 11885-084 
a 

Gibco 15140122 

Serana S-FBSPG-AU-015 

TrypLE Express Enzyme Gibco 12604-013 

DPBS/EDTA 

pH 7.4 

sterile filtered 

1X Dulbecco’s Phosphate Buffered 
Saline (DPBS), no calcium or 
magnesium 

1 mM ethylenediaminetetraacetic 
acid (EDTA) 

20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
(HEPES) 

Sigma D1408 
 
 

Sigma-Aldrich E5134 

 
 

Sigma H3375 

 

X-tremeGENE 9 transfection reagent Roche XTG9-RO 

Polyethyleneimine (PEI) transfection reagent Sigma-Aldrich 408727 

Viral packaging 
and envelope 
plasmids: 

pMD2.G 

psPAX2 

Gifts from D. Trono, École 
Polytechnique Fédérale De 
Lausanne 

Coating solution 100 µg.mL-1 poly-L-lysine 

100 µg.mL-1 PureCol bovine collagen 

Sigma P4832 

Advanced BioMatrix 5005-B 

Cellular Calcineurin Phosphatase Activity Assay Kit 
(colorimetric) 

Abcam 139464 

DC Protein Assay Kit Bio-Rad 500-0116 

  

 

2.3.2 General cell culture methods. 

The HEK293A cell line was maintained at 37°C in a humidified 5% CO2 environment, 

in growth media, and passaged when they reached ~90% confluence, typically twice per 

week. After ‘washing’ the adherent cells with DPBS/EDTA, trypsinisation was used to lift 

cells from the uncoated 6 or 10 cm plastic dish, before returning 5-10% of cells to the 

dish with fresh growth media. 

Cells were plated for imaging experiments on size 1, 13 mm glass coverslips that had 

been treated with coating solution for ≥20 min, then washed 3 times in sterile water and 

air dried. For photosensitiser comparison experiments (Section 3.2.1.2) and CaNA-B 

dimer formation testing (Sections 3.2.2.2 and 4.1.2) cells were plated at a density such 

that they would reach ≥90% confluence at the time of imaging (48 hours later), typically 

~10,000 cells per coverslip. For NFAT translocation experiments cells were plated at 
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5000 cells per coverslip, to reach ~70% confluence at the time of imaging. Higher cell 

densities were observed to alter Ca2+ patterns in this cell type, and resulted in many cells 

with constitutively nuclear NFAT-mCherry. 

 

2.3.3 Transient transfection. 

For live imaging experiments HEK293A cells were transfected ~48 hours prior to the 

time of imaging using the X-tremeGENE 9 transfection reagent according to 

recommended protocol. Briefly, the plasmid/s coding the protein/s to be expressed were 

combined with the transfection reagent in growth media without FBS supplementation. 

Initially a 3:1 ratio of X-tremeGENE (μL) to DNA (μg) was used, later a 2:1 ratio was found 

to be sufficient. This mixture was incubated at room temperature for 30-60 min to allow 

formation of complexes between the DNA and X-tremeGENE. The complexes were added 

to the cells immediately after plating on coverslips, and the media was not changed until 

the time of imaging. 

 

 

The following table contains the plasmid combinations used for experiments in 

Chapters 2-5, showing the amount of each plasmid and X-tremeGENE required to 

transfect one coverslip; 

 

 Plasmid/s X-tremeGENE 

NFAT translocation assay development (Section 2.6) 

 200 ng pcDNA3_NFATc1-mCherry 0.4 uL 

 200 ng pcDNA3_NFATc3(416)-mCherry 0.4 μL 

 200 ng pcDNA3_NFATc3(416)-mCherry 

50  ng pcDNA3.1H_eGFP-VIVIT 

0.5 μL 

 125 ng pcDNA3_NFATc3(416)-mCherry 

125 ng pcDNA3_CaNAp 

0.5 μL 

Photosensitiser comparison (Section 3.2.1.2) 

 200ng pcDNA3.1H_photosensitiser-mCherry 0.4 μL 

CaNA-B dimer formation testing (Sections 3.2.2.2 and 4.2.1) 

 150 ng pcDNA3_CaNAn-CIB-CaNAc-mCherry-CaaX 

50 ng pcDNA3.1H_CaNB-miniSOG(RI)-GFP or pcDNA3.1H_CaNB-
HaloTag 

0.4 μL 

CaNB-photosensitiser testing in NFAT translocation assay (Chapters 3 and 4) 

 150 ng pcDNA3_NFATc3(416)-mCherry 

20-125 ng test construct in pcDNA3.1H vector (sufficient to give 
expression within the range in Section 2.6.3.2) 

0.34-0.55 μL 
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CaM binding mimic designs (Section 5.3) 

 100-200 ng pcDNA3_CaNAn-CIB-CaNAc (3 versions) 

100 ng pcDNA3.1H_Cry2(535)E490G-GFP 

0.6-0.9 μL 

 88 ng pcDNA3_CaNAn-SspB-CaNAc (2 versions) or pcDNA3_CaNA-SspB 

88 ng pcDNA3.1H_GFP-iLID 

75 ng pcDNA3_NFATc3(416)-mCherry 

0.5 μL 

LOVTRAP caging of CaNAp or VIVIT (Section 5.4) 

 150 ng pcDNA3_hNFATc3(416)-CFP 

125 ng pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-CaNAp or 
pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-VIVIT 

0.55 μL 

   

 

2.3.4 Generation of stable cell lines. 

For some parts of this project it was desirable to have stable expression of one 

recombinant protein in the HEK293 cell line, to reduce the number of plasmids that 

needed to be simultaneously introduced by transient transfection. Therefore, stable 

populations of cells expressing either NFATc1-mCherry or CaNB-miniSOG(RI)-mCherry 

were generated by lentiviral transduction. The recombinant lentiviral particles were 

produced in HEK293 cells by co-transfection of a 6 cm dish of cells (‘donor cells‘), in 

serum free media, with the following components; 

1 µg pLenti_NFATc1-mCherry 

1 µg pMD2.G  

1.5 µg psPAX2 

10 μL X-tremeGENE 9 

or 

1 µg pLenti_CaNB-miniSOG(RI)-mCherry 

1.5 µg pMD2.G 

2 µg psPAX2 

1.5 μL PEI 

After 4 hours the media was changed for regular growth media containing FBS. 24 

hours after transfection, the media from the donor cells containing viral particles was 

transferred to a separate dish of HEK293 cells (‘recipient cells’) at ~80% confluence, and 

fresh growth media was added to the donor cells. 48 hours after transfection, media from 

the donor cells was again transferred to the recipient cells, and the donor cells were 

discarded. 72 hours after the initial transfection, the recipient cells, now expressing 

either NFATc1-mCherry or CaNB-miniSOG(RI)-mCherry were passaged, and this was 

repeated 2 more times over 1 week to remove any viral particles. 
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2.4 Live cell imaging. 

2.4.1 Imaging reagents. 

Imaging media 

pH 7.35 

sterile filtered 

145 mM NaCL 

20 mM glucose 

10 mM HEPES 

3 mM KCl 

2 mM CaCl2 

1 mM MgCl2 

Sigma-Aldrich S3014 

Sigma-Aldrich G8270 

Sigma H3375 

Sigma-Aldrich P9541 

Sigma-Aldrich C3306 

Sigma-Aldrich 63068 

Ionomycin  Sigma-Aldrich I3909 

FK506  LC Laboratories F-4900 

Hoechst 33342  Invitrogen H1399 

Br2-JF649-HaloTag ligand  Synthesised by DV 
Hingorani (UCSD), SR 
Adams (UCSD) and LD 
Lavis at HHMI-Janelia 
Research Campus 

Cellular Reactive Oxygen Species Detection Assay Kit (Deep Red 
Fluorescence) 

Abcam 186029 

  

 

2.4.2 Equipment and software. 

All live-cell imaging experiments were performed using an Olympus BX51WI 

fluorescence microscope equipped with a Scientific CMOS camera (Hamamatsu Orca-

Flash 4.0 V2) and water immersion 40X/NA0.8 (Olympus) and 20X/NA0.5 (Zeiss) 

objectives. The excitation light source was a white light emitting diode (LED; X-Cite 

110LED, Excelitas Technologies), with excitation and emission light paths passing 

through filter cubes as follows; 

Excitation filter Dichroic beamsplitter Emission filter Fluorophore 

405/40 FF414-Di01 480/25 Hoechst 33342 

472/30 FF495-Di03 FF01-520/35 GFP, CFP 

FF01-543/22 FF562-Di03 FF01-593/40 mCherry1 

D560/40 FF605-Di02 FF01-650/54 mCherry2 

FF635/18 FF652-Di01 FF01-680/42 
Br2-JF649, 

ROS Deep Red Dye 
1NFAT-mCherry and CaNA-mCherry-CaaX. 2photosensitiser-mCherry fusion proteins. 

 

The camera and X-cite LED were controlled by Micro-Manager 1.4.22 software (202).  

For blue light activation of miniSOG variants and control constructs (Chapter 3) and 

LOVTRAP (Chapter 5) during imaging time courses, a customised 470 nm LED (Luxeon 

Star) was placed below the specimen holder such that the light passed through the 
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condenser, increasing the intensity at the specimen (see Figure 2.1A). The area of light 

exposure at the plane of the specimen using this arrangement was a circle with a 

diameter of ~3.6 mm. One field of view (FOV) using the 40X objective was 325 μm2, so 

irradiation at one position enabled measurement at the central FOV as well as FOVs 

immediately adjacent to this. This LED was controlled by LED Driver Control Panel 

V3.1.0 (Mightex).  

For blue light activation of Cry2/CIB and iLID/SspB in CaM binding mimic constructs 

(Section 5.3) multiple coverslips were irradiated simultaneously using an array of 470 

nm LEDs (SMD 5050 blue LED) that were affixed below the lid of a 24 well tissue culture 

plate (Figure 2.1B). A multi-well plate containing the cells was placed directly on top of 

the LED plate, and the light intensity at the plane of the cells was approximately 0.07 

mW/mm2. 

 

2.4.3 Image acquisition for binding of CaNB-photosensitiser tools to CaNA. 

The two optogenetic tools that will be described in Chapters 3 and 4 use 

photosensitisers to inhibit CaN activity. In order to target reactive oxygen species to 

endogenous CaNA, the photosensitisers were expressed as fusion proteins with CaNB. It 

was therefore necessary to confirm that these novel fusion proteins can bind to CaNA. 

To acquire images for Figures 3.4 and 4.2; 48 hours after transfection, coverslips were 

transferred to the microscope specimen holder in imaging media. Images were acquired 

using the 40X objective for mCherry (500 ms exposure at 19 mW/mm2) and GFP (10 or 

20 ms, 62 mW/mm2) or Br2-JF649 (200 ms, 41 mW/mm2). 

 

2.5 Comparison of photosensitiser proteins. 

In order to select a photosensitiser protein to use in the optogenetic tool that will be 

described in Chapter 3, several available blue light responsive photosensitisers were 

compared for their ability to produce reactive oxygen species (ROS). This was carried 

out by expressing each photosensitiser in HEK293 cells and measuring the effect of light 

using a ROS sensitive dye. The cell culture, transfection and live cell imaging for the 

photosensitiser comparison was carried out by Andrew Reading. 

 

2.5.1 Image acquisition for photosensitiser comparison. 

ROS Deep Red Dye stock and working solutions were prepared according to the 

protocol supplied with the Cellular Reactive Oxygen Species Detection Assay Kit 

(available online). 
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Figure 2.1  Customised light sources.
A) Microscope arrangement for concurrent activation of optogenetic constructs and 
imaging of reporter. The 470 nm LED with lens was placed below the condenser such 
that the light at the plane of the specimen was ~12-fold higher intensity than when the 
LED was used alone. B) Arrangement for simultaneous blue light activation of multiple 
coverslips. An array of 470 nm LEDs was attached below the lid of a 24 well cell culture 
plate, and the coverslips with cells were in a culture plate placed directly above the LED 
plate. C) Arrangement for blue light activation of CaNB-miniSOG(RI) for the 
phosphatase assay. Cells were suspended in 200 μL media in the bottom of the 1.5 mL 
tube, which was placed against the lens of the 470  nm LED.

B
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specimen holder
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LED lens
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Cells were incubated in ROS Deep Red Dye working solution for 15 min, then 

transferred to the microscope specimen holder in the same solution. A FOV was selected 

(20X objective) and an mCherry image was acquired (100 ms exposure at 11 mW/mm2) 

to detect expression of the transgene. ROS Deep Red Dye fluorescence was monitored 

(100 ms, 41 mW/mm2) while the cells were irradiated with blue light at 2.0 mW/mm2 

for a total of 3 min delivered in 5 s pulses over 9 min. All steps  were performed with 

minimal ambient light exposure. 

 

2.5.2 Image analysis for photosensitiser comparison. 

All image analysis was performed in the Fiji package of the ImageJ Software (203). 

Cells were manually traced on the mCherry image to produce regions of interest 

(ROIs) for individual cells. The mean pixel intensity of each ROI was measured on the 

mCherry image, and background fluorescence was subtracted. Mean pixel intensity was 

also measured on the first and last ROS Deep Red Dye image acquired (before and after 

blue light irradiation), and the change in fluorescence was calculated and presented in 

Figure 3.2 (pg. 55).  

 

2.6 NFAT translocation assay. 

2.6.1 Development of the NFAT translocation assay. 

As described in Chapter 1, NFAT isoforms c1-c4 are important substrates of CaN in 

many cell types. Inactive NFAT protein is localised in the cell cytosol, but 

dephosphorylation by CaN reveals a nuclear localisation sequence that allows the 

activated protein to translocate into the nucleus, where it binds to DNA to modulate 

transcription. Various kinases re-phosphorylate NFATs, triggering return to the cytosol 

(reviewed in 204,205).  This change in localisation has previously been used to measure 

activity of the CaN-NFAT signalling pathway after various types of stimulation 

(113,206,207). In some cases endogenous NFAT has been detected by 

immunocytochemistry, and in others over-expressed NFAT isoforms tagged with 

fluorescent proteins have been monitored. For this project, the latter approach was used, 

with NFAT proteins fused to either mCherry or cerulean fluorescent protein (CFP). 

Initially, the full length NFATc1 isoform 1A-IXS sequence from Mus musculus was 

fused to mCherry (Figure 2.2A). A population of HEK293 cells was produced stably 

expressing NFATc1-mCherry (see Section 2.3.4). However, over time, as the cells divided 

and were repeatedly passaged, the expression level and percentage of cells expressing 

NFATc1-mCherry decreased. Additionally, cells that did not express NFATc1-mCherry 



Figure 2.2 Design of NFAT reporter construct.
A) Linear schematics of the fusion proteins expressed in panel B. The full length 
nuclear factor of activated t-cells (NFAT) mouse isoform c1 tagged with mCherry 
(NFATc1-mCherry) was compared to a truncated human NFATc3 (NFATc3-mCherry). B) 
HEK293 cells transiently expressing NFATc1-mCherry (i-iii) or NFATc3-mCherry (iv-vi). 
Both isoforms showed cytosolic localisation in the resting state (i, iv), and translocated 
to the nucleus when activated by co-expression of the constitutively active calcineurin 
phosphatase domain (CaNAp; ii, v). NFATc1-mCherry formed bright puncta in the 
nucleus when activated (ii, iii), while NFATc3 was truncated to remove the DNA binding 
domain, and therefore showed a more uniform nuclear distribution suitable for 
quanti�ication (v). NFATc1-mCherry was partially activated under the conditions 
necessary for live imaging experiments (iii) while this did not occur with NFATc3-
mCherry (vi). Therefore the reporter NFATc3-mCherry was used in subsequent 
experiments.  Scale bar 50 μm.  
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were preferentially transfected with optogenetic test constructs. Therefore only one 

data set in this thesis was acquired using the cell line (the Cry2/CIB variant described in 

Section 5.3). For other experiments it was necessary to co-transfect two or three 

plasmids simultaneously, which reduced the expression level of NFAT-mCherry and the 

test construct components. With both stable and transient expression, NFATc1-mCherry 

was localised in the cytosol in most cells when initially transferred to the microscope (‘at 

rest’), and could be induced to translocate to the cytosol by co-expression of the 

constitutively active CaN phosphatase domain (CaNAp; Figure 2.2B). While this indicates 

that CaN signalling is able to activate the NFATc1-mCherry protein, there were two 

characteristics that made this construct impractical for measuring CaN signalling, which 

are shown in Figure 2.2B; firstly, the activated protein in the nucleus formed puncta with 

very bright fluorescence, which produced saturated pixels in the acquired images. It was 

not possible to select imaging parameters that were able to informatively capture both 

the bright puncta and the diffuse cytosolic protein. Secondly, NFATc1-mCherry was 

activated, although sub-maximally, when the cells were subjected to the control 

experimental condition, which involved imaging over the course of ~50 min with no 

stimulus. This activation may have been caused by cell stress induced Ca2+ signalling, as 

the environmental conditions were less controlled during live imaging than in the 

incubator, or may have been non-CaN dependent activation, which has been detected for 

the NFATc1 isoform in muscle cells (208). 

 

Therefore, a plasmid was produced to express amino acids 1-413 of human NFATc3 

isoform IB-∆Xa fused to mCherry (Figure 2.2A). This truncation removed the domains 

that bind DNA or other transcription factors, but retained the sequences that interact 

with CaN, and the nuclear import and export sequences. Figure 2.2B shows that NFATc3-

mCherry is localised to the cytosol under resting conditions, and in the nucleus in the 

presence of CaNAp, but is distributed throughout the nucleus rather than in puncta. 

Additionally, the control conditions for live cell imaging experiments did not trigger 

translocation of NFATc3-mCherry. Therefore this isoform was used for all subsequent 

experiments, fused either to mCherry or CFP, and expressed transiently. 

 

To develop a real time imaging assay to measure CaN signalling, it was necessary to 

stimulate activity of endogenous CaN, which was achieved using the Ca2+ ionophore 

ionomycin (Figure 2.3A). Figure 2.3B shows the time course of the change in localisation 

of NFATc3-mCherry in HEK293 cells after ionomycin treatment, demonstrating that over 

30 min a large fraction of the protein translocates from the cytosol into the nucleus. This 
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Error bars represent mean±standard deviation from analysis of ≥50 cells from ≥3 experiments. All 
treatments compared to untreated control. **** p<0.0001, ns non-signi�icant; ordinary one-way ANOVA 
with Tukey's multiple comparisons test.

Figure 2.3  NFAT localisa�on can be quan�fied to indicate CaN ac�vity.
A) The signalling pathway utilised in this assay; the ionophore ionomycin (iono) 
triggers Ca2+ in�lux to the cytosol, which binds to CaM to activate endogenous CaN. This 
can then dephosphorylate over-expressed NFATc3-mCherry, activating it to translocate 
to the nucleus, unless a CaN inhibitor such as FK506 is present. B) NFATc3-mCherry 
transiently expressed in HEK293 cells translocated from the cytosol to the nucleus over 
30 min when treated with ionomycin. Scale bar 50 μm. C) The NFAT nuclear fraction of 
individual cells indicates the effect of pharmacological treatments and over-expressed 
proteins such as VIVIT, a highly speci�ic peptide inhibitor of CaN, and the constitutively 
active phosphatase domain of CaN (CaNAp). 
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translocation has been quantified in Figure 2.3C by measuring the fraction of mCherry 

fluorescence that is in the nucleus of each cell after the treatment period. Ionomycin 

stimulated NFAT translocation could be inhibited by addition of FK506, or co-expression 

of GFP-VIVIT, which are both highly specific CaN inhibitors. Co-expression of CaNAp 

triggered NFAT translocation in the absence of ionomycin treatment, although the effect 

was more variable, likely reflecting variation in the expression level (this could not be 

measured because the CaNAp protein was expressed without a fluorescent protein). This 

method of measuring the nuclear fraction of NFATc3-mCherry after monitoring the 

protein in real time during ionomycin treatment was used to characterise the 

photosensitiser tools described in Chapters 3 and 4, and the LOVTRAP tools described in 

Chapter 5. Note that for Chapter 4, the NFAT nuclear fraction was measured before and 

after the treatment period, and the change in NFAT nuclear fraction has been presented. 

This provided an internal control for each cell, which was found to reduce cell to cell 

variation. 

 

For designs with many variants, such as those described in Section 5.3, a higher 

throughput method was required. In these cases, NFATc3-mCherry was not monitored 

during the treatment period, rather a batch of coverslips with cells expressing different 

constructs was treated simultaneously, and images were acquired only at the end. 

Instead of the time consuming process of measuring fluorescence in different 

compartments, cells were visually inspected and categorised as having either more 

cytosolic or more nuclear mCherry fluorescence, and the data is presented as the 

percentage of cells in each category. In this way, a large number of cells could be assayed 

rapidly, although less information was gained. 

Note that data presented in Section 5.3 comprise only a small number of the construct 

variants that were tested, and under only one lighting condition. This is because 

modifications that needed to be made to the NFAT translocation assay (as described 

above) were discovered throughout the process of screening optogenetic constructs, 

resulting in multiple data sets that were individually informative, but that were not 

performed under identical conditions such that they could not be directly compared to 

one another. Therefore one data set for each design is presented in Chapter 5, showing 

those constructs that warrant further investigation. 
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2.6.2 Image acquisition for NFAT translocation assay. 

2.6.2.1 Image acquisition for assay development. 

In Figure 2.2B the ‘no treatment’ condition is cells expressing NFAT-mCherry (c1 or 

c3 variant) only, whereas in the middle panels NFAT-mCherry and CaNAp were co-

expressed. In both cases, images were acquired immediately after transferring the 

coverslip to the microscope specimen holder in imaging media. For the ‘live cell imaging’ 

panels in Figure 2.2B and the images and data in Figure 2.3B & C, coverslips with cells 

expressing the indicated transgenes were rinsed once with imaging media and 

transferred to the specimen holder in the same solution. An initial FOV was selected (40X 

objective) using only green excitation light (observing mCherry), and a ‘before’ mCherry 

image was acquired (500 ms exposure at 19 mW/mm2). Where indicated, ionomycin was 

applied to a final concentration of 0.5 μM by exchanging 50% of the imaging media 

volume (for controls exchanged plain imaging media), and for the indicated condition 

FK506 was included in all imaging media at 1 µM. The initial FOV was monitored by 

imaging mCherry periodically throughout the 30 min incubation period. For all 

conditions an mCherry image (500 ms exposure at 19 mW/mm2) was acquired after the 

treatment period, and for the ‘iono + VIVIT’ condition a GFP image was also acquired (10 

ms, 62 mW/mm2). All steps  were performed with minimal ambient light exposure. 

 

2.6.2.2 Image acquisition for CaN-photosensitiser tools. 

Cells expressing NFATc3-mCherry and a test construct were incubated in either 

Hoechst 33342 (2 µg.mL-1 in growth media for 5 min) for the CaNB-miniSOG(RI) tool and 

control constructs, or Br2-JF649-HaloTag Ligand (0.5 µM in growth media for 30 min) 

for CaNB-HaloTag and control constructs. Coverslips were rinsed once with imaging 

media and transferred to the specimen holder in the same solution at room temperature. 

A starting FOV was selected (40X objective) using only green excitation light (observing 

mCherry). For CaNB-miniSOG(RI) and controls blue light was applied in one position 

using an LED placed beneath the condenser (see Figure 2.1A), while for CaNB-HaloTag 

and controls red light was applied  by the X-cite LED through the FF635/18 nm excitation 

filter at multiple positions spread across the coverslip and a ‘before’ mCherry image was 

acquired for each. Ionomycin was applied to a final concentration of 0.5 μM by 

exchanging 50% of the imaging media volume (for controls exchanged for plain imaging 

media). The initial FOV was monitored by imaging mCherry periodically throughout the 

30 min incubation period, then the ‘after’ images were acquired. For CaNB-miniSOG(RI) 

and controls this included an mCherry (500 ms exposure at 19 mW/mm2), a GFP (10 ms, 
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62 mW/mm2), a Hoechst (20 ms, 50% LED power) and a bright field image for the central 

and adjacent FOVs (9 in total), while for CaNB-HaloTag and controls this included an 

mCherry (500 ms, 19 mW/mm2) and a Br2-JF649 (200 ms, 41 mW/mm2) image for each 

FOV selected in the previous step. All steps  were performed with minimal ambient light 

exposure. 

 

2.6.2.3 Image acquisition for CaM binding mimic designs. 

For the Cry2/CIB variants, HEK293 cells stably expressing NFATc1-mCherry were co-

transfected with CaNAn-CIB-CaNAc (3 variants) and Cry2(535)E490G-GFP (for the 

NFAT only control the transfection step was omitted). For the iLID/SspB variants 

HEK293 cells were co-transfected with NFATc3-mCherry, CaNAn-SspB-CaNAc (2 

variants) or CaNA-SspB, and GFP-iLID. For both designs, multiple coverslips expressing 

different variants were illuminated with blue light simultaneously using the LED plate 

pictured in Figure 2.1B (or kept in the dark), in growth media in the tissue culture 

incubator. Cry2/CIB variants were irradiated with 470 nm light in pulses of 1 s every 10 

min at ~0.07 mW/mm2, for a total of 90 min. iLID/SspB variants were irradiated with 

470 nm light in pulses of 30 s every 5 min at ~0.07 mW/mm2, for a total of 45 min. 

Following blue light irradiation, coverslips were rinsed once with imaging media and 

transferred to the specimen holder in the same solution. Images for multiple FOVs were 

acquired (20x objective); for Cry2/CIB variants this included mCherry (500 ms exposure 

at 19 mW/mm2) and GFP (50 ms, 19 mW/mm2) images, and for iLID/SspB variants this 

included mCherry (500 ms exposure at 19 mW/mm2) and GFP (50 ms, 9 mW/mm2) 

images. All steps  were performed with minimal ambient light exposure. 

 

2.6.2.4 Image acquisition for LOVTRAP designs. 

Cells expressing NFATc3-CFP, TOM20-LOV, and Zdk1-mCherry-CaNAp (together 

called LOVTRAP-CaNAp) were rinsed once with imaging media and transferred to the 

specimen holder in the same solution. A FOV was selected (40X objective) using only 

green excitation light (observing mCherry), then a ‘before’ CFP image was acquired (500 

ms, 62 mW/mm2). Blue light we applied by an LED placed beneath the condenser (see 

Figure 2.1A), for 1 s at 18 mW/mm2 every 30 s for a total of 50 min, or no blue light was 

applied. mCherry localisation was monitored throughout (500 ms exposure at 19 

mW/mm2), and an ‘after’ CFP image was acquired following the treatment period. To test 

the VIVIT version of this design (LOVTRAP-VIVIT), the same procedure was carried out, 

with addition of ionomycin to a final concentration of 0.5 μM by exchanging 50% of the 
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imaging media volume immediately after the first blue light pulse. All steps  were 

performed with minimal ambient light exposure. 

 

2.6.3 Image processing for NFAT translocation assay. 

2.6.3.1 General information. 

All image analysis was performed in the Fiji package of the ImageJ Software (203). 

Numerical data measured from images was organised in Microsoft Excel. 

 

2.6.3.2 Image processing for assay development and CaN-photosensitiser tools 

The data for NFAT translocation assay development (Section 2.6.1) and analysis of 

the CaNB-HaloTag/Br2-JF649 tool and controls (Chapter 4) were analysed manually, 

while the data for analysis of the CaNB-miniSOG(RI) tool and controls (Chapter 3) was 

analysed using a custom Fiji macro that  is detailed in Appendix C. 

In both cases, ROIs were produced that represented the cell outline and nucleus of 

each cell. The integrated fluorescence intensity (IFI; arbitrary units) of the mCherry 

signal was calculated for each ROI by multiplying the area by the mean pixel intensity 

after background subtraction.  For experiments in Chapters 2 and 3, the fraction of the 

whole cell mCherry signal that was contained in the nucleus was calculated after the 

treatment period. For experiments in Chapter 4 the nuclear NFAT-mCherry fraction was 

calculated before and after the treatment period, and the change in NFAT nuclear 

fraction was reported for each cell. The whole cell ROIs were also used to calculate the 

IFI for the GFP or Br2-JF649 images to indicate the expression level of the test construct. 

Unsuitable cells were removed from the analysis. Exclusion criteria based on 

morphology were; rounded cells with no filopodial and lamellipodial type processes, 

cells containing many vacuoles, multi-nucleated cells, very large cells (approximately 

>100 µm in any direction) and very small cells (approximately <15 um). Exclusion 

criteria based on protein expression level were; mCherry IFI>1.0x10-4, GFP IFI<5.0x10-5, 

or Br2-JF649 IFI<2.0x10-4 arbitrary units. During preliminary experiments it was 

observed that when NFAT-mCherry was expressed in a cell at a very high level it did not 

translocate to the nucleus with ionomycin treatment, and this cut off value was selected 

during the development of the NFAT translocation assay to exclude those cells. As the 

CaNB-miniSOG(RI) and CaNB-HaloTag/Br2-JF649 tools are protein inhibitors it is 

expected that there will be a relationship between concentration (expression level) and 

inhibitory activity. During preliminary experiments for each tool in which excess blue or 

red light irradiation was applied (1-2 min duration, high intensity) this relationship was 
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examined to select the GFP and Br2-JF649 fluorescence cut off values to exclude the 

lowest expressing cells in which inhibition would not occur. This is shown in Figure 2.4. 

For each condition, a minimum of 50 cells from 3 experiments were analysed. 

 

2.6.3.3 Image processing for CaM binding mimic designs. 

All GFP expressing cells were selected, and the corresponding mCherry image was 

used to categorise each cell as having predominantly either cytosolic or nuclear NFAT-

mCherry. The data is presented as the percentage of cells in each category. 

For each condition, 40-170 cells were counted from 1-4 experiments. 

 

2.6.3.4 Image processing for LOVTRAP designs. 

The data for the LOVTRAP-CaNAp and LOVTRAP-VIVIT designs was analysed 

essentially as for the photosensitiser tools. The NFAT nuclear fraction was calculated 

from the CFP images for each cell before and after the treatment period, and both are 

presented, to show the change over time.  

For each condition, 6-10 cells were measured from 2 experiments. 

 

2.7 Phosphatase assay. 

The population of HEK293 cells stably expressing CaNB-miniSOG(RI)-mCherry (see 

Section 2.3.4) was sorted by fluorescence activated cell sorting (FACS) using a MoFlo 

Astrios EQ cell sorter (Beckman Coulter) with a 532 nm laser. Of the distribution of 

expression levels within the population, the highest and lowest expressing cells were 

removed, as well as non-expressing cells, to produce a population that was homogeneous 

for expression level. 

 

The following steps  were performed with minimal ambient light exposure. 

For blue light irradiation, 600,000 cells from the sorted CaNB-miniSOG(RI)-mCherry 

cell line or non-transduced HEK cells were suspended in 200 μL growth media in a 1.5 

mL tube, for each condition. These tubes were illuminated for the times indicated in 

Section 3.2.3 by positioning the bottom of the tube directly against the lens of a 470 nm 

LED (Figure 2.1C). Irradiation was performed at the maximum output of the LED, 1.0 

mW/mm2, and was performed in 1 min pulses with 1 min dark in between to avoid 

overheating the LED or HEK cells. 
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Figure 2.4  Effect of expression level on inhibi�on by photosensi�ser tools.
A) Preliminary data showing NFAT nuclear fraction in individual GFP expressing cells 
in the dark compared to CaNB-miniSOG(RI)-GFP expressing cells exposed to ≥2 min of 
blue light (470 nm) at 4.5 mW/mm2 prior to ionomycin treatment. The integrated 
�luorescence intensity (arbitrary units) indicates the expression level of the construct, 
and the minimum expression level selected for later experiments was 0.5x10-4. B) 
Preliminary data for CaNB-HaloTag expressing cells treated with Br2-JF649-HaloTag 
Ligand in the dark state compared to 1-2 min irradiation with red light (635 nm) at 68 
mW/mm2. The minimum expression level selected was 2.0x10-4. 
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Following blue light irradiation of the cells, the  Cellular Calcineurin Phosphatase 

Activity Assay Kit (Abcam) was used according to the protocol (available online). Briefly, 

cells were lysed in the supplied buffer with one freeze-thaw cycle, and sedimented to 

remove the nuclear fraction. Lysates were desalted by gel filtration to remove free 

phosphate and nucleotides. The total protein concentration of desalted lysates was 

measured using the DC Protein Assay kit (Bio-Rad), and this was used as an indication of 

the relative amount of CaN protein in each sample. The lysates were added to a 96-well 

plate with the phospho-RII peptide substrate as well as Ca2+ and CaM to activate CaN, 

and incubated for 30 min at 30°C. Controls for each sample included a background 

measurement that did not include the peptide substrate, as well as a ‘CaN inhibited’ 

control with no Ca2+ or CaM (this reveals dephosphorylation of the peptide by enzymes 

other than CaN). The phosphatase reactions were terminated by adding the Green Assay 

Reagent, and colour was developed for 20 min at room temperature before luminescence 

at 620 nm was measured on a Spark Multimode Microplate Reader (Tecan). Phosphate 

released in each sample was calculated from a standard curve, and was normalised to 

the total protein concentration. CaN activity presented in Figure 3.7B (pg. 64) is the total 

phosphate released minus the CaN inhibited control (non-CaN dependent phosphate 

release), normalised to total protein concentration, for 3-4 measurement replicates from 

one experiment for each condition. 

 

2.8 Statistical analysis. 

All numerical data were organised using Microsoft Excel, and statistical analysis was 

performed using GraphPad Prism 6 or 8 (GraphPad Software Inc., USA).  

Statistical analysis of the NFAT translocation assay in Chapters 2, 3 and 4 was by one-

way ANOVA with Tukey’s multiple comparisons test. All data for a single chapter was 

included in one ANOVA. Multiplicity adjusted p-values were calculated. **** p≤0.0001, 

*** p≤0.001, **p≤0.01, * p≤0.05, ns non-significant p>0.05.  
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Chapter 3 

Calcineurin inhibition with miniSOG(RI). 
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3.1 Introduction 

Photosensitising dyes and proteins have been developed that both fluoresce and 

generate reactive oxygen species (ROS) when excited by light. This characteristic has 

been utilised to produce tools for selective cell ablation using light (198), as well as for 

chromophore assisted light inactivation (CALI) of specific proteins (181). When utilised 

in cell ablation, the photosensitiser is typically directed to mitochondria or cellular 

membranes. For CALI applications the photosensitiser is targeted to the protein of 

interest to selectively inhibit the function of that protein complex. The following chapter 

will describe the development of a novel genetically encoded tool for CALI of calcineurin 

(CaN). 

 

There are many reactions that can occur between ROS and both amino acid (aa) side 

chains and the peptide backbone of proteins, changing their structure and disrupting 

their function (reviewed in 184). Sulphur containing side chains (cysteine and 

methionine) and aromatic side chains (histidine, tryptophan, and tyrosine) on solvent 

exposed surfaces are particularly susceptible to oxidation mediated by ROS (186). 

Inactivation of CaN by two reactive species, superoxide and hydrogen peroxide, has been 

reported, with evidence suggesting inactivation is due to oxidation of the active site 

metal ions (209), formation of a disulphide bridge between cysteine residues in CaNA 

(210), or oxidation of various methionine residues within CaNA and B (211,212). 

Additionally, there are histidine residues coordinating the metal centre ions (84), and 

another that is adjacent to the metal centre that has been shown to be critical for 

phosphatase activity (213). The presence of these highly susceptible side chains in the 

CaN complex means it is likely that CaN phosphatase activity will be rapidly inhibited by 

ROS, making it a suitable candidate for a CALI based optogenetic tool. 

To inhibit CaN function using light generated ROS, the tool design must include a 

method for targeting the photosensitiser protein to endogenous CaN. It is preferable to 

use a simple over-expression strategy, as opposed to generating a knock-in version of 

modified CaN or conducting over-expression in a mutant strain (the ‘rescue’ 

experiment). The knock-in approach tends to be expensive and labour intensive, and the 

rescue approach is limited to model organisms for which the appropriate mutant strain 

exists and does not have developmental abnormalities. By contrast, over-expression of a 

CaN targeting tool could be achieved by transient or stable transfection in a wide range 

of cell and organism types that have otherwise normal CaN function. As described in 

Chapter 1, the CaN enzyme is a heterodimer of CaNA and CaNB, with the catalytic site 
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contained in the A subunit, while the B subunit has regulatory and structural roles. Using 

an over-expression approach, direct fusion of a photosensitising protein to the CaNA 

subunit would not be effective, as endogenous CaN would still be present and functional 

when light is applied. On the other hand, over-expressed CaNB may form heterodimers 

with endogenous CaNA, out-competing endogenous CaNB, such that the generation of 

ROS within this protein complex would inhibit the endogenous CaN activity. A primary 

feature of the tool design in this project is the over-expression of CaNB tethered to a 

photosensitiser, and it is hypothesised that CALI of endogenous CaN can be achieved 

using this approach. 

 

Protein encased photosensitisers are less efficient at producing ROS than naked 

chemical photosensitisers (214,215), which presents a challenge for creating fully 

genetically encoded CALI tools. To select the best photosensitiser protein for use in this 

tool, a number of published proteins were compared for their ability to activate a ROS 

sensitive dye in cultured HEK cells. The mini singlet oxygen generator (miniSOG) was 

developed for correlative light and electron microscopy (192). miniSOG was evolved 

from the light-oxygen-voltage (LOV)2 domain of Arabidopsis thaliana phototropin 2, 

which undergoes a reversible blue-light sensitive conformational change that is the 

result of ROS generation and cysteine adduct formation between the chromophore and 

the protein (216). The chromophore of this protein, flavin mononucleotide (FMN; 217), 

is an efficient generator of singlet oxygen on its own (218), and is ubiquitous in cells. The 

key modification of LOV2 that resulted in miniSOG was the mutation of cysteine 426 into 

glycine (aa 40 in miniSOG, see Appendix D). This substitution preserved FMN binding 

and spectral characteristics, but rendered the protein unable to form the adduct 

following excitation of the chromophore. As a result, alternative photochemical reactions 

occur within the FMN binding pocket, culminating in production of singlet oxygen or 

oxygen radicals (215,219) that are able to exit the protein to modify other targets in the 

surrounding environment. Additional mutations were introduced through a directed 

evolution process to produce the final miniSOG (see Appendix D), although the 

mechanisms of their effects have not been described (192). Since its first publication as 

a genetically encoded photosensitiser, several miniSOG variants have been developed to 

enhance ROS production either rationally or through directed evolution. The singlet 

oxygen photosensitising protein (SOPP) was derived by targeted mutagenesis of specific 

amino acids to alter the interaction between the FMN cofactor and the protein. A single 

substitution near the chromophore (Q103L, see Appendix D) resulted in a 6-fold increase 

in the quantum yield of singlet oxygen production from purified protein compared to 
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miniSOG (197). The same group has subsequently developed newer versions of SOPP 

with even higher efficiency of ROS production, and reduced self-quenching (SOPP2 and 

SOPP3; ref. 220). Recently, miniSOG2 was developed in bacteria using a random 

mutagenesis technique (see Appendix D). A 7-fold improvement over miniSOG in 

bleaching of a fluorescent protein by ROS was reported when 7 amino acid substitutions 

were made. miniSOG2 showed improved performance over SOPP and miniSOG for cell 

ablation in culture, and was effective in vivo in Drosophila (198). For this project, 

miniSOG, miniSOG2 and SOPP were compared for their ability to generate ROS in order 

to select a photosensitiser to use for CALI of CaN. 

 

3.2 Results. 

3.2.1 Selection of tool components. 

3.2.1.1 Effect of exogenous over-expression of CaNB in HEK293 cells. 

The NFAT translocation assay described in Chapter 2 was used to test whether over-

expression of CaNB would alter endogenous CaN signalling. If over-expression of CaNB 

elevates or inhibits the activity of CaN in the cell, the basal level of NFAT in the nucleus 

would change, and translocation of NFAT to the nucleus would be disrupted after 

ionomycin stimulation. Compared to cells expressing GFP only, the nuclear fraction of 

NFAT in CaNB-GFP expressing cells was not different after ionomycin treatment, and was 

very slightly lower in resting cells that were not treated with ionomycin (Figure 3.1). 

This indicates that CaNB over-expression does not significantly change CaN signalling in 

response to a rise in intracellular calcium. Basal CaN activity was reduced by a small 

margin, but whether this will be of physiological significance remains to be determined. 

These data suggest that over-expressing CaNB is a viable approach to targeting 

endogenous CaNA with minimal disruption to function prior to irradiation. 

 

3.2.1.2 Comparing the efficiency of ROS generation by miniSOG variants. 

As each of the photosensitiser proteins described in Section 3.1 was developed and 

applied in different cell types and under different conditions, it was important to 

compare their performance in the experimental system used in this project. miniSOG, 

miniSOG2, and SOPP were each fused with mCherry and tested in HEK293 cells without 

a specific localisation signal. mCherry fluorescence was detected throughout all cell 

compartments. A control protein from A. thaliana, CIB1, was also tested under these 

conditions. CIB1 is a protein that forms a heterodimer with the blue light adapted form 

of cryptochrome 2, but does not itself have a chromophore and therefore should not 
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Figure 3.1  Over-expression of CaNB does not alter Ca2+  induced CaN signalling.
CaN signalling indicated by NFAT nuclear fraction in control (GFP; green) and CaNB-
GFP (orange) expressing HEK cells in the basal condition or after treatment with 
ionomycin to induce Ca2+ in�lux.
* p<0.05, ns non-signi�icant. Error bars represent mean±standard deviation from analysis of ≥50 cells from 
≥3 experiments. Ordinary one-way ANOVA with Tukey's multiple comparisons test.
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produce ROS upon illumination with blue light (144). A commercially available far-red 

fluorescent ROS sensitive dye (ROS Deep Red Dye; Cellular ROS Detection Assay Kit, 

Abcam) was used to measure the ROS generating ability of each protein under these 

conditions (see Section 2.5). ROS Deep Red Dye fluorescence was measured before and 

after blue light exposure in individual cells, and the change in dye fluorescence has been 

plotted against mCherry fluorescence, which indicates expression level of the 

photosensitiser, in Figure 3.2B-E. 

Following blue light irradiation (470 nm light at 2.0 mW/mm2 for a total of 3 minutes 

delivered in 5 second pulses over 9 minutes), a small increase in ROS Deep Red Dye 

fluorescence intensity (~2.5 units) was detected in control cells not expressing a 

photosensitiser (Figure 3.2A), presumably a consequence of blue light effects on 

endogenous cell components. For cells expressing CIB-mCh, ROS production was 

comparable in cells at all expression levels to control cells (Figure 3.2B, note the 

difference in y-axis range between Figure 3.2 panel A & panels B-E), which is consistent 

with the lack of photosensitising property in CIB. In contrast, miniSOG and SOPP 

produced ROS above the baseline level when there was sufficient protein expression 

(Figure 3.2C & D); these proteins showed a general trend towards increasing ROS 

production with increasing expression level, however the cell-to-cell variation in ROS 

production was greater at high levels of photosensitiser expression, so the correlation 

was poor. miniSOG produced greater ROS fluorescence than SOPP (compare Figure 3.2 

panels C & D), but surprisingly no ROS generation above the control level could be 

detected for miniSOG2 (Figure 3.2E). 

Although miniSOG2 performed poorly under these particular conditions, it contains 

two mutations that are of interest (out of seven mutations that distinguish it from 

miniSOG). Mutations to His85 and Met89 are found in both miniSOG2 and the most 

recent version of SOPP (SOPP3, see Appendix D). These positions are not adjacent to the 

chromophore binding pocket, and so are not likely to be responsible for the loss of 

activity in this assay (discussed in Section 3.3.2), but rather have been hypothesised to 

‘self-quench’ the ROS generated by the photosensitiser. For use in this project, H85R and 

M89I mutations were introduced into the original miniSOG. These substitutions 

preserve the amino acid side-chain properties (charge and hydrophobicity) at these 

positions, while reducing the number of side chains within miniSOG that can react with 

ROS. Mutations present in miniSOG2 around the chromophore were not used in order to 

avoid any spectral change or change of binding affinity to FMN, discussed further in 

Section 3.3. This variant is referred to as miniSOG(RI) in this thesis. 
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A

B

Figure 3.2 Blue light induced ROS genera�on by miniSOG variants. 
A) ROS production indicated by the change in �luorescence of ROS Deep Red Dye 
(arbitrary units) over 9 minutes in control cells not expressing a photosensitiser, in the 
dark and with blue light irradiation (470 nm at 2.0 mW/mm2). B-E) Change in ROS 
Deep Red Dye �luorescence induced by miniSOG derived candidate photosensitiser 
proteins and a control protein (CIB) after blue light irradiation as for control cells. 
mCherry �luorescence (arbitrary units) indicates the expression level of each 
photosensitiser.
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3.2.2 Optogenetic inhibition of CaN signalling to NFAT with miniSOG(RI). 

3.2.2.1 Design of an optogenetic approach to inhibit CaN with miniSOG(RI). 

To inhibit CaN signalling with light, the miniSOG(RI) domain was fused to the C-

terminus of the rat CaNB α1 isoform. The protein was tagged additionally with a C-

terminal fluorescent protein to assist with visualising its localisation and expression 

level, as miniSOG exhibits weak fluorescence and fast photobleaching (192). For analysis 

using the NFAT translocation assay, GFP was used as an expression marker for the tool 

(Figure 3.3A), while later experiments utilised mCherry, which gave spectral separation 

from miniSOG to limit ROS generation during imaging. This optogenetic approach is 

referred to as CaN-miniSOG(RI). 

A model for the action of this CALI tool is summarised in Figure 3.3B and C. It is 

hypothesised that the CaNB-miniSOG(RI)-GFP fusion protein will form a heterodimer 

with endogenous CaNA, and in the dark state this complex will exhibit normal CaN 

activity. That is, it will be activated by Ca2+/CaM to dephosphorylate many target 

proteins, including the transcription factor NFAT. However, when exposed to blue light 

(<500nm) the miniSOG(RI) domain will produce ROS, which will irreversibly inactivate 

the adjoining CaN protein, so that it cannot dephosphorylate targets even in the presence 

of Ca2+/CaM. 

 

3.2.2.2 Modification of CaNB by fusion with miniSOG(RI)-GFP does not disrupt CaN 

complex formation. 

The first step in testing the CaN-miniSOG(RI) approach was to demonstrate that 

modification to the CaNB domain does not prevent dimer formation with endogenous 

CaNA. In the absence of CaNA, the CaNB protein would be expected to distribute between 

the cytosol and nucleus, as it does not contain any known nuclear import or export 

sequences (221). Even in fusion with miniSOG(RI) and GFP, the size of the protein is not 

expected to prevent diffusion through the nuclear pore (222). In contrast, CaNA contains 

both a nuclear localisation sequence (NLS) and a nuclear export sequence (NES), that are 

differentially regulated (223). The NES is located in a flexible region of the regulatory 

domain, and is responsible for the basal localisation of CaN in the cytosol, and return to 

the cytosol after cessation of stimuli. Nuclear transport of CaN is observed under specific 

circumstances – for instance, calpain cleavage of the CaNA C-terminus during cardiac 

hypertrophy – leading to the conclusion that the NLS is hidden in the resting state and 

must be revealed to exert an effect (223). In this project, fusion proteins containing 

CaNAα were localised in the cytosol of HEK293 cells (data not shown), which is 
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A

Figure 3.3  Proposed mechanism of inhibi�on by CaN-miniSOG(RI).
A) Schematic of the CaNB-miniSOG(RI) fusion protein, showing amino acid count and 
the H85R and M89I mutations hypothesised to reduce quenching of reactive oxygen 
species (ROS). B) CaNB-miniSOG(RI) is designed to integrate into heterodimers with 
endogeous CaNA such that in the dark state the complex will be activated by Ca²⁺/CaM 
to dephosphorylate targets such as NFAT. C) Exposure to blue light (<500nm) activates 
the miniSOG(RI) component to locally produce ROS. It is hypothesised that this will 
speci�ically inactivate the CaN complex by oxidative damage, inhibiting 
dephosphorylation.
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consistent with the observed localisation of this isoform in neurons (60). The localisation 

of the GFP signal from CaNB-miniSOG(RI)-GFP in HEK293 cells is cytosolic (Figure 3.4A 

& B), while the non-targeted miniSOG(RI)-GFP is present in both the cytosol and nucleus 

(Figure 3.4C & D). The difference in localisation suggests that CaNB-miniSOG(RI)-GFP 

forms a complex with endogenous CaNA, while miniSOG(RI)-GFP exists as a monomer. 

The capacity to form a complex with CaNA was confirmed when a modified CaNA-

mCherry directed to the plasma membrane with an isoprenoid lipidation CaaX motif was 

co-expressed with CaNB-miniSOG(RI)-GFP (Figure 3.4E). The GFP signal in this 

experiment was co-localised with CaNA-mCherry at the membrane (Figure 3.3F & G), 

indicating that fusion of CaNB with miniSOG(RI)-GFP did not hinder CaNA-B complex 

formation. 

 

3.2.2.3 CaN-miniSOG(RI) exposed to blue light inhibits NFAT translocation. 

The CALI effect of CaN-miniSOG(RI) was measured using the NFAT translocation 

assay as described in Section 2.6, with results shown in Figure 3.5, Table 3.1 (pg. 71) and 

Table 3.2 (pg. 72). Transient expression of CaNB-miniSOG(RI)-GFP did not disrupt 

ionomycin induced NFATc3-mCherry translocation without blue light illumination 

(Figure 3.5, compare columns 2 & 3). This suggests that miniSOG(RI) does not produce 

appreciable ROS under ‘dark’ conditions. 

In CaN-miniSOG(RI) cells, a single period of exposure to 470 nm light at 4.5 mW/mm2 

prior to application of ionomycin inhibited NFAT nuclear translocation in a manner 

dependent on the ‘dose’ (duration) of illumination (Figure 3.5, compare columns 4-8 

with column 3). By analysis of variance (ANOVA), a minimum of 30 s of blue light was 

required to detect a statistically significant inhibition compared to the dark state. 

Illumination for ≥60 s was considered to elicit full inhibition of CaN signalling, as NFAT 

translocation under these conditions was not statistically different from control cells 

that were not treated with ionomycin (p values, adjusted for multiple comparisons, are 

shown in Table 3.2, pg. 72). Regression analysis may be more sensitive to detecting small 

differences between adjacent conditions, and Section 3.3.4 will include comment on why 

that was not possible for this experiment. 

Using the shortest illumination that caused complete inhibition, 60 s, inhibition was 

found to be dependent on the intensity of blue light. Blue light at 2.0 mW/mm2 was  

effective at inhibiting NFAT translocation (Figure 3.5 columns 3 & 9). However, when the 

intensity was reduced to 0.7 mW/mm2, no significant inhibition was detected (Figure 3.5 

columns 3 & 10). 
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Figure 3.4  CaNB-miniSOG(RI)-GFP forms a complex with CaNA.
The CaNB-miniSOG(RI) fusion protein is designed to form heterodimers with 
endogenous CaNA. A) When the tool is expressed alone it will form complexes with 
endogenous CaNA, and is localised in the cytosol, shown in B). C) In contrast, miniSOG
(RI)-GFP exists as a monomer, and is expressed throughout the cytosol and nucleus, 
shown in D). E) To visualise complex formation, CaNB-miniSOG(RI)-GFP was co-
expressed with CaNA fused to mCherry and a sequence (CaaX) that triggers membrane 
localisation by addition of an isoprenoid lipid. The presence of both mCherry (F) and 
GFP (G) at the plasma membrane indicates complex formation. Scale bar 50 µM.        
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Figure 3.5 CaN-miniSOG(RI) inhibits transloca�on of NFAT when exposed to blue 
light in a dura�on and intensity dependent manner.   
CaN signalling indicated by NFAT nuclear fraction in control (GFP; green) and CaNB-
miniSOG(RI)-GFP (blue) expressing cells in the basal and ionomycin treated conditions, 
in the dark and with blue light exposure. Blue light was delivered as a single pulse prior 
to ionomycin treatment.   
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3.2.3 Blue light does not inhibit NFAT translocation in the absence of miniSOG(RI). 

It was noted earlier in this chapter that blue light may trigger production of ROS from 

endogenous proteins or other cellular components. The quantity measured in the 

absence of a photosensitiser (~2.5 fluorescence intensity units with ROS Deep Red Dye) 

was much less than when a photosensitiser was over-expressed (10-30 units in the case 

of miniSOG, see Figure 3.2). To determine if the amount of ROS produced in the absence 

of a photosensitiser was sufficient to inhibit CaN function, blue light was applied to 

control cells expressing GFP and NFATc3-mCherry, at a duration and intensity sufficient 

to completely inhibit translocation of NFAT in CaN-miniSOG(RI) expressing cells. In this 

experiment, there was no significant difference in NFAT translocation between GFP 

expressing cells in the dark and those exposed to blue light (green in Figure 3.6, Table 

3.1 and Table 3.2). 

GFP has previously been used as a photosensitiser for CALI (224), but has a very low 

yield of ROS compared to engineered photosensitisers (225). Nevertheless, for proteins 

directly fused to GFP (i.e. in close proximity), ROS generation may be sufficient to impact 

protein function. To ensure that the CALI effect of the current tool was mediated by 

miniSOG(RI) and not GFP, CaNB-GFP was tested under the same conditions. No 

disruption of NFAT translocation was detected in response to illumination (orange in 

Figure 3.6, Table 3.1 and Table 3.2), indicating that under these illumination and assay 

conditions GFP is not a sufficient photosensitiser to inhibit CaN signalling.  

 

3.2.4 Blue light triggers a small non-targeted effect via miniSOG(RI). 

The limited lifetime and diffusion distance of ROS within cells (226,227) enables 

specificity of CALI to be conferred by targeting the photosensitiser to the protein of 

interest. To test whether the effect of CaNB-miniSOG(RI)-GFP on NFAT translocation was 

dependent on its close proximity to the CaN catalytic subunit, non-targeted miniSOG(RI)-

GFP was tested in the NFAT translocation assay under the same conditions. Compared 

to the dark state, blue light illumination of miniSOG(RI)-GFP caused a significant 

inhibition of NFAT translocation (purple in Figure 3.6). This effect was smaller than CaN-

miniSOG(RI) mediated inhibition (see Table 3.1 and Table 3.2) suggesting that although 

excess ROS production throughout the cell can have a non-targeted effect on protein 

function, the efficiency is enhanced by localisation, as expected.  
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Figure 3.6 Blue light inhibits NFAT transloca�on only when miniSOG(RI) is present.
CaN signalling indicated by NFAT nuclear fraction in GFP (green), CaNB-GFP (orange), 
and miniSOG(RI)-GFP (purple) expressing cells after ionomycin treatment, in the dark 
and with blue light exposure suf�icient to trigger full inhibition when the CaNB-
miniSOG(RI) tool is present. Blue light was delivered as a single pulse prior to 
ionomycin treatment.   
Error bars represent mean±standard deviation from analysis of ≥50 cells from ≥3 experiments. **** 
p<0.0001, ns non-signi�icant; ordinary one-way ANOVA with Tukey's multiple comparisons test.

N
FA

T 
n

u
cl

ea
r 

fr
ac
�

o
n

0.0

0.2

0.4

0.6

1.0

0.8

intensity 
(mW/mm²)

dura�on
(sec)

blue 
light:

miniSOG(RI)
-GFP

2.0

60

****

CaNB-GFP  

0

0

ns

GFP

ns

2.0

60

0

0

0

0

2.0

60



  Chapter 3 

  63 

3.2.5 CaN-miniSOG(RI) inhibits endogenous CaN phosphatase activity. 

As shown in Section 3.2.2.3, light illumination of CaN-miniSOG(RI) can inhibit the 

translocation of NFAT, consistent with ROS mediated inhibition of CaN function. 

However, NFAT translocation is an indirect measure of CaN phosphatase activity. To 

more directly measure CaN enzyme activity, the CaN phosphatase activity in lysates of 

cells expressing CaNB-miniSOG(RI)-mCherry treated with blue light was measured using 

a commercially available assay (Cellular CaN Phosphatase Activity Assay Kit, Abcam). 

For this assay, which is illustrated in Figure 3.7A, a stable HEK293 cell line expressing 

CaNB-miniSOG(RI)-mCherry was generated via lentiviral transduction. Fluorescence 

activated cell sorting (FACS) was used to remove non-expressing cells and create a 

homogeneous population with regard to expression level. Samples of this cell population 

were either kept in the dark or exposed to 470 nm light prior to cell lysis. Blue light was 

delivered in pulses of 1 min duration, with a 1 min dark period between pulses to avoid 

overheating, at 1.0 mW/mm2. This was the maximum intensity that could be achieved 

for illumination of cells in suspension, with the available light source. A colourimetric 

assay utilising malachite green was used to measure the phosphate released from a CaN 

specific peptide substrate. Complete inhibition of CaN activity was detected after 10 

minutes of blue light illumination, but not with ≤5 minutes illumination (Figure 3.7B). 

Interestingly, a 2-fold reduction of the basal activity of CaN was detected in CaN-

miniSOG(RI) cells without light illumination compared to non-transduced control cells, 

an effect that was not detected with the NFAT translocation assay.  

 

3.3 Discussion. 

3.3.1 Inhibition of CaN by miniSOG(RI). 

The results presented in this chapter demonstrate that miniSOG(RI) can be used to 

optogenetically inhibit activity of CaN in mammalian cells. This was achieved by fusing 

miniSOG(RI) to the regulatory B subunit of CaN. It was possible to completely inhibit CaN 

signalling, or achieve partial inhibition with a sub-maximal light dose by using reduced 

duration or intensity of blue light illumination. 

 

3.3.2 Photosensitiser comparison. 

Several blue light photosensitisers were compared as candidates for use in this tool. 

It was surprising to find that miniSOG was the most efficient photosensitiser under the 

conditions used in this project, given that SOPP and miniSOG2 were developed from 

miniSOG with the claim of increased ROS production (197,198). This discrepancy to the 
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Figure 3.7 CaN-miniSOG(RI) inhibits CaN phosphatase ac�vity.
A) Viral transduction and �luorescence activated cell sorting (FACS) were used to 
produce a population of HEK cells stably expressing CaNB-miniSOG(RI)-mCh. Samples 
of this population were irradiated with blue light (470nm) or kept in the dark prior to 
lysis and removal of free phosphates. The lysates containing CaN were then combined 
with phospho-RII (pRII), a short peptide substrate of CaN. Ca2+ and CaM were added to 
activate CaN, and the phosphate released was measured using the malachite green 
assay. B) CaN phosphatase activity against pRII measured using the malachite green 
assay in control cells (green) and cells expressing CaNB-miniSOG(RI)-mCh (red), after 
different blue light irradiation conditions. 
Columns represent mean, and measurement replicates are shown from 1 experiment per condition. CaN 
activity is presented as nmol of phosphate released from the peptide per mg of total protein in the cell 
lysate.
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published literature could be explained by the shift of the  absorbance peaks to shorter 

wavelengths. The major excitation peak for miniSOG is at 450 nm, with a ‘shoulder’ at 

470 nm that elicits ~75% maximum fluorescence intensity (192). It is this shoulder 

region of the spectrum that is covered by illumination with the light source used in this 

project, the output of which displays a narrow peak at 470 nm. The absorbance and 

fluorescence spectra of SOPP and its derivatives (SOPP2 and 3) are almost identical in 

shape to miniSOG, but are systematically blue shifted by ~10 nm (197,220). This would 

result in less efficient excitation by the 470 nm light source. The effect is more extreme 

for miniSOG2, which displays a 20 nm blue shift, as well as reduced absorbance in the 

shoulder of the major peak (198). miniSOG and miniSOG2 absorbance spectra are 

included in Figure 6, on page 108. As a result, the light source used in this experiment 

may have caused almost no excitation of miniSOG2, and little excitation of SOPP, 

resulting in reduced ROS output. This could be tested by comparing the existing results 

with ROS production after illumination with a 450 nm light source. However it would be 

preferable to develop a tool that could be activated using  the generic GFP filter set or 

488 nm argon laser that are commonly in place in research laboratories. 

 

In contrast to the live cell assays used in development of the miniSOG variants, the 

SOPP proteins were developed by generating purified recombinant proteins and 

measuring their photophysical properties after FMN addition. This type of information 

does not always translate into improved protein function in the complex intracellular 

environment. It has been reported that the SOPP variants do not efficiently incorporate 

the FMN chromophore due to the mutations in the binding pocket1. If that is the case in 

HEK cells, only a fraction of the expressed protein will be functional as a photosensitiser, 

possibly explaining the reduced efficiency shown in Figure 3.2D 

Westberg et al. (220) analysed the singlet oxygen production from miniSOG and all 

SOPP variants under different environmental conditions. It was observed that the 

photosensitisers were more efficient at a higher temperature (37°C compared to 23°C) 

and higher oxygen concentration. This would result in different efficiencies depending 

on the experimental apparatus, and in model organisms with different body 

temperatures (for instance C. elegans, Drosophila, zebrafish, and rodents). 

 

The best photosensitiser for this project was selected by testing candidates under 

conditions matching the final experiments (Figure 3.2), which would closely match many 

 

1 Assistant Prof John Ngo, personal communication. 
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live-cell imaging applications. Excitation at 470 nm was preferred over 450 nm to 

minimise phototoxicity caused by shorter wavelength light (228,229) and increase light 

penetration in non-transparent tissues (155,230). The availability of 470-488 nm light 

sources in existing optical systems was also a consideration in the utilisation of the 

original miniSOG over miniSOG2 and SOPP. However, mutations at positions 85 and 89 

are present in both miniSOG2 and SOPP3, which were developed independently. This 

provides strong evidence that mutations at these two positions improve performance, 

although this was not directly tested in the current project. These positions are not 

involved in interactions with FMN, so the most likely contribution of the H85R and M89I 

substitutions is in reducing the number of side-chains within the photosensitiser that 

react rapidly with ROS, or self-quenching. Reduced self-quenching would increase the 

ROS available to act instead on the protein of interest, although this improvement still 

needs to be demonstrated by direct comparison of miniSOG(RI) with the other miniSOG 

variants. miniSOG(RI) may be useful for other photosensitiser tools by taking advantage 

of developments in the second generation photosensitisers while retaining the spectral 

properties and FMN binding affinity of the original miniSOG. 

 

3.3.3 CaN-miniSOG(RI) in the dark. 

One question that this chapter has attempted to address is whether over-expression 

of CaN-miniSOG(RI) will alter endogenous CaN activity in the absence of light irradiation. 

The main concern was that over-expression of a CaN subunit might result in constitutive 

activity, however no evidence of this was found. In fact, over-expression of CaNB-GFP 

resulted in a small but significant reduction in the amount of NFAT that was in the 

nucleus in the non-stimulated condition (see Figure 3.1). The reduced baseline did not 

affect activation of CaN via Ca2+ influx, after which CaNB-GFP expressing cells showed 

the same nuclear translocation of NFAT as GFP expressing control cells (see Figure 3.1). 

While the consequences of slightly lowered basal CaN activity are unclear from HEK cell 

experiments, it may be possible to avoid any effect by using a CaN targeting nanobody 

with miniSOG(RI) attached. Nanobodies such as FingRs (231) are generated from small 

protein scaffolds in which the amino acid sequence of solvent accessible loops or 

surfaces has been randomised to produce a protein library. Nanobodies that specifically 

interact with the protein of interest are identified by many rounds of selection by mRNA 

or phage display. The nanobody can then be functionalised by fusion with a fluorescent 

protein for visualisation (reviewed in 232), or in this case with a photosensitiser. By 
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using a nanobody in this CALI tool, endogenous CaN could be targeted by a fully 

genetically encoded tool without over-expressing any part of the protein itself. 

Another potential reason for altered signalling with expression of a CALI tool is 

activity of the photosensitiser in the dark condition. In the present study this would 

result in inhibition of CaN signalling without a light stimulus. The NFAT translocation 

assay did not report a difference between CaN-miniSOG(RI) cells in the dark and cells 

expressing CaNB-GFP or GFP alone, all after ionomycin treatment (see Table 3.1 and 

Table 3.2). In contrast, the phosphatase assay showed >50% reduction in CaN activity 

with expression of the tool (Figure 3.7). Note that CaN activity was stimulated by direct 

addition of Ca2+ and CaM to all conditions in the phosphatase assay. 

In order to understand this difference, it would be useful to consider some 

characteristics of the two assays. In the phosphatase assay, it is phosphate released from 

the substrate that is measured, and the reaction conditions are highly controlled. It 

would be expected that this would be a sensitive and precise measure of CaN activity. 

However, in practice, it was very difficult to shield the cells and lysates from ambient 

light during certain experimental steps, potentially increasing inadvertent activation of 

miniSOG. The NFAT translocation assay is an indirect measure of CaN activity, and may 

be subject to compensatory mechanisms within the cell. For instance, it is unlikely that 

activation of NFAT by CaN occurs at a one-to-one ratio. Rather, activated CaN complexes 

probably dephosphorylate many NFAT proteins over time. Partial inhibition of CaN may 

result in slower activation of the total pool of NFAT, or possibly greater recruitment of 

CaN, neither of which would be detected in the present version of the translocation assay. 

Additionally, the large spread in the data from the NFAT assay (discussed further below) 

may mean that small differences cannot be detected. 

By this rationale, the phosphatase assay may over-report dark state inhibition by 

CaN-miniSOG(RI), while the NFAT translocation assay may not be able to detect such an 

effect. It seems likely that there is some effect of over-expression of CaN-miniSOG(RI) on 

CaN activity, even in the dark. However, if this does not impact downstream signalling 

within living cells then it does not present a limitation to using the tool. It would be 

interesting to examine the effect of CaN-miniSOG(RI) on other CaN dependent signalling 

pathways, in the dark and light conditions, and this would provide further insight into 

whether dark state activity is a significant limitation. 

 

It is important to note that where the NFAT translocation assay underwent 

optimisation and validation, this was not possible for the phosphatase assay, due to time 

constraints. Only one sample was collected for each condition, and among the 
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measurement replicates there is substantial variation. Additionally, for this assay the 

control was untreated HEK cells, while the experimental cells had undergone lentiviral 

transduction and FACS to introduce the CaNB-miniSOG(RI)-mCherry protein. Clearly, 

optimisation and further data collection would increase the information to be gained 

from the phosphatase assay. 

 

3.3.4 Protein expression level effects. 

Considering that the nuclear fraction of NFATc3-mCherry must be between zero and 

one, most of the conditions measured using the translocation assay have large standard 

deviations. There are several factors that can be identified as contributors; firstly, 

quantification of fluorescence imaging data is innately challenging, as the size, shape, and 

fluorescent protein expression level of each cell will be different, resulting in different 

measured values for cells that are in essentially the same state. Secondly, cell to cell 

variation was increased in these experiments with every additional intervention. For 

instance, compare the untreated conditions with the ionomycin treated conditions in 

Figure 3.1, or compare cells expressing GFP only (fairly inert) with cells expressing CaNB 

or miniSOG(RI) domains in Figure 3.5 and Figure 3.6. This is despite the procedures 

being matched, and only the presence or absence of the stimulus (ionomycin, light, or 

both) varying. After controlling these aspects as carefully as possible through 

experimental and analytical procedures (see Section 2.6), it was necessary to collect a 

large number of data points per condition (≥50 cells) to detect statistically significant 

differences. 

 

Cell to cell variation is a drawback of measuring an effect on an individual cell basis 

as opposed to a population average. However in this case, an important observation was 

only possible due to this methodology; the level of inhibition of NFAT translocation 

depended on the expression level of CaNB-miniSOG(RI)-GFP. Even if GFP fluorescence 

was detected visually in a particular cell, it did not necessarily express sufficient CaNB-

miniSOG(RI)-GFP protein to inhibit CaN signalling. Figure 2.4A (pg. 47) shows this 

pattern for some preliminary data, and it was apparent throughout the final data 

collected for all illumination conditions for the cells expressing CaNB-miniSOG(RI)-GFP 

and miniSOG(RI)-GFP, but not for cells expressing CaNB-GFP or GFP alone. Similar to the 

comparison of ROS generation by different photosensitisers (Figure 3.2), there was a 

trend towards greater inhibition with increased expression level of the tool, but the 

variation was too great and differed across the spectrum of expression levels to show a 

strong correlation. 
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The selection of a model and parameters for regression analysis to test this 

relationship would require understanding of the mechanism of inhibition, which does 

not exist for this novel fusion protein. Therefore, the minimum expression level 

(measured as GFP integrated fluorescence intensity) required to induce inhibition was 

noted from preliminary data in which excess blue light was applied (see Figure 2.4A on 

page 47), and only cells that achieved that expression level were included in all following 

analyses. As optogenetic tools are commonly used in single cell experiments, it is 

important for the end user to know about any expression level effects. It may be the key 

to troubleshooting an experiment, or understanding a result.  

 

3.3.5 Off-target effects of miniSOG(RI). 

The data in Figure 3.6 shows that there is a blue light induced effect of miniSOG(RI) 

expressed alone on NFAT translocation, although the magnitude is much smaller than 

for CaN-miniSOG(RI). This indicates that ROS released by miniSOG(RI) can diffuse far 

enough to inhibit activity of a protein to which the photosensitiser is not directly fused, 

but that the efficiency of inhibition is enhanced by proximity. The major implication of 

this result is that ROS may also inhibit activity of non-target endogenous proteins, and 

indicates the importance of using the minimum effective dose of light to mediate the CALI 

effect. Note that the effect of CaN-miniSOG(RI) on non-target proteins is expected to be 

smaller than the effect of  miniSOG(RI) alone, as the ROS would first come into contact 

with CaN, and only excess reactive molecules would spread beyond the complex. 

Nevertheless, it would be interesting to experimentally test whether the tool has any 

effect on non-CaN dependent signalling pathways.  

 

3.3.6 Selecting the best light dose. 

Blue-light responsive CALI tools should be used with the minimum amount of light 

exposure that will activate the tool. The potential for off-target effects of photosensitisers 

is one reason for this, along with blue light cell toxicity mediated by endogenous 

chromophores (233). Validation experiments using a known CaN dependent pathway in 

the cell type of interest will establish the parameters for tool activation, using those 

determined in this project as a starting point. 

The amount of blue light required in a primary cell such as a neuron may be less than 

in HEK cells due to their reduced cytosolic volume, indicating a smaller amount of CaN, 

especially if a subcellular compartment such as a growth cone or dendritic spine is the 

target. It is unknown at this point whether the blue light dose determined in Section 
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3.2.2.3 (and Figure 3.5) is what is needed for every individual complex of CaNA and 

CaNB-miniSOG(RI), or whether this is necessary to inhibit a sufficient fraction of the total 

pool of CaN to detect an effect by measuring NFAT translocation. If the latter is true, a 

smaller pool of CaN would require a smaller dose of blue light. Additionally, this project 

assessed activity of endogenous CaN against NFAT expressed from a plasmid, which is 

likely to induce a much higher protein copy number per cell. Taken together, the smaller 

cell volume and lower concentration of endogenous proteins may mean that inhibiting 

endogenous CaN in primary cells such as neurons will require a smaller light dose than 

that determined in this project. 

 

3.3.7 Validation of CaN-miniSOG(RI). 

This chapter has described testing of CaN-miniSOG(RI) in immortalised mammalian 

cells, and shown that it could be induced with blue light to inhibit CaN dephosphorylation 

two different targets; an exogenously added short peptide substrate and an over-

expressed NFAT transcription factor. While this provides strong evidence that the tool 

does inhibit endogenous CaN activity, two forms of validation would be beneficial before 

using the tool to address biological questions.  Firstly, validation in a primary cell type 

such as rodent neurons would be valuable as this is the most likely location for future 

application of the tool. Recombinant adeno associated viral (AAV) particles for CaNB-

miniSOG(RI)-mCherry have been generated and used to transduce primary rat cortical 

neurons. Suitable assays would include the CaN phosphatase assay used in this chapter, 

or Western Blotting using primary antibodies against phosphorylated and 

dephosphorylated forms of CaN target proteins. These experiments would reveal 

whether it is possible to achieve the necessary expression level of CaN-miniSOG(RI) in 

that cell type to inhibit endogenous CaN, and also what the minimum illumination 

parameters are. Secondly, validation against endogenous target proteins would be 

important, as discussed above. This could be achieved also in Western Blotting 

experiments, or qualitatively by imaging cytoskeletal elements that are downstream of 

CaN, such as actin. 

These validation experiments would provide the information additional to this thesis 

that is needed to use  CaN-miniSOG(RI) to examine the role of CaN in nervous system 

functions such as axon guidance. 
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Table 3.1 Descriptive statistics of NFAT translocation in CaN-miniSOG(RI) cells and 
cells expressing control constructs. Light irradiation was at 470 nm.   

 

ionomycin intensity
(mW/mm2)

dura�on
(sec)

GFP

CaNB-GFP  

miniSOG(RI)-GFP

CaNB-miniSOG(RI)-GFP

0

0

2.0

0

0

2.0

2.0

0

2.0

4.5

4.5

4.5

4.5

0.7

4.5

0

0

0

60

0

0

60

60

0

60

30

45

60

120

60

15

0

mean standard devia�on
(    /    )

light irradia�on NFAT nuclear frac�on

0.3312

0.6356

0.6789

0.0733

0.1022

0.1017

0.2556

0.6001

0.5678

0.0591

0.1527

0.1440

0.6707

0.5207

0.1400

0.1573

0.5788

0.5163

0.4785

0.1535

0.1637

0.1588

0.3775

0.3295

0.4610

0.1307

0.1251

0.1345

0.3729

0.5409

0.1482

0.1723  

construct
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Table 3.2 Multiplicity adjusted p values; ordinary one-way ANOVA with Tukey's multiple comparisons test of NFAT translocation data for CaNB-
miniSOG(RI) and control constructs. Ionomycin treatment is displayed as present (+) or absent (-), and intensity and duration refer to blue light 
irradiation prior to ionomycin addition. 

ionomycin

CaNB-miniSOG(RI)-GFPGFP CaNB-GFP  miniSOG(RI)-GFP

60

0.7intensity(mW/mm2)

dura�on(sec)

GFP

CaNB-GFP  

miniSOG(RI)
-GFP

CaNB-
miniSOG(RI)

-GFP

120

4.5

0.8780

<0.0001

60

2.0

<0.0001

60

4.5

>0.9999

0.6697

<0.0001

4.5

15

<0.0001

0.9646

0.3682

<0.0001

<0.0001

0.9981

4.5

30

0.0036

>0.9999

0.0031

<0.0001

0.3265

45

4.5

0.0145

0.0125

<0.0001

0.0107

0

0

<0.0001

0.0008

<0.0001

<0.0001

<0.0001

0.8299

0.0914

0

0

2.0

0

0

2.0

2.0

0

2.0

4.5

4.5

4.5

4.5

0.7

4.5

0

0

0

60

0

0

60

60

0

60

30

45

60

120

60

15

0

0

0

<0.0001

<0.0001

0.0389

<0.0001

<0.0001

<0.0001

<0.0001

0.9108

<0.0001

<0.0001

0.7308

>0.9999

<0.0001

<0.0001

<0.0001

0

0

0.5567

<0.0001

0.8948

0.0223

<0.0001

0.9158

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0667

60

2.0

<0.0001

0.0172

<0.0001

<0.0001

>0.9999

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0

0

<0.0001

<0.0001

<0.0001

<0.0001

0.0001

<0.0001

<0.0001

<0.0001

0.0485

<0.0001

<0.0001

<0.0001

0

0

0.9806

0.0123

0.1059

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.2593

0.0083

0.9996

0

0

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0008

60

2.0

<0.0001

0.8966

0.1977

<0.0001

<0.0001

0.9997

>0.9999

0.1293

60

2.0

0.5872

0.0002

<0.0001

0.0131

<0.0001

<0.0001

<0.0001

0.9952

0.4757

>0.9999
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4.1 Introduction. 

4.1.1 Chemical photosensitisers. 

The chromophore assisted light inactivation (CALI) approach was conceived using 

malachite green (234), a chemical photosensitiser. Soon, fluorescent dyes in common use 

for protein localisation studies were found to also be effective as photosensitisers (235), 

although the reactive species generated vary between molecules (236,237). Xanthene 

family molecules, initially fluorescein, have been developed for oxidation of 

diaminobenzidine (DAB) for correlative light and electron microscopy (238), and 

subsequently for CALI in live cells (183). Now, a palette of xanthene derivatives exist that 

have absorption peaks spanning the spectrum from blue to red light, emitting 

fluorescence as well as producing reactive oxygen species (ROS) at a much higher level 

than protein encased photosensitisers (239,240). This provides the opportunity to 

create highly efficient CALI tools that are activated at a wavelength selected for 

compatibility with other experimental requirements. 

In early CALI approaches, the photosensitiser was targeted to an endogenous protein 

by conjugation with an antibody that does not block protein function (241). This 

necessitated microinjection or harsh trituration for use in live cells (242), and showed a 

high level of non-specific signal due the inability to remove excess dye. More recently, 

several methods have been developed for targeting synthetic molecules to proteins using 

genetic techniques, such as the SNAP-tag system (243), the HaloTag system (196), and a 

tetracysteine motif called the FLASH-peptide (244). Each of these methods uses a 

genetically encoded peptide or protein domain that can be fused to the protein of 

interest, displaying a high affinity covalent interaction with a specific molecular ligand. 

The fluorescent or photosensitiser dye is conjugated to the ligand, so that it is targeted 

to the protein of interest upon application to the cells immediately before an experiment 

(see Figure 4.1B for an example). These small molecules can be made to be  plasma 

membrane permeable, simplifying their delivery into live cells. In addition, it is possible 

to design dyes that only respond to light when they are bound to the protein tag (referred 

to as chromogenicity, see Section 4.3.2.1 for more information), eliminating the need to 

wash out excess dye (reviewed in 245). 

 

4.1.2 Br2-JF649-HaloTag ligand. 

Red and far red absorbing molecules are appealing for fluorescence and 

photosensitiser applications because this light in this region of the electromagnetic 

radiation spectrum is minimally absorbed by endogenous chromophores of mammalian 
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tissues and displays reduced light scattering compared to shorter wavelengths (155). 

The result is greater tissue penetration, and reduced toxicity and autofluorescence 

(reviewed in 246). A far-red fluorescent molecule called dibromo-JF649 (Br2-JF649) was 

developed by Luke Lavis at the Janelia Research Campus, and Dina Hingorani and 

Stephen Adams at the University of California San Diego (see Section 4.3.5.1 for 

development of the molecule). 

For this project the HaloTag system was used to target Br2-JF649 to CaN proteins. The 

HaloTag system comprises a modified bacterial haloalkane dehalogenase and a 

chloroalkane ligand that can be attached to synthetic molecules (196). The reaction 

between the protein and the ligand is irreversible, and as there is no mammalian 

equivalent of the dehalogenase it is highly specific, resulting in a lower background than 

similar systems. Additional features that distinguish HaloTag from other systems are the 

rapidity of labelling, and the diversity of functional molecules that can be attached to the 

chloroalkane linker (reviewed in 247). The HaloTag system has been used for targeting 

fluorescein based dyes to selected proteins for CALI (214) and imaging (240) studies in 

vitro and in vivo. Therefore, Br2-JF649-HaloTag ligand was synthesised for use in this 

project, and its structure is shown in Figure 4.1B. 

 

4.1.3 Design of the approach to inhibit CaN with red light. 

The proposed mechanism of inhibition of CaN by locally produced ROS was described 

in Chapter 3. This chapter will describe the evaluation of a hybrid approach in which a 

red light absorbing chemical photosensitiser, Br2-JF649, is used with a protein tag, in 

contrast to the blue light absorbing genetically-encoded protein photosensitiser 

miniSOG(RI). The HaloTag domain was fused to the regulatory CaNB subunit to target 

ROS to endogenous CaNA. A linear schematic of the fusion protein is shown in Figure 

4.1A, which does not include a fluorescent protein because the dye has a sufficient 

fluorescence yield to act as an expression and localisation marker. As illustrated in 

Figure 4.1B, once the fusion protein is expressed, it is proposed that it will form a 

heterodimer with endogenous CaNA. When the photosensitiser dye is added to cells by 

bath application it will bind irreversibly to HaloTag, so that when it is irradiated with red 

light (~650 nm) the ROS produced will be localised to the CaN complex, which is 

hypothesised to inhibit CaN activity by oxidation of susceptible amino acid side chains.  

In the following sections CaN-JF649 refers to expression of the CaNB-HaloTag fusion 

protein and incubation of cells in Br2-JF649-HaloTag ligand, and HaloTag-JF649 refers to 

expression of the free HaloTag protein and incubation with Br2-JF649-HaloTag ligand. 



Chapter 4

76

Figure 4.1 Proposed mechanism of inhibi�on of CaN by Br2-JF649.
A) Linear schematic of the CaNB-HaloTag fusion protein, showing amino acid count. B) 
The CaNB-HaloTag tool is designed to integrate into heterodimers with endogenous 
CaNA without disrupting the function of the phosphatase. Br2-JF649 conjugated to the 
HaloTag ligand (yellow) is added immediately prior to the experiment, and attaches to 
the HaloTag with a covalent bond. This ligand is activated by red light (~650 nm) to 
produce reactive oxygen species, inactivating the CaN complex.

A
1701 190 482

CaNB HaloTag

B

Br2-JF649
-HaloTag ligand

Si
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4.2 Results. 

4.2.1 Fusion of HaloTag to CaNB does not disrupt CaN complex formation. 

Exchange of miniSOG(RI) in the previous chapter for Br2-JF649 as the photosensitiser 

in the current tool required synthesis of a new CaNB fusion protein, shown in Figure 4.1. 

HaloTag is substantially larger than miniSOG(RI), so a longer flexible linker was used to 

join it to CaNB. To assess whether this novel fusion protein could dimerise with 

endogenous CaNA, the localisation of CaNB-HaloTag was compared with that of HaloTag 

alone expressed in HEK293 cells. In both cases the cells were incubated in Br2-JF649-

HaloTag ligand, and fluorescence output of the dye was detected at ~680 nm. Figure 4.2A 

and C illustrate these conditions, and panels B and D display Br2-JF649 fluorescence, 

showing that HaloTag is expressed throughout the cytosol and nucleus, while CaNB-

HaloTag is localised predominantly in the cytosol. This is consistent with HaloTag 

existing as a monomer, but CaNB-HaloTag interacting with an endogenous protein to 

alter its localisation, in this case CaNA. 

Additional evidence that CaNB-HaloTag is able to form a complex with CaNA is shown 

in Figure 4.2E-G, in which over-expressed CaNA-mCherry  was targeted to the plasma 

membrane. In this arrangement Br2-JF649 fluorescence was co-localised with mCherry 

fluorescence at the membrane, indicating that HaloTag did not hinder formation of a 

complex between CaNA and B. 

The discrete localisation of Br2-JF649 fluorescence with each of these expressed 

proteins, along with the lack of extracellular Br2-JF649 fluorescence, indicate that the dye 

is not fluorescent when it is not bound to HaloTag. This means that removal of unbound 

ligand by extensive wash out is not required. The basis of chromogenicity is described in 

Section 4.3.2.1. 

 

4.2.2 CaN-JF649 exposed to red light inhibits NFAT translocation in a duration 

dependent manner. 

As in the previous chapter, the CALI effect of CaN-JF649 on endogenous CaN signalling 

was measured by the localisation of NFATc3-mCherry in HEK293 cells after ionomycin 

treatment. In the current experiment, the result obtained for each cell was the change in 

NFAT nuclear fraction over the duration of the experiment (called NFAT translocation), 

as described in Section 2.6.3.2. Subtraction of the initial nuclear fraction acted as an 

internal control for cell-to-cell differences in expression level of NFATc3-mCherry, and 

to some extent cell size and shape, although these can change over time. Comparison of 
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Figure 4.2 CaNB-HaloTag forms a complex with CaNA.
A) When the CaNB-HaloTag protein is expressed it will form heterodimers with 
endogenous CaNA in the cytosol. B) Far red �luorescence from Br2-JF649-HaloTag 
ligand when CaNB-HaloTag is expressed alone in HEK cells. C) HaloTag alone does not 
have a binding partner within mammalian cells, so it is expressed throughout the 
cytosol and nucleus, shown in D). E) When CaNA is localised to the plasma membrane 
(PM), CaNB-HaloTag will also be found at the membrane. Fluorescence signals from 
mCherry (F) and Br2-JF649 (G) are co-localised at the PM when CaNA-mCherry-CaaX is 
co-expressed with CaNB-HaloTag. Scale bar 20 µM.
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Table 4.1 (pg. 86) with Table 3.1 (pg. 71) shows that this process reduced the standard 

deviation of measurements for most conditions. 

As there was no fluorescent protein included in CaN-JF649, control cells were 

transfected with GFP to match experimental procedures, and Figure 4.3 shows the NFAT 

translocation values for these cells with and without ionomycin treatment (columns 1 & 

2). As expected, red light exposure of control cells expressing GFP did not alter NFAT 

translocation (Figure 4.3, columns 2 & 3). There was a statistically significant inhibition 

of NFAT translocation in CaN-JF649 cells without red light exposure compared to control 

cells (Figure 4.3, columns 2 & 4). In CaN-JF649 cells, red light exposure of 2 s – 60 s 

duration caused inhibition of NFAT translocation that was statistically distinguishable 

from the dark condition (Figure 4.3, columns 5-9 compared to column 4). As little as 2 s 

of red light reduced NFAT translocation by >50% compared to control cells (Figure 4.3, 

columns 2 & 5), and complete inhibition was observed with 30 s or 60 s of red light, 

indicated by the lack of difference from control cells with no ionomycin treatment 

(Figure 4.3, compare columns 8 & 9 with column 1. See also Table 4.1 & Table 4.2. pg. 86-

87). As noted in Chapter 3, alternative statistical analysis such as regression may be able 

to detect small differences in the level of inhibition achieved with different illumination 

parameters, if the information required to select an appropriate model becomes 

available in the future. However, the values tested here provide a starting point for 

selecting parameters for applying this CALI tool to biological questions. 

 

4.2.3 HaloTag-JF649 causes minimal non-specific inhibition of NFAT translocation. 

There was no difference in NFAT translocation between HaloTag-JF649 cells without 

red-light illumination and cells expressing GFP only (Figure 4.3, columns 2 & 10). Thirty 

seconds of red light stimulation of HaloTag-JF649 cells weakly inhibited NFAT 

translocation when compared to Halotag-JF649 cells without red light (Figure 4.3, 

columns 10 & 11), but this was not significantly different from CaN-JF649 cells without 

red light illumination (Figure 4.3, columns 4 & 11. Also Table 4.1 and Table 4.2, pg. 86-

87). The results of HaloTag-JF649 were overall similar to non-targeted miniSOG(RI) (see 

Figure 3.6).  

 

4.3 Discussion. 

4.3.1 Inhibition of CaN by Br2-JF649. 

This chapter has presented results that demonstrate that CaN activity in mammalian 

cells can be optogenetically inhibited using the far red fluorescent dye Br2-JF649 by 
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Figure 4.3 CaN-JF649 inhibits transloca�on of NFAT when exposed to red light.
CaN signalling indicated by the change in NFAT nuclear fraction before and after 
treatment, in control (GFP; green), CaNB-HaloTag expressing (orange), and HaloTag 
expressing (blue) cells. CaNB-HaloTag and HaloTag expressing cells were incubated 
with Br2-JF649-HaloTag ligand immediately before the experiment. Red light was 
delivered at 4.6 mW/ mm2 in a single pulse prior to ionomycin treatment. 
Error bars represent mean±standard deviation from analysis of ≥50 cells from ≥3 experiments. All 
conditions compared to CaNB-HaloTag with no red light unless indicated. **** p<0.0001, *** p<0.001, ** 
p<0.01, * p<0.05, ns non-signi�icant; ordinary one-way ANOVA with Tukey's multiple comparisons test.

***ns



  Chapter 4 

  81 

targeting it to the protein complex using HaloTag fused to CaNB. The results suggest that 

this tool has several characteristics in common with the miniSOG(RI) based tool 

described in Chapter 3, but also some differences important to application of the tools, 

which will be described in the following sections. 

As with CaN-miniSOG(RI), it was possible to completely inhibit CaN signalling to 

NFAT with CaN-JF649 using light, or partially inhibit signalling by reducing the duration 

of irradiation (see Figure 4.3). However the amount of time required for inhibition by 

CaN-JF649 was substantially less, with 30 s required for full inhibition compared to 60 s 

for CaN-miniSOG(RI) at a very similar light intensity. In fact, only 2 s of red light exposure 

caused >50% inhibition of endogenous signalling using CaN-JF649. As the two tools use 

the same methods of targeting to endogenous CaN, and were tested under matching 

experimental conditions, this is strong evidence that the chemical photosensitiser is 

more efficient at CALI than the protein photosensitiser. There is a clear advantage to 

experimental application in reducing the duration of light used to activate an optogenetic 

tool. For instance, this may enable light exposure for CALI activation to be intercalated 

between image acquisitions in a time-course, and any off-target effects of light exposure 

will be reduced. 

As for CaN-miniSOG(RI), inhibition of NFAT translocation in CaN-JF649 cells was 

dependent on the expression level of the optogenetic tool. To allow comparison of many 

different conditions in Figure 4.3, a minimum CaN-JF649 expression level was selected 

for inclusion of individual cells in the data set. The preliminary data that was used to 

select this value is shown in Figure 2.4B (pg. 47), in which the change in NFAT nuclear 

fraction is plotted against Br2-JF649 fluorescence of individual cells containing CaN-

JF649. In the dark condition there was no apparent difference in NFAT translocation at 

different expression levels, however in the condition exposed to excess red light (1-2 min 

at 68 mW/mm2) there was a trend towards greater inhibition in those cells with a higher 

expression level of the tool. This pattern was also apparent in CaN-JF649 cells exposed 

to lower doses of red light (as used in Figure 4.3). In each case, inhibition of NFAT 

translocation was observed in cells with a high expression level, while the amount of 

translocation in lower expressing cells was more variable. This trend is consistent with 

that observed for CaN-miniSOG(RI), and illustrates the importance of including 

validation experiments when using optogenetic tools to address biological questions. For 

instance, the effect of a pharmacological CaN inhibitor on the cell type of interest could 

be compared with expression of CaN-JF649 and illumination of the whole cell with red 

light. In this way, the expression level and light dose required for CaN inhibition using 

this CALI tool in that particular cell type could be ascertained. 
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4.3.2 CALI with chemical photosensitisers. 

4.3.2.1 Development of Br2-JF649. 

The photosensitiser molecule selected for testing in this tool was developed from 

tetramethylrhodamine (TMR), an isologue of fluorescein. It shares the features of high 

water solubility and plasma membrane permeability with the parent molecule, but has 

longer absorbance and emission wavelengths (248), which are desirable characteristics 

for live cell experiments. Substitution of the xanthene oxygen with silicon in TMR causes 

an additional large bathochromic shift, resulting in an absorbance peak at 646 nm (249), 

compared to 494 nm for fluorescein. However, these alterations also result in a 

substantial decrease in the fluorescence quantum yield for silicon-TMR. Grimm et al. 

(250) found that substituting an azetidine ring for each of the dimethyl groups of silicon-

TMR partially restored the quantum yield and improved photostability while 

maintaining the long absorbance wavelength. This fluorescent dye is known as JF646 

(250).  

However, the fluorescence quantum yield does not indicate the efficiency of 

production of ROS, in fact in some cases they are inversely related. This is the case when 

comparing fluorescein with its brominated derivative eosin, which has a much higher 

singlet oxygen quantum yield and lower fluorescence output (238,251). As ROS yield is 

the priority for a CALI tool, this project utilised JF646 with two bromo substitutions in 

the xanthene core, producing Br2-JF649. 

Fluorescein and rhodamine based molecules can tolerate various substitutions in the 

phenyl ring. Inclusion of a carboxyl group in the 2-position allows the molecule to exist 

in either the ‘open’ zwitterion form or the ‘closed’ lactone form. The lactone is more 

lipophilic, such that this form passes through membranes easily, but does not absorb 

visible light. In contrast the zwitterion form absorbs light, with the wavelength 

depending on the characteristics of the molecule, and it is this form that generates 

fluorescence and/or ROS. (252). Rhodamine type molecules containing silicon, such as 

Br2-JF649, predominantly form the lactone in aqueous solution, but binding to a protein 

target shifts the equilibrium toward the fluorescent form, a property called 

chromogenicity (or fluorogenicity). These dyes are therefore superior to similar 

molecules in their increased membrane permeability and decreased background 

fluorescence (240), as was observed in this project. 
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4.3.2.2 Br2-JF649 vs eosin for CALI. 

The HaloTag system has previously been used for CALI with the chemical 

photosensitiser eosin (214). Those experiments suggested that eosin is more suitable for 

CALI than the commonly used fluorescein, due to superior inhibition efficiency and a 

slight shift to longer wavelength absorption and fluorescence emission. However, Br2-

JF649 presents several advantages over eosin, including a much larger red shift 

(>100nm) in absorbance and fluorescence spectra. Additional features of Br2-JF649 that 

are of practical benefit are its chromogenicity and plasma membrane permeability. For 

this project eosin-HaloTag ligand was also synthesised, but was observed not to pass 

through the plasma membrane into the cytosol. Rather the dye aggregated on the glass 

coverslip and on the outside of cells (data not shown). Indeed, Takemoto et al. (214) 

needed to use an esterified eosin-HaloTag ligand to achieve intracellular labelling. 

Therefore, the development of Br2-JF649 represents a significant advance in the design 

of chemical photosensitisers. 

 

4.3.2.3 Chemical vs protein photosensitisers. 

It has been stated that naked chemical photosensitisers produce ROS more efficiently 

than those that are protein encased. While the per-photon efficiency, or quantum yield, 

of individual reactive species is difficult to measure (different methods produce widely 

different results), comparison of extinction coefficients (ε), a measure of how strongly a 

molecule absorbs light at a given wavelength, is quite revealing. At its absorbance peak 

of 488 nm, the ε of fluorescein is 92 mM-1cm-1, and ε for eosin at 517 nm is 112 mM-1cm-

1 (253). While ε has not been measured for Br2-JF649, it is likely to be similar to that of 

JF646, which is 152 mM-1cm-1 in the open zwitterion form (240). Br2-JF649 may even 

have a slightly higher ε than JF646, given the effect of bromination on fluorescein. These 

values are all substantially higher than the ε of miniSOG, which is 14 mM-1cm-1 at 470 nm 

(192), consistent with the longer duration of light exposure required for CALI using the 

protein encased photosensitiser in this project. The difficulty of measuring 

photophysical properties, especially under conditions that are relevant to live cell 

experiments, is a compelling reason to use a functional assay for screening CALI tools. In 

this project the NFAT translocation assay was used to demonstrate CaN activation of a 

well characterised substrate in real time in live cells. The CALI tools using miniSOG(RI) 

and Br2-JF649 were tested for their effect on endogenous CaN in these cells, which 

translates well into experiments that would use the tools to address biological questions.  
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The greater ε and efficiency of chemical photosensitisers typically results in 

production of both fluorescence and ROS in appreciable yields, as is the case with eosin 

and Br2-JF649. This eliminates the need to add a dedicated fluorescent protein to the 

CALI tool for measuring expression level and localisation. In contrast, protein 

photosensitisers are often very weakly fluorescent, as is miniSOG, as they are engineered 

to redirect light energy into the production of ROS.  

Finally, chemical photosensitisers exist that are excited by light covering a great deal 

more of the visible spectrum than protein photosensitisers. Continuing developments 

allow fine tuning of dyes in the xanthene family to select properties such as the 

absorbance wavelength peak (240). Dyes excited by red light are particularly useful, as 

they can be used more safely and deeper into living tissue than dyes excited by shorter 

wavelength light, and allow spectral separation from other common fluorophores. For 

instance, CaN-JF649 could be used with both mCherry and GFP using common 

microscope filter sets, allowing multiple proteins to be monitored or manipulated in a 

single experiment. 

 

4.3.2.4 Long term protein expression. 

The effect of long-term expression of a photosensitiser was not examined in the NFAT 

translocation assay used in this project, but is important for studies in neuronal culture 

or in vivo. In these cases any background activity of a protein photosensitiser could 

compound over time, altering endogenous signalling prior to the intervention timepoint. 

By using a combined genetic and chemical system, long term effects can be avoided by 

adding the photosensitiser dye immediately before the experiment. Experiments using 

JF635 and JF585 (240), which are very closely related to JF649, revealed that these dyes 

can be used as HaloTag ligands in the brains of living rodents and in ex vivo experiments, 

with rapid and complete tissue penetration. The dye crossed the blood brain barrier and 

labelled visual cortex neurons within 5 minutes of administration, with low background 

due to the high chromogenicity of this family of dyes. 

 

4.3.3 CaN-JF649 in the dark. 

In the previous chapter, two assays were used to asses CaN-miniSOG(RI) function; the 

NFAT translocation assay did not detect a statistically significant inhibitory effect of 

over-expression of the tool in the absence of light stimulation (Figure 3.5). However the 

CaN activity measured by the phosphatase assay was lower in cells expressing CaN-

miniSOG(RI) than in control cells, even without blue light exposure (Figure 3.7). In the 
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case of CaN-JF649 tested against NFAT translocation, there was a small but significant 

inhibition due to over-expression (Figure 4.3, columns 2 & 4). It is not known whether 

this inhibition was due to incidental light exposure after addition of the dye, or to a non-

light related effect of Br2-JF649 or HaloTag on the CaN or NFAT proteins. Comparison of 

CaNB-HaloTag expressing cells with and without addition of the dye would be one way 

to distinguish these mechanisms. A modified expression construct including an 

additional fluorophore would be needed for that experiment, so that protein expression 

could be determined independently of dye fluorescence. Whether this inhibitory effect 

in the absence of light stimulation will have a significant impact on the use of this tool in 

studying neurobiological questions will require further investigation, such as validation 

of the tool in cultured neurons or in vivo in model organisms. 

 

4.3.4 Conclusions. 

This chapter has demonstrated that a novel red-light absorbing fluorescent molecule, 

Br2-JF649, can be used as a photosensitiser to inhibit endogenous CaN signalling to 

NFATc3 in live cells. Br2-JF649 required a much shorter duration of light exposure to 

achieve CaN inhibition than did an equivalent protein encased photosensitiser tool. 

Several advantages over existing chemical photosensitisers were also discussed. The 

CaN-JF649 optogenetic tool will be complementary to other fluorescence based 

indicators and actuators for in vitro studies, and has suitable characteristics for use in 

vivo. This chapter has shown that application of CaN-JF649 to biological questions should 

involve consideration of the protein expression level and red light illumination 

parameters. 
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Table 4.1 Descriptive statistics of NFAT translocation data for CaN-JF649 cells and 
control cells. Light irradiation was at 4.6 mW/mm2 using a 635/18 nm �ilter.   
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0
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Table 4.2 Multiplicity adjusted p values; ordinary one-way ANOVA with Tukey's multiple comparisons test of NFAT translocation data for CaN-JF649 
cells and controls. Ionomycin treatment is displayed as present (+) or absent (-), and duration refers to red light irradiation (4.6 mW/mm2) prior to 
ionomycin addition.
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Chapter 5 

Activating calcineurin signalling with light 
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5.1 Introduction. 

Optogenetic techniques may be used to inhibit activity of endogenous proteins, or to 

activate signalling. The previous two chapters have demonstrated that calcineurin (CaN) 

activity can be inhibited using chromophore assisted light inactivation (CALI) 

approaches. However, a tool to activate CaN signalling with light would also be greatly 

beneficial in addressing the questions suggested in Chapter 1. For example, in  

experiments examining axon guidance in cultured neurons an optogenetic CaN inhibitor 

may provide improved spatial and temporal resolution over pharmacological inhibitors, 

but an optogenetic activator could answer the question of whether or not CaN signalling 

is sufficient to trigger growth cone repulsion. If CaN signalling is responsible for turning 

according to the switch hypothesis (see Figure 1.1 and Section 1.2.3), activating 

signalling in one half of the growth cone would trigger repulsion in the absence of a 

guidance cue, or would abolish the response to an attractive guidance cue. 

Given the value of producing an optogenetic tool to activate CaN signalling with light, 

this project included the design and screening of several fusion proteins with that 

hypothesised activity. Additionally, several proteins were designed that were 

hypothesised to allow reversible inhibition of endogenous CaN. For each of these protein 

designs, a number of variants were produced, principally utilising linkers of varying 

length and variants in the incorporated optogenetic modules. This chapter will describe 

three designs: a split CaN phosphatase domain; a design mimicking binding of Ca2+/CaM 

to CaN; and release of the CaN phosphatase domain or a peptide inhibitor from 

sequestration at the mitochondria. These designs reached different stages of 

development within the time-frame of this project, and each warrant further 

investigation. The following sections will describe the rationale behind each design, 

present preliminary data where that has been collected, and discuss the next steps 

required to develop these designs into successful optogenetic tools. 

 

5.2 Split calcineurin phosphatase domain (CaNAp). 

5.2.1 Re-assembling split enzymes. 

It was noted in Chapter 1 (Section 1.4.3) that many strategies for designing optogenetic 

tools are applicable to only a small group of proteins, for instance those that have 

substrates exclusively at the plasma membrane. One strategy that has the potential to be 

generalisable is to split the protein of interest (POI) into two fragments that each have 

no activity, but that can be reassembled into the active protein when brought into close 

proximity. 
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Prior to its use in optogenetic tools, the split protein approach was used to monitor 

protein-protein interactions. In these cases the two fragments of a reporter protein, for 

instance luciferase (254) or a protease (255), are fused to two different POIs. If those 

two proteins interact with one another this will be detected as reporter activity. Split 

effector proteins, again often enzymes, have also been reconstituted by chemically 

induced heterodimerisation (for example 256). However there are now numerous 

optical dimeriser modules available, and several have been used to reassemble proteins 

using light, including the Cry2/CIB1 pair (145,193), VIVID (257), the Magnet system 

(178,258), and the PhyB/PIF3 pair (259). One component of the optical dimer is fused 

to each fragment of the POI.  

To produce a functional tool using this approach, the two fragments of the split 

protein must be stable enough to avoid degradation or aggregation, but have no 

enzymatic or signalling activity in isolation. However, they must be able to reassemble 

into a functional protein, and have sufficient affinity for each other that this will occur 

when they are brought into close proximity by dimerisation of the fused photoreceptor 

module. If the two fragments have a very high affinity for each other, they may 

spontaneously reform the functional protein, resulting in background (dark state) 

protein activity, or light induced assembly may be irreversible.  

In most opto- and chemogenetic tools of this type, split sites have been selected that 

separate the protein into well-defined domains that are known to fold and act 

independently. This is the case for Cre recombinase (145,193,258), CRISPR-associated 

protein 9 (Cas9) (178), and transcription factors (259). In these cases the enzyme active 

site is not disrupted, but is separated from a domain that targets the enzyme to its 

substrate. However, many proteins have their active site and targeting components 

within the same protein domain, as is the case with CaN. Split sites for these proteins 

have in the past had to be determined empirically, which has been carried out for an RNA 

polymerase (257), and for the tobacco etch virus (TEV) protease (255). Recently 

Dagliyan et al. (260) developed an algorithm called SPELL (Split Protein rEassembly by 

Ligand or Light) for selecting suitable split sites in single domain proteins using solved 

or modelled protein structures, and have made this algorithm available for academic 

use2. Sites within solvent exposed loops with low sequence conservation are considered, 

and split sites ranked based on the thermodynamic stability of the two fragments and 

the ‘tightness’ of the loops (260,261). This will reduce the number of candidate split sites 

 

2 Available at https://dokhlab.med.psu.edu/spell/login.php 



  Chapter 5 

  91 

that have to be experimentally tested compared to selection based on visual inspection 

of the protein structure. 

 

Figure 5.1A shows a schematic of a split CaN design using the iLID/SspB optical 

dimeriser system. In this design the phosphatase domain at the N-terminus of CaNA is 

used in isolation (CaNAp), as truncation of the C-terminal regulatory domain produces a 

constitutively active enzyme. CaNAp contains the active site as well as the known 

substrate docking sites, and in this case the CaNB binding elements, as shown in Figure 

5.1B. Alternatively, the CaNA phosphatase domain can be truncated at the N-terminal 

end of the CaNB binding helix. The smaller truncation would be unable to bind CaNB, 

which reduces the level of activity (data not shown), and would disrupt the LxVP docking 

site, however it would produce a compact domain with N- and C-termini in close 

proximity. This arrangement would allow flexibility in where the optical dimeriser 

components are fused. 

 

5.2.2 Results. 

Laboratory analysis of the split CaNAp design is currently in progress. The SPELL 

algorithm was used to predict candidate split sites in silico (described below), each of 

which can be used to design a pair of complementary N- and C-terminal fragments of 

CaNAp. Each of these pairs will be fused with optical heterodimerisers, and tested for 

light inducible activity using the NFAT translocation assay or another assay as discussed 

in Section 5.5.  

 

Four solved structures of CaN were input into the SPELL algorithm (260): PDB 

structures 2JOG and 1TCO are CaNA truncations similar to that proposed for this design; 

PDB structures 1AUI and 4OR9 include full length CaNA and CaNB, so the AID may 

obscure some loops. For each structure, the algorithm returned 5-10 candidate split sites 

predicted to produce thermodynamically stable fragments. There was substantial 

overlap in the loops returned from the different structures, and the loops at CaNA 

residues 314-318 and residues 326-327 were returned from all four structures. These 

are therefore considered to be the strongest candidates, and will be prioritised for 

experimental testing. The following loops were each returned from two of the structures; 

amino acids (aa) 35-42, 170-171, 192-194, 215-225, 272-275, 291-301 (Figure 5.1B). 

These are also good candidates, and will also be experimentally tested. There were a 

small number of additional sites predicted from only one structure, so these are 

considered lower priority sites and are not listed. Figure 5.1B demonstrates that the 
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Figure 5.1 Split calcineurin phosphatase domain.
A) Schematic of a split calcineurin phosphatase domain (CaNAp) design that could be 
reconstituted using a photo-induced heterodimerisation system (iLID). B)	 Linear 
schematic of CaNA (top),  showing domain features. BB, CaNB binding elements; CaMB 
BD, CaM binding domain; AID, autoinhibitory domain. CaNAp is expanded (bottom), 
showing α-helices in red, β-strands in blue, and loops in black (according to PDB 
structure 1AUI). The amino acid side chains that co-ordinate the metal centre ions and 
the regions involved in substrate docking (PxIxIT and LxVP) are marked (above), as 
well as the positions of candidate split sites (below). C) 3D model of the CaNAp-CaNB 
heterodimer, coloured to indicate three of the candidate split sites. The N-terminal 
fragment of CaNAp is in orange, the C-terminal fragment is in green, and the split site is 
marked with an arrow. CaNB is in grey. Generated from PDB structure 1AUI. 
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candidate split sites are distributed across CaNAp, and would separate different 

components of the domain. Splitting CaNAp in the loop at aa 35-42 would create a very 

small N-terminal fragment, as pictured in Figure 5.1C (top), and all the residues that form 

the active site and those involved in protein-protein interactions would be contained 

within the C-terminal fragment. In contrast, four of the proposed split sites would 

separate the residues that coordinate the metal ions of the active site across the two 

fragments (Figure 5.1C (middle) shows an example of one of these split sites, at aa 

192/193). The final three proposed split sites are positioned in between the metal 

binding aa and those aa involved in binding the PxIxIT and LxVP docking sequences 

within CaN substrate proteins. If split in the loop at aa 314-318, as shown in Figure 5.1C 

(bottom), the C-terminal fragment would contain only a fairly small portion of the core 

ellipsoid of CaNAp, but this includes part of the β-sandwich that runs through the centre 

of the domain. Use of any of these split sites would separate the active site from the 

known ligand binding regions. 

 

5.3 CaM binding mimic. 

5.3.1 Design. 

An alternative method to activate CaN signalling with light is to mimic the activation 

method of the native enzyme. Interaction of Ca2+ bound CaM (Ca2+/CaM) with the 

regulatory domain of CaN removes the auto-inhibitory domain (AID) from the enzyme 

active site, allowing access by substrates. It may be possible to simulate this mechanism 

by replacing CaM and its binding sequence in CaN with an optical heterodimeriser pair. 

Figures 5.2A and 5.3A show schematics of this concept using the Cry2/CIB (145) and 

iLID/SspB (161) systems, respectively. In both cases, the smaller domain is inserted into 

the CaN sequence, to minimise disruption to the protein structure. The larger domain is 

expressed freely throughout the cell, and its recruitment using blue light is hypothesised 

to remove the AID from the active site due to steric constraint. The photodimeriser may 

be positioned either within the regulatory domain of CaNA, directly replacing the CaM 

binding domain, or on the C-terminus of the protein, positioned very close to the AID 

(Figure 5.3B).  

 

5.3.2 Results. 

5.3.2.1 Calcineurin activation with Cry2 and CIB1. 

In the first variant of this design to be tested, the CaM binding domain of CaNA was 

replaced with the CIB1 domain, and Cry2-GFP was recruited with blue light (Figure 
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5.2A). These two components were transiently co-expressed in cells from a HEK293 cell 

line stably expressing NFATc1-mCherry (see Section 2.3.4). After 90 min of pulsed blue 

light exposure (1 s pulse every 10 min at ~0.07 mW/mm2), or 90 min in the dark, the 

number of cells displaying predominantly cytosolic or predominantly nuclear NFATc1-

mCherry were counted. Figure 5.2B shows that among non-transfected control cells in 

the dark condition, only 1% of cells had nuclear NFATc1-mCherry, which can be 

considered the baseline level of CaN signalling. With blue light exposure, 13% of control 

cells had nuclear NFATc1-mCherry, indicating that there was a non-specific effect of blue 

light on CaN-NFAT signalling. When Cry2-GFP and any of the three CaN-CIB fusion 

proteins were expressed, a larger fraction of the cells showed nuclear NFATc1-mCherry, 

in both the dark and blue light exposed conditions. The signalling present in the dark 

condition suggests constitutive activity of the CaN construct, which was most likely 

caused by disruption to the protein structure by replacement of a short flexible region 

(CaM binding domain) with a larger folded domain (CIB). The dark state activity was 

greatest when the larger CIB170 domain was used, with 65% of cells showing nuclear 

NFATc1-mCherry. The dark state activity was reduced when CIB170 was exchanged for 

the smaller CIB81 domain (34% cells with nuclear NFATc1-mCherry), and the use of 

longer linkers did not improve this further (38% of cells with nuclear NFATc1-mCherry). 

Some constitutive activity in these early constructs is unsurprising, given that the CIB 

domain variants are 170 or 81 aa, but replace the 23 aa CaM binding domain in CaNA. 

However this must be reduced to the lowest possible level to produce an optogenetic 

tool of practical value, which may be achieved by inserting the smallest available 

optogenetic dimeriser module, and exploring variations in the position of insertion into 

CaNA to reduce disruption to the native protein structure. 

 

Light induced activity is indicated by the difference between the dark and blue light 

exposed conditions for each variant of the design. The two variants with short linkers (9 

aa) flanking the CIB domain showed a light/dark difference only slightly larger than the 

control cells (19% and 24% difference in the number of cells with nuclear NFATc1-

mCherry, respectively). However the construct with long (17 aa) linkers showed 45% 

more cells with nuclear NFAT-mCherry in the light than the dark (Figure 5.2B). 

 

To improve the performance of the CaM binding mimic using Cry2 and CIB it was 

necessary to identify the cause of the weak activation observed in Figure 5.2B. To 

confirm that Cry2-GFP is able to bind to CIB in this unique fusion protein, the CaN-CIB 

proteins were modified to be expressed at the plasma membrane. In this arrangement 
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Figure 5.2 Calcineurin ac�va�on with Cry2 and CIB1.
A) Schematic of activation of CaN signalling using the Cry2/CIB1 photo-oligomerisation 
and photo-heterodimerisation system. Binding of the autoinhibitory domain (AID) of 
CaN to the active site could be disrupted by the binding of a Cry2 cluster to CIB1 that 
has been strategically placed in the regulatory domain of CaNA, replacing the CaM 
binding domain. B) Percentage of cells with dominantly cytosolic or nuclear NFAT in 
the dark condition or after 90 min of pulsed blue light exposure (1 s pulses every 10 
min at ~0.07 mW/mm2). The three variants incorporate either the 170 amino acid (aa) 
version of CIB (CIB170) or the 81 aa version (CIB81), �lanked by either short (9 aa) or 
long (17 aa) linkers.
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(all variants), blue light induced Cry2 accumulation at the membrane (data not shown), 

indicating that the proteins can interact, and the interaction is regulated by blue light. 

Therefore,  either binding of Cry2 and CIB does not efficiently displace the AID from the 

active site of CaN, or the complex itself blocks access of substrates to the active site to 

varying degrees in the different fusions. The Cry2 version tested at this stage of the 

project was the 535 aa version (193), containing the E490G mutation to enhance 

clustering (146). Reducing the size of the Cry2-CIB complex would decrease the chance 

of blocking the active site in the light adapted condition, and this could be achieved by 

using the original version of Cry2, which is slightly smaller (498 aa), and shows reduced 

clustering (145). 

 

5.3.2.2 Calcineurin activation with iLID. 

As an alternative to the Cry2/CIB pair, the CaM binding mimic design was tested using 

the iLID system (Figure 5.3A), which is a LOV domain that forms a 1:1 heterodimer with 

the small (113 aa) SspB protein. The light induced complex is much smaller in this case 

both because of the lack of clustering and because the iLID component is much smaller 

than Cry2 (150 aa vs 535 aa). To test these design variants, NFATc3-mCherry was 

transiently expressed along with CaN-SspB and GFP-iLID in HEK293 cells, and these 

were either kept in the dark or exposed to 45 min of blue light pulses (30 s pulse every 

5 min at ~0.07 mW/mm2). The cells were again analysed using the NFAT translocation 

assay (see Sections 2.6.2.4 & 2.6.3.3). Figure 5.3C shows that when SspB was inserted 

into CaNA, replacing the CaM binding domain, increasing the length of the linkers 

flanking the SspB domain from 2 aa to 9-11 aa reduced the constitutive activity of the 

construct from 22% of cells with nuclear NFATc3-mCherry down to 12 % of cells. The 

light induced activity is comparable between the two variants, with an additional 16% 

and 17% of cells with nuclear NFATc3-mCherry after blue light exposure. It is unclear 

whether this light induced NFAT localisation can be attributed to activity of the 

optogenetic constructs, as the control condition using cells expressing only NFATc3-

mCherry has yet to be acquired.  

When SspB was fused to the CaNA C-terminus as illustrated in Figure 5.3B, the dark 

state activity was lower, with only 7% of cells showing nuclear NFATc3-mCherry. This 

suggests that fusion of SspB to the C-terminus of CaNA is less disruptive to the inactive 

conformation of CaN. The light induced activity was also greater for this arrangement, 

with 39% more cells showing nuclear NFATc3-mCherry with blue light exposure 

compared to the dark condition. These results indicate that C-terminal fusion of SspB, or 

possibly other photoreceptor modules, have the potential to allow control of CaN activity 
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Figure 5.3 Calcineurin ac�va�on with iLID.
A	 &	 B) Schematics of activation of calcineurin (CaN) signalling using the iLID 
photodimerisation module. The binding of the autoinhibitory domain (AID) of CaN to 
the active site could be disrupted by the binding of iLID to SspB positioned in place of 
the CaM binding domain (CaM BD) of CaNA (A) or at the CaNA C-terminus (B). C) 
Percentage of cells with predominantly cytosolic or nuclear NFAT in the dark condition 
or after 45 min of pulsed blue light exposure (30 s pulses every 5 min at ~0.07 mW/
mm2).  The design in (A) has two variants, in which SspB is �lanked by either short (2 
amino acids) or long (9-11 aa) linkers.
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with light. Both the constitutive and light induced activity are likely to be influenced by 

the distance between the AID and the photoreceptor module. In the variant analysed 

here, SspB is fused to the C-terminus of CaNA separated by only 4 aa. However, the 

extreme C-terminus of CaNA (35 aa) does not contact the rest of the protein, so it may 

act as a flexible linker between the AID and SspB. Therefore, various truncations of this 

region will be analysed in the future, to see if the level of light inducible activity can be 

increased. 

 

It is important to note that the data that has been presented in Section 5.3 is 

preliminary, and additional experiments will be carried out to confirm these results and 

develop those tools with the most desirable characteristics.  

 

5.4 Mitochondrial caging with LOVTRAP. 

5.4.1 Design. 

As there are CaN substrates in many subcellular compartments, the technique of 

recruiting the enzyme to its target site using optogenetics is unlikely to be successful. 

However, it may be possible to sequester the enzyme at a site where there are no targets 

of interest, and release it using light. The LOVTRAP system (170) was designed for this 

purpose, and has been used to control activity of proteins including Vav2, Rac1, RhoA 

(170), and Rho kinase (262). LOVTRAP is composed of AsLOV2 and a small protein, 

termed Zdark1 (Zdk1), that was evolved to bind selectively to the dark configuration of 

the LOV domain. One of these components is anchored to a site away from the site of 

action of the POI, and the other component is fused to the POI. Thus, in the dark adapted 

condition, the POI will be sequestered away from its targets, but blue light (<500 nm) 

will release it.  

As has been previously described, the catalytic domain of CaN (CaNAp) is 

constitutively active when the C-terminal regulatory domain is truncated (see Figure 

2.5). Therefore CaNAp was tagged with mCherry and fused to Zdk1. The LOV component 

was targeted to the outer mitochondrial membrane using the TOM20 sequence (200), as 

there are no known CaN substrates in this location. Figure 5.4A illustrates this design in 

the dark and light adapted conditions. The same strategy was used to sequester and 

release a highly specific peptide inhibitor of CaN, known as VIVIT (115). This peptide 

competes with endogenous substrates for binding to CaN at the PxIxIT docking site 

described in Chapter 1 (115). Therefore it is probable that VIVIT will inhibit CaN 

dephosphorylation of many, but not all, endogenous substrates (113). In the present 
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Figure 5.4 LOVTRAP caging of CaNAp.
A) Schematic of release of the calcineurin A phosphatase domain (CaNAp)  from 
mitochondrial (mito) sequestration using the LOVTRAP system. B) The localisation in 
HEK293 cells of Zdk-mCherry-CaNAp when co-expressed with LOV targeted to the 
mitochondria, in the dark state and after blue light illumination (470 nm), in cells with 
a low or high expression level. Scale bar 20 µm.
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study, it can be used as a proof of principle for the sequestration and release of a CaN 

inhibitory peptide using the LOVTRAP system. Figure 2.5 shows that expression of GFP-

VIVIT in HEK293 cells (with no targeting sequence) inhibits CaN signalling to NFAT. 

These systems are referred to as LOVTRAP-CaNAp and LOVTRAP-VIVIT, respectively. 

 

5.4.2 Results. 

Figure 5.4B shows the distribution of Zdk1-Cherry-CaNAp when co-expressed with 

TOM20-LOV in HEK293 cells using a bicistronic vector. In cells with a lower expression 

level, fluorescence is localised at the mitochondria in the dark condition, but is 

distributed throughout the cytosol after blue light (470 nm) exposure, as hypothesised. 

However, with increased expression of the construct, the mitochondrial localisation is 

lost, and Zdk1-mCherry-CaNAp is distributed instead throughout the cytosol and 

nucleus, as well as forming aggregates. Blue light exposure has little effect on cells with 

this dark state localisation. This pattern of localisation in low and high expressing cells 

is the same when Zdk1-mCherry-VIVIT is expressed with TOM20-LOV (data not shown). 

To examine the functional effect of the design, LOVTRAP-CaNAp or LOVTRAP-VIVIT 

was co-expressed with NFATc3 fused to cerulean fluorescent protein (NFATc3-CFP). 

Figure 5.5A shows the localisation of NFATc3-CFP in cells with low or high expression of 

LOVTRAP-CaNAp in the dark adapted condition. When Zdk1-mCherry-CaNAp was 

visibly sequestered at the mitochondria, NFAT was localised in the cytosol. However 

NFAT was predominantly nuclear in cells with a high expression level of LOVTRAP-

CaNAp, which is quantified in Figure 5.5B. For those cells in which there was change in 

CaNAp localisation with blue light (low expression), NFAT nuclear fraction was 

monitored over 50 minutes, with 1 s blue (470 nm) pulses at 18 mW/mm2 every 30 s 

throughout. In preliminary experiments, no change in NFAT nuclear fraction was 

detected after blue light (Figure 5.5.B). In cells expressing LOVTRAP-VIVIT, ionomycin 

was applied to activate endogenous CaN during the time-course of blue light pulses. 

Preliminary data (Figure 5.6) showed that in high expressing cells, NFAT-CFP 

translocation was inhibited in both the dark and light conditions, indicated by no change 

in NFAT nuclear fraction. In low expressing cells, NFAT-CFP translocated from the 

cytosol to the nucleus, with no difference between the light and dark conditions. 

These preliminary experiments demonstrate that CaNAp and VIVIT are both able to 

alter CaN signalling in fusion with mCherry and Zdk1, and the localisation of the protein 

can be manipulated using light. However, it is not possible to sequester and then release 

a large enough amount of either protein to modify CaN signalling to over-expressed 

NFATc3-CFP using this system. This suggests that the design may be a feasible way to 
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Figure 5.5 Sequestra�on of CaNAp with LOVTRAP.
A) Top, localisation in HEK293 cells of Zdk-mCherry-CaNAp when co-expressed with 
LOV targeted to the mitochrondria by the TOM20 sequence, in the dark state in cells 
with low (left) or high (right) expression level. Bottom, localisation of NFATc3 tagged 
with cerulean �luorescent protein (CFP) in the same cells. 20 um scale bar. B) CaN 
signalling indicated by the nuclear fraction of NFATc3-CFP in cells expressing TOM20-
LOV and Zdk-mCherry-CaNAp before and after 50 min of pulsed blue light exposure (1 
s pulse at 18 mW/mm2 every 30 s).

A

B

N
FA

T-
C

FP

low expression

Zd
k-

m
C

h
-C

aN
A

p

high expression

N
FA

T 
n

u
cl

ea
r 

fr
ac
�

o
n

0.6

0.4

0

0.2

before a�er
blue light

0.8

1.0

high expression

low expression



102

Chapter 5

light

N
FA

T 
n

u
cl

ea
r 

fr
ac
�

o
n

0.6

0.4

0

0.2

before

0.8

1.0

N
FA

T 
n

u
cl

ea
r 

fr
ac
�

o
n

0.6

0.4

0

0.2

before

0.8

1.0 dark

a�er
ionomycin

a�er
ionomycin

high expression

low expression

Figure 5.6 Sequestra�on of VIVIT with LOVTRAP.
NFAT nuclear fraction in cells expressing TOM20-LOV and Zdk-mCherry-VIVIT before 
and after 50 min of ionomycin treatment in the dark or with pulsed blue light 
throughout (1 s pulse at 18 mW/mm2 every 30 s).
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manipulate CaN signalling only if modifications can be made to sequester and release a 

larger amount of protein, to increase the potency of the released domains, or to monitor 

the effect in a more a sensitive way. The CaNAp domain used in this initial version of the 

construct cannot bind CaNB, so inclusion of the CaNB binding helix may increase the level 

of activity of CaNAp, as was suggested in control experiments early in the project (data 

not shown). The sensitivity of the NFAT translocation assay to detecting light induced 

CaN signalling will be discussed in the next section. 

 

5.5 Discussion. 

Results of in silico and screening experiments in this chapter indicate that there are 

several promising approaches for activating CaN signalling with light, but these require 

repeat experiments and construct refinement. Throughout this project it has become 

apparent that one of the limitations to identifying successful activator designs is the 

relatively low sensitivity of the NFAT translocation assay. Although the assay has the 

desirable characteristics of using a native protein substrate of CaN, and being monitored 

in real time in live cells, there are several reasons why it may not be able to detect small 

rises in CaN signalling. First, a substantial portion of the expressed NFAT protein must 

translocate into the nucleus before this can be visually detected. The effect is exacerbated 

when quantifying translocation – although the NFAT nuclear fraction consistently 

increases when protein translocation from the cytosol to the nucleus is visibly apparent, 

the raw values vary greatly between cells. This is evident in Figure 2.5, and Chapters 3 

and 4, in which ‘complete translocation in all cells’ can be easily distinguished from ‘no 

translocation in any cells’, but smaller population differences could only be distinguished 

by using very large sample sizes (typically 70-100 data points per condition). The effect 

of a ‘maximal’ stimulus such as ionomycin was readily detected, but a small rise in 

signalling such as would be expected in early iterations of optogenetic activators may be 

not be so easily detected. Second, translocation of NFAT proteins in this project took at 

least 30 min when stimulated with ionomycin, and a smaller stimulus may require even 

longer, which would not be practical to measure in a live cell assay. Over-expression of 

CaNAp resulted in nuclear localisation of NFAT proteins without addition of ionomycin, 

suggesting that constitutively active versions of optogenetic CaN activators may do the 

same, as they exert their action for up to 48 hours between transfection and imaging. 

Mutant photoreceptors that mimic the light state (under both light and dark conditions) 

are available for some optogenetic modules, such as those based on LOV domains. 

Incorporation of a light mutant photoreceptor into an optogenetic CaN activator would 
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produce a constitutively active protein. An alternative assay for measuring CaN 

signalling that was tested early in this project was based on transcription of luciferase. 

The signal from this assay should be proportional to the total amount of CaN signalling 

throughout the experimental time period, allowing intermediates between minimal and 

maximal signalling to be detected. The assay was not further pursued due to issues with 

experiment-to-experiment variation, which may have been due to inconsistency in 

plating density of the cells, as this was later found to impact basal NFAT activity (data 

not shown). However, a transcription based assay may be worth revisiting. Alternatively, 

measuring a functional outcome in a more complex system is likely to be very sensitive 

to perturbation of CaN signalling, although such assays would be lower throughput. For 

instance, pharmacological CaN inhibitors prevent axonal growth cones from responding 

to repulsive guidance cues in culture, and this situation could be imitated by global 

illumination in the presence of an optogenetic tool. A small model organism such as 

Caenorhabditis elegans may be used in a similar way, as CaN mutant worms (both 

increased and decreased activity) are viable, and have a range of well-established 

morphological and sensory phenotypes (263).  

Another challenge to identifying successful activator designs is the variable 

expression level of protein constructs that is achieved using transient transfection.  This 

is not a topic that is typically discussed in papers regarding optogenetics, however 

throughout this project it has become apparent that it is important both in detecting the 

activity of candidate constructs, and in applying tools to biological questions. In the case 

of both activators and inhibitors of CaN signalling, a sufficient expression level must be 

reached in order to detect a difference in signalling, however this level must be 

determined empirically. Additionally, proteins are likely to lose their endogenous 

regulation when the expression level is too high, as was observed for NFAT (see Section 

2.6.3.2). Among optogenetic modules, those that respond to light by changes in 

oligomerisation state are particularly sensitive to expression level, as the probability of 

interaction is determined by the combination of the binding affinity and the 

concentration of the components. For a discussion of this topic in regard to the iLID 

system, see Zimmerman et al. (187). In this project, most experiments were carried out 

using live cell imaging so that the expression level in individual cells could be compared 

based on signal from a fluorophore incorporated into the tool, and a minimum 

expression level set for comparison between conditions. This method can only detect 

relative expression levels between cells in the same experiment, so it is suitable for tool 

development, but again points to the importance of validation experiments in the 
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relevant cell type and experimental system when applying any tool to a biological 

question.  

In summary, there are several strategies with the potential to enable optogenetic 

activation, or reversible inhibition, of CaN signalling. Screening experiments have 

revealed the importance of having a highly sensitive CaN signalling assay to detect 

activity of optogenetic activators, and of taking expression level into account, especially 

as initial design variants are likely to display low activity levels. Several such assays are 

available, and their use in future experiments may enable the designs described above 

to be developed into functioning optogenetic tools to manipulate CaN signalling. 
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Chapter 6 

Conclusions and future directions 

 

 

Calcineurin (CaN) signalling is vital to mammalian development and the function of 

many organ systems, playing major roles in the immune and nervous systems. Loss of 

CaN function results in severe developmental defects, including errors in axon 

outgrowth and pathfinding, and has been implicated in the pathogenesis of several 

diseases. The spatial and temporal characteristics of CaN signalling are believed to be an 

important feature of axon pathfinding. Currently available techniques provide limited 

ability to probe these characteristics in living cells, therefore the aim of this project was 

to develop optogenetic tools to manipulate CaN signalling using light. 

 

This thesis has presented two new tools that can be used to inhibit CaN using either 

blue (<500 nm) or red (~650 nm) light, called CaN-miniSOG(RI) and CaN-JF649 

respectively. As a light stimulus can be shaped, CaN may be inhibited in a selected tissue, 

cell, or sub-cellular region. These tools use the chromophore assisted light inactivation 

(CALI) approach, in which a photosensitiser, which produces reactive oxygen species 

(ROS) in response to light, is targeted to the protein of interest. Light induced ROS have 

a small effective diffusion range, so the protein of interest is selectively inactivated. In 

this project, the regulatory CaNB subunit has been used to target photosensitisers to 

endogenous CaNA. 

CaN-miniSOG(RI), the blue light sensitive version of the tool, is entirely genetically 

encoded, with CaNB fused to a variant of the protein photosensitiser miniSOG that has 

two amino acid substitutions that may reduce self-quenching of ROS. Experiments 

described in Chapter 3 show that this tool is able to completely inhibit CaN signalling to 

the transcription factor NFATc3 when exposed to 470 nm light at ≥2 mW/mm2 for ≥60s. 

Intermediate levels of inhibition were induced using shorter duration blue light 

exposure. CaN-miniSOG(RI) was also able to inhibit dephosphorylation of a short peptide 

substrate specific to CaN, requiring 10 minutes of illumination as the light intensity was 

lower, at 1 mW/mm2. 

The red light activated CaN-JF649 is comprised of a genetically encoded component 

and an exogenously added dye. The fusion protein CaNB-HaloTag is expressed in the 

target cell, and Br2-JF649-HaloTag ligand is added immediately prior to the intervention 

time point. Br2-JF649-HaloTag ligand was found to be plasma membrane permeable and 
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chromogenic. Other members of the JF dye family are known to cross the blood brain 

barrier, proving them suitable for in vivo applications. CaN-JF649 was able to inhibit CaN 

signalling to NFAT completely with only 30 s of 635 nm light at 4.6 mW/mm2, and again 

shorter duration illumination resulted in intermediate levels of inhibition (see Chapter 

4).  

CaN-miniSOG(RI) and CaN-JF649 cause irreversible inhibition of endogenous CaN, 

which is suitable for ‘end point’ experiments, but less suitable for experiments in which 

recovery of activity over a period of time shorter than that of protein turnover is desired. 

For instance, rapid recovery would be necessary to determine whether CaN signalling at 

the beginning, middle, or end of a particular process is most important. Chapter 5 

presented preliminary assessment of a design that may allow reversible CaN inhibition 

with further development. 

 

To date, the CaN-miniSOG(RI) and CaN-JF649 approaches have been tested in the 

mammalian HEK293 cell line, and validation in a more complex system would be 

valuable. To this end, CaNB-miniSOG(RI)-mCherry has been expressed in the neurons of 

the nematode Caenorhabditis elegans, which is a useful model organism for studying 

some nervous system functions, including axon guidance (264). Transgenic C. elegans 

are readily generated (in comparison to rodents), and there is an extensive library of 

mutant worms that can be used to dissect the signalling pathways affected by 

manipulating CaN activity. The phenotypes of CaN mutant worms include many well-

studied morphological and behavioural characteristics (263). When exposed to CO2, C. 

elegans display a distinctive motility change to avoid the stimulus, and this response is 

disrupted in mutant worms with altered CaN signalling. Knock-out of the gene encoding 

the worm homologue of CaNA (tax-6) abolishes the response to CO2 (265), while worms 

expressing a constitutively active tax-6 are hyper-responsive (data not shown). In 

preliminary experiments carried out in this research group by Dr Sharon Sann, over-

expression of CaNB-miniSOG(RI)-mCherry does not alter the CO2 response in the dark 

condition, but blue light exposure abolishes the response to CO2 (data not shown). This 

suggests that CaN-miniSOG(RI) can be used to inhibit CaN signalling using blue light in 

live behaving C. elegans.  

 

Plasmids encoding CaNB-miniSOG(RI) tagged with GFP or mCherry, and CaNB-

HaloTag, are available using the pcDNA3.1 mammalian expression vector with a CMV 

promoter, and CaNB-miniSOG(RI)-mCherry is also available as recombinant adeno 

associated virus (AAV) particles (all using the CaNB sequencing from Rattus norvegicus). 
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Expression of CaNB-miniSOG(RI)-mCherry has been achieved in cultured rodent cortical 

neurons using the AAV particles, and these are also suitable for use in vivo, containing a 

promoter for pan-neuronal expression. A plasmid encoding CaNB-miniSOG(RI)-mCherry 

for use in C. elegans is also available. In this case the sequence of the worm homologue 

of CaNB (cnb-1) is included, and the protein is expressed under a promoter for neuronal 

expression. 

 

The data presented in this thesis demonstrate that CaN signalling can be inhibited by 

production of ROS that is localised to CaN using the CaNB regulatory domain. The tools 

may be improved by looking at alternative targeting methods. Development of a CaN 

specific nanobody would allow photosensitisers to be targeted to endogenous CaN 

without over-expression of any part of the enzyme. The toolbox may also be expanded 

by integrating alternative photosensitiser dyes or proteins. Chapter 3 included a 

discussion of the miniSOG variants currently available, and there are also several 

photosensitiser proteins developed from a GFP homologue called KillerRed that can be 

activated by 450 nm (266), 500 nm (267), or 585 nm light (268). As discussed in Chapter 

4, there are dyes with photosensitising properties that absorb across the visible light 

spectrum, and these are continuously being developed to improve fluorescence and 

photosensitiser performance, as well as those properties required for delivery into cells. 

Figure 6.1 shows the absorbance spectra of several protein and chemical 

photosensitisers that are available for use in CALI tools. The two tools presented in this 

thesis, along with any other variants produced, provide a flexible toolbox of CaN 

inhibitors, from which a variant can be selected that is compatible with other 

experimental components. For instance, multiple proteins could be manipulated within 

a single cell using light at different wavelengths, or optogenetic CaN inhibition could be 

carried out simultaneously with fluorescence monitoring of a cellular process of interest.  

 

Several strategies for light induced activation of CaN signalling have also been tested 

in this project. Chapter 5 described three such strategies for which initial in silico or 

laboratory experiments have been carried out, and included variants that show promise. 

In each case, further experiments are required to confirm preliminary results and to 

refine the designs, in order to achieve light induced activation. Optogenetic tools for 

activating CaN signalling would be complementary to inhibitors, but would also be able 

to address the question of whether CaN signalling is sufficient to trigger a biological 

process of interest. This cannot currently be interrogated, as there is no pharmacological 

CaN agonist, and other genetic approaches lack the necessary temporal control. 
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Figure 6.1 Photosensi�sers absorb light across the visible spectrum.
Absorbance spectra of photosensitiser proteins (solid lines) and dyes (dashed lines) 
that are available for use in CALI tools. Spectra have been sourced from FPbase (ref. 
271) and the FluoroFinder spectra viewer (ref. 272).
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Tools for manipulating CaN signalling using light will provide a unique way to study 

the role of this enzyme in health and disease. Experiments comparing the effect of an 

activator and an inhibitor would be particularly powerful in probing the necessity and 

sufficiency of CaN in processes of interest, and examining downstream or parallel 

signalling pathways. While these tools may be used to study CaN function in any process 

or cell type, they would be particularly useful for examining the spatial and temporal 

characteristics of signalling, as these are not readily scrutinized using pharmacological 

or general genetic techniques. For instance, CaN signalling has been implicated in control 

of cell cycle progression and proliferation, however its precise role is unclear (reviewed 

in 269). Optogenetic tools could provide the temporal control required to ascertain the 

phases or transitions of the cell cycle that require CaN activity. Loss of CaN activity has 

been implicated in the pathogenesis of schizophrenia (33,34) and Down syndrome (36), 

and Chapter 1 (Section 1.1.3) described rodent models of these diseases. The tools 

described in this thesis are suitable for use in vivo, and so could be used to define the 

time points at which loss of CaN activity results in the pathological features of those 

disease models. The cell types or particular cell populations that are involved could also 

be tested using a combination of genetic techniques and a shaped light source. 

The tools presented here were originally designed to examine the signalling 

downstream of calcium transients in axon pathfinding, and this remains the focus of 

future study in this project. Advances in understanding the mechanisms of axon 

pathfinding provide new therapeutic targets for both developmental disease and axon 

regeneration after damage due to disease or injury. Spatially restricted Ca2+ transients in 

the growth cone have been determined to be a vital signalling step in the response to 

many guidance cues, and so it is hypothesised that the signalling downstream of Ca2+ is 

also spatially restricted, in order to achieve directional motility. The necessity of 

Ca2+/CaM dependent kinase II (CaMKII) and CaN activity in Ca2+ dependent axon 

guidance has been established, and a model has been developed (57) to describe how 

their opposing effects within particular regions of the growth cone could control the 

direction of axon outgrowth (see Figure 1.1 and Section 1.2.3). There are two aspects of 

this model that have to date been addressed in silico (72), but that could be tested using 

optogenetic tools. The first is the spatial characteristics of signalling; it has been 

demonstrated that CaN signalling in the growth cone is necessary for axon pathfinding, 

particularly repulsive turning events, however it cannot be determined whether that 

signalling occurs throughout the growth cone or in a restricted region. An optogenetic 

tool could be used to inhibit CaN only on the side of the growth cone closest to a repulsive 

guidance cue presented in culture, for instance, to test whether it is truly asymmetric 
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signalling that is required. The second major concept of the switch hypothesis that may 

be tested using optogenetics is that both CaN and CaMKII activity occur at the same time 

in the same place, and the comparative activity levels determine the signalling outcome. 

Again, this has been examined in silico, and experimental evidence could be added by 

activating CaN signalling in the absence of a guidance cue, or on the side of a growth cone 

close to an attractive cue, to see if this alters turning.  

As was noted in Chapter 1 (Section 1.2.3), the CaN/CaMKII switch hypothesis 

regarding axon guidance shares features with a model developed to describe the role of 

Ca2+ signalling in synaptic plasticity (70,71). Therefore, optogenetic tools could be used 

to experimentally scrutinise the spatial and temporal characteristics of CaN activity that 

are proposed for this process, which is considered to be the cellular basis of learning and 

memory. There is evidence that CaN activity is required for plasticity related changes in 

both the pre- and post-synaptic compartments (reviewed in 270), and optogenetic tools 

are ideally suited to distinguish these roles. As above, CaN activity in different types of 

neurons could be analysed by expressing an optogenetic tool under different promoters. 

For instance, this could be used to compare plasticity at synapses between interneurons 

to those between pyramidal neurons. In fact, the two CaN inhibitors presented in this 

thesis could be simultaneously expressed in two cell types in a dissociated or slice format 

culture, enabling plasticity to be manipulated in different neurons with blue and red 

light. 

 

In summary, the work presented in this thesis provides new tools for studying CaN 

function in ways that are not possible with existing techniques. These tools allow CaN to 

be inhibited by exposure to either blue or red light, and provide a basis for developing 

tools to activate CaN signalling with blue light, which can be shaped to target a single cell 

or subcellular region. These tools have been expressed in the HEK293 cell line and some 

have also been expressed in cultured rat cortical neurons. The blue light inhibitor CaN-

miniSOG(RI) has been functionally expressed in the neurons of the nematode C. elegans, 

and is also available as AAV particles for in vivo applications. These tools provide a new 

opportunity to examine the spatial and temporal characteristics of CaN signalling.(271)  
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Appendix A  Plasmid maps.
Linear representations of the plasmids used in this thesis, showing protein 
domains, restriction sites, and vector features. 
 

pcDNA3_CaNAp 
CaNA(1-398)CMV BGH

BamHI NheI stop EcoRI

pcDNA3.1H_GFP 
GFPCMV BGH

BamHI HindIIIstop XbaI

pcDNA3_NFATc1-mCherry 
mCherryNFATc1CMV BGH

EcoRI ClaI NheI stop XbaI

pcDNA3.1H_GFP-VIVIT 
VIVITGFPCMV BGH

BamHI HindIIIstop XbaI

pcDNA3_NFATc3(416)-mCherry 
NFATc3(1-416)CMV BGH

EcoRI ClaI NheI stop XbaI

mCherry

pcDNA3.1H_miniSOG-mCherry (all miniSOG variants are the same arrangement and length)

miniSOGCMV BGH

BamHI ClaI stop XbaI

mCherry

pcDNA3.1H_CIB-mCherry 
CIB170CMV BGH

BamHI ClaI stop XbaI

mCherry

Appendices

pcDNA3_NFATc3(416)-CFP 
NFATc3(1-416)CMV BGH

EcoRI ClaI NheI stop XbaI

CFP

pLenti_NFATc1-mCherry 
T2A

hygromycin

NFATc1CMV

EcoRI ClaI NheI BsiWI

mCherry
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pcDNA3.1H_CaNB-GFP
CaNBCMV BGH

BamHI AgeI stop XbaI

GFP

pcDNA3.1H_miniSOG(RI)-GFP 
miniSOG(RI)CMV BGH

BamHI ClaI stop XbaI

GFP

pcDNA3.1H_CaNB-miniSOG(RI)-GFP 
CaNBCMV

BamHI AgeI

BGH

stop XbaI

GFPminiSOG(RI)

ClaI

pcDNA3_CaNAn-CIB81(l)-CaNAc-mCherry-CaaX 
mCherryCaNAnCMV BGH

BamHI ClaI

CaaXCaNAcCIB170

AgeI stop EcoRI

pcDNA3.1H_CaNB-HaloTag 
CaNBCMV BGH

BamHI AgeI stop XbaI

HaloTag

pcDNA3.1H_HaloTag
CMV BGH

BamHI stop XbaI

HaloTag

pcDNA3_CaNAn-CIB170(s)-CaNAc
CaNAnCMV BGH

BamHI ClaI

CaNAcCIB170

AgeI stop EcoRI

pcDNA3_CaNAn-CIB81(l)-CaNAc 
CaNAnCMV BGH

BamHI ClaI

CaNAcCIB81

AgeI stop EcoRI

pcDNA3_CaNAn-CIB81(s)-CaNAc 
CaNAnCMV BGH

BamHI ClaI

CaNAcCIB81

AgeI stop EcoRI

pLenti_CaNB-miniSOG(RI)-mCherry 
CaNBCMV

BamHI AgeI stop XbaI

mCherryminiSOG(RI)

ClaI
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pcDNA3.1H_Cry2(535)E490G-GFP

Cry2(535)E490GCMV BGH

BamHI ClaI stop XbaI

GFP

pcDNA3_CaNAn-SspB(s)-CaNAc 
CaNAnCMV BGH

BamHI ClaI

CaNAcSspB

AgeI stop EcoRI

pcDNA3_CaNAn-SspB(l)-CaNAc 
CaNAnCMV

BamHI ClaI

SspB

AgeI

BGHCaNAc

stop EcoRI

pcDNA3_CaNA-SspB 
CaNACMV

BamHI

SspB

NotI

BGH

stop XhoI

pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-CaNAp

mCherry
TOM20

CMV BGH

BamHI PacI

CaNA(1-348)Zdk1LOV

EcoRV stop XbaI

IRES

BsiWI ClaI NotI

pcDNA3.1H_TOM20-LOV_IRES_Zdk1-mCherry-VIVIT

mCherry
TOM20

CMV BGH

BamHI PacI

Zdk1LOV

EcoRV stop XbaI

IRES

BsiWI ClaI

VIVIT

pcDNA3.1H_GFP-iLID

iLIDGFPCMV BGH

BamHI EcoRI stop XbaIAgeI
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Appendix B. Plasmid and recombinant protein sequences.

pcDNA3.1H_CaNB-miniSOG(RI)-GFP

CaNB
miniSOG(RI)

restriction sites

 848 CTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGATCC 922 

   1  M  G  N  E  A  S  Y  P  L  E  M  C  S  H  F  D  A  D  E  I  K  R  L  G  K  25 
 923 ATGGGAAATGAGGCGAGTTACCCTTTGGAAATGTGCTCACACTTCGATGCTGATGAGATTAAAAGGCTAGGAAAG 997 

  26  R  F  K  K  L  D  L  D  N  S  G  S  L  S  V  E  E  F  M  S  L  P  E  L  Q  50 
 998 AGATTCAAGAAGCTTGACTTGGACAACTCTGGTTCTTTGAGCGTGGAGGAGTTCATGTCTCTGCCTGAGTTACAA 1072 

  51  Q  N  P  L  V  Q  R  V  I  D  I  F  D  T  D  G  N  G  E  V  D  F  K  E  F  75 
1073 CAGAACCCTTTAGTACAGCGGGTCATAGATATATTCGACACAGACGGGAATGGAGAAGTGGACTTCAAAGAATTC 1147 

  76  I  E  G  V  S  Q  F  S  V  K  G  D  K  E  Q  K  L  R  F  A  F  R  I  Y  D  100 
1148 ATTGAAGGAGTCTCTCAGTTCAGTGTCAAAGGCGATAAGGAACAGAAGTTGAGGTTCGCTTTCCGTATCTACGAC 1222 

 101  M  D  K  D  G  Y  I  S  N  G  E  L  F  Q  V  L  K  M  M  V  G  N  N  L  K  125 
1223 ATGGATAAAGACGGCTATATTTCCAATGGAGAGCTCTTCCAGGTGTTGAAGATGATGGTGGGCAACAACCTGAAA 1297 

 126  D  T  Q  L  Q  Q  I  V  D  K  T  I  I  N  A  D  K  D  G  D  G  R  I  S  F  150 
1298 GATACGCAGTTACAGCAGATTGTAGACAAAACCATAATAAACGCAGATAAGGACGGGGACGGGAGAATATCCTTT 1372 

 151  E  E  F  C  A  V  V  G  G  L  D  I  H  K  K  M  V  V  D  V  T  G  G  G  G  175 
1373 GAGGAGTTCTGTGCTGTTGTAGGTGGCCTAGATATCCACAAAAAGATGGTGGTGGATGTGACCGGTGGTGGCGGC 1447 

 176  S  G  G  G  S  M  E  K  S  F  V  I  T  D  P  R  L  P  D  N  P  I  I  F  A  200 
1448 AGTGGTGGCGGCAGCATGGAGAAAAGTTTCGTGATAACTGATCCACGGCTGCCAGACAATCCCATCATCTTCGCA 1522 

 201  S  D  G  F  L  E  L  T  E  Y  S  R  E  E  I  L  G  R  N  G  R  F  L  Q  G  225 
1523 TCCGATGGCTTCCTGGAGCTGACCGAGTATTCCAGAGAGGAGATCCTGGGCCGCAATGGCCGCTTTCTGCAGGGA 1597 

 226  P  E  T  D  Q  A  T  V  Q  K  I  R  D  A  I  R  D  Q  R  E  I  T  V  Q  L  250 
1598 CCAGAGACAGACCAGGCCACAGTGCAGAAGATTCGCGATGCCATTAGAGATCAGCGCGAGATTACCGTGCAGCTG 1672 

 251  I  N  Y  T  K  S  G  K  K  F  W  N  L  L  R  L  Q  P  I  R  D  Q  K  G  E  275 
1673 ATAAACTACACAAAAAGCGGGAAGAAATTCTGGAACCTCCTGCGCCTCCAGCCCATCAGGGACCAGAAGGGTGAA 1747 

 276  L  Q  Y  F  I  G  V  Q  L  D  G  S  G  G  G  S  G  G  G  G  A  G  I  D  M  300 
1748 CTCCAGTATTTCATCGGAGTGCAGCTGGATGGATCAGGAGGAGGCTCAGGAGGAGGAGGCGCGGGAATCGATATG 1822 

 301  V  S  K  G  E  E  L  F  T  G  V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  325 
1823 GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCAC 1897 

 326  K  F  S  V  S  G  E  G  E  G  D  A  T  Y  G  K  L  T  L  K  F  I  C  T  T  350 
1898 AAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACC 1972 

 351  G  K  L  P  V  P  W  P  T  L  V  T  T  L  T  Y  G  V  Q  C  F  S  R  Y  P  375 
1973 GGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC 2047 

 376  D  H  M  K  Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E  R  T  I  F  F  400 
2048 GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTC 2122 

 401  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  425 
2123 AAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG 2197 

 426  K  G  I  D  F  K  E  D  G  N  I  L  G  H  K  L  E  Y  N  Y  N  S  H  N  V  450 
2198 AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTC 2272 

 451  Y  I  M  A  D  K  Q  K  N  G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S  475 
2273 TATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 2347 

 476  V  Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L  P  D  N  H  Y  500 
2348 GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTAC 2422 

 501  L  S  T  Q  S  A  L  S  K  D  P  N  E  K  R  D  H  M  V  L  L  E  F  V  T  525 
2423 CTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC 2497 

 526  A  A  G  I  T  L  G  M  D  E  L  Y  K  *                                   539 
2498 GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAATCTAGAGGGCCCGTTTAAACCCGCTGATCAGCC 2572 

GFP

linkers



Appendices

130

pcDNA3.1H_CaNB-HaloTag

CaNB
HaloTag restriction sites

linkers

 848 CTGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGATCC 922 

   1  M  G  N  E  A  S  Y  P  L  E  M  C  S  H  F  D  A  D  E  I K  R  L  G  K  25 
 923 ATGGGAAATGAGGCGAGTTACCCTTTGGAAATGTGCTCACACTTCGATGCTGATGAGATTAAAAGGCTAGGAAAG 997 

  26  R  F  K  K  L  D  L  D  N  S  G  S  L  S  V  E  E  F  M  S L  P  E  L  Q  50 
 998 AGATTCAAGAAGCTTGACTTGGACAACTCTGGTTCTTTGAGCGTGGAGGAGTTCATGTCTCTGCCTGAGTTACAA 1072 

  51  Q  N  P  L  V  Q  R  V  I  D  I  F  D  T  D  G  N  G  E  V D  F  K  E  F  75 
1073 CAGAACCCTTTAGTACAGCGGGTCATAGATATATTCGACACAGACGGGAATGGAGAAGTGGACTTCAAAGAATTC 1147 

  76  I  E  G  V  S  Q  F  S  V  K  G  D  K  E  Q  K  L  R  F  A F  R  I  Y  D  100 
1148 ATTGAAGGAGTCTCTCAGTTCAGTGTCAAAGGCGATAAGGAACAGAAGTTGAGGTTCGCTTTCCGTATCTACGAC 1222 

 101  M  D  K  D  G  Y  I  S  N  G  E  L  F  Q  V  L  K  M  M  V G  N  N  L  K  125 
1223 ATGGATAAAGACGGCTATATTTCCAATGGAGAGCTCTTCCAGGTGTTGAAGATGATGGTGGGCAACAACCTGAAA 1297 

 126  D  T  Q  L  Q  Q  I  V  D  K  T  I  I  N  A  D  K  D  G  D G  R  I  S  F  150 
1298 GATACGCAGTTACAGCAGATTGTAGACAAAACCATAATAAACGCAGATAAGGACGGGGACGGGAGAATATCCTTT 1372 

 151  E  E  F  C  A  V  V  G  G  L  D  I  H  K  K  M  V  V  D  V T  G  G  G  G  175 
1373 GAGGAGTTCTGTGCTGTTGTAGGTGGCCTAGATATCCACAAAAAGATGGTGGTGGATGTGACCGGTGGTGGCGGC 1447 

 176  S  G  G  G  S  M  E  K  S  F  V  I  T  D  M  A  E  I  G  T G  F  P  F  D  200 
1448 AGTGGTGGCGGCAGCATGGAGAAAAGTTTCGTGATAACTGATATGGCAGAAATCGGTACTGGCTTTCCATTCGAC 1522 

 201  P  H  Y  V  E  V  L  G  E  R  M  H  Y  V  D  V  G  P  R  D G  T  P  V  L  225 
1523 CCCCATTATGTGGAAGTCCTGGGCGAGCGCATGCACTACGTCGATGTTGGTCCGCGCGATGGCACCCCTGTGCTG 1597 

 226  F  L  H  G  N  P  T  S  S  Y  V  W  R  N  I  I  P  H  V  A P  T  H  R  C  250 
1598 TTCCTGCACGGTAACCCGACCTCCTCCTACGTGTGGCGCAACATCATCCCGCATGTTGCACCGACCCATCGCTGC 1672 

 251  I  A  P  D  L  I  G  M  G  K  S  D  K  P  D  L  G  Y  F  F D  D  H  V  R  275 
1673 ATTGCTCCAGACCTGATCGGTATGGGCAAATCCGACAAACCAGACCTGGGTTATTTCTTCGACGACCACGTCCGC 1747 

 276  F  M  D  A  F  I  E  A  L  G  L  E  E  V  V  L  V  I  H  D W  G  S  A  L  300 
1748 TTCATGGATGCCTTCATCGAAGCCCTGGGTCTGGAAGAGGTCGTCCTGGTCATTCACGACTGGGGCTCCGCTCTG 1822 

 301  G  F  H  W  A  K  R  N  P  E  R  V  K  G  I  A  F  M  E  F I  R  P  I  P  325 
1823 GGTTTCCACTGGGCCAAGCGCAATCCAGAGCGCGTCAAAGGTATTGCATTTATGGAGTTCATCCGCCCTATCCCG 1897 

 326  T  W  D  E  W  P  E  F  A  R  E  T  F  Q  A  F  R  T  T  D V  G  R  K  L  350 
1898 ACCTGGGACGAATGGCCAGAATTTGCCCGCGAGACCTTCCAGGCCTTCCGCACCACCGACGTCGGCCGCAAGCTG 1972 

 351  I  I  D  Q  N  V  F  I  E  G  T  L  P  M  G  V  V  R  P  L T  E  V  E  M  375 
1973 ATCATCGATCAGAACGTTTTTATCGAGGGTACGCTGCCGATGGGTGTCGTCCGCCCGCTGACTGAAGTCGAGATG 2047 

 376  D  H  Y  R  E  P  F  L  N  P  V  D  R  E  P  L  W  R  F  P N  E  L  P  I  400 
2048 GACCATTACCGCGAGCCGTTCCTGAATCCTGTTGACCGCGAGCCACTGTGGCGCTTCCCAAACGAGCTGCCAATC 2122 

 401  A  G  E  P  A  N  I  V  A  L  V  E  E  Y  M  D  W  L  H  Q S  P  V  P  K  425 
2123 GCCGGTGAGCCAGCGAACATCGTCGCGCTGGTCGAAGAATACATGGACTGGCTGCACCAGTCCCCTGTCCCGAAG 2197 

 426  L  L  F  W  G  T  P  G  V  L  I  P  P  A  E  A  A  R  L  A K  S  L  P  N  450 
2198 CTGCTGTTCTGGGGCACCCCAGGCGTTCTGATCCCACCGGCCGAAGCCGCTCGCCTGGCCAAAAGCCTGCCTAAC 2272 

 451  C  K  A  V  D  I  G  P  G  L  N  L  L  Q  E  D  N  P  D  L I  G  S  E  I  475 
2273 TGCAAGGCTGTGGACATCGGCCCGGGTCTGAATCTGCTGCAAGAAGACAACCCGGACCTGATCGGCAGCGAGATC 2347 

 476  A  R  W  L  S  T  *                                                       482     
2348 GCGCGCTGGCTGTCGACTTAATCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGC 2422 
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run("Options...", "iterations=1 count=1 black 
pad do=Nothing"); 
nameStore=getTitle();

 
imageCalculator("Add create", "hoechst","GFP"); 
run("Gaussian Blur...", "sigma=3"); 
run("Find Maxima...", "noise=10000 
output=[Segmented Particles] exclude"); 
rename("Segmented"); 
selectWindow("Result of hoechst"); 
close();

}

); 
if(roiCount>0){ 
 roiManager("Deselect"); 
 roiManager("Delete"); 

roiCount=roiManager("count"

); 
run("Stack to Images"); 
selectWindow("cell-0005"); 
close(); 
selectWindow("cell-0004"); 
close(); 
selectWindow("cell-0003"); 
rename("hoechst"); 
selectWindow("cell-0002"); 
rename("GFP"); 
selectWindow("cell-0001"); 
rename("mCherry"); 

rename("cell"

); 
run("Duplicate...", " "); 
run("Threshold..." );

); 
waitForUser("User action required", "Set 
appropriate threshold"); 
run("Smooth"); 
run("Convert to Mask"); 
run("Fill Holes"); 
imageCalculator("AND create", "Segmented","GFP-
1"); 
run("Analyze Particles...", "size=500-Infinity 
pixel show=Masks"); 
run("Invert LUT"); 
rename("whole cell mask"); 
selectWindow("GFP-1"); 
close(); 
selectWindow("Result of Segmented"); 
close(); 
selectWindow("Segmented"); 
close();

selectWindow("GFP"

setAutoThreshold("Huang dark"

 

 
 

Select background se�ngs and 
record file name.

Empty ROI manager.

Name images for analysis.

Use GFP and hoechst images to 
segment the area into a region 
for each cell.

Use GFP image to create a 'mask' 
defining the cell outlines.

Appendix C. Fiji macro to measure NFAT nuclear frac�on.

*1
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run("Set Measurements...", "area mean display 
redirect=None decimal=3"); 
selectWindow("GFP"); 
roiManager("Show All"); 
roiManager("Select", 2*numCells); 
roiManager("Measure"); 
GFPbg=getResult("Mean"); 
selectWindow("mCherry"); 
roiManager("Show All"); 
roiManager("Select", 2*numCells); 
roiManager("Measure"); 
MCHbg=getResult("Mean"); 
  

); 
run("Duplicate...", " "); 
selectWindow("hoechst"); 
run("Gaussian Blur...", "sigma=1" );

); 
waitForUser("User action required", "Set 
appropriate threshold"); 
run("Smooth"); 
run("Convert to Mask"); 
run("Set Measurements...", "area mean display 
redirect=None decimal=3"); 
run("Analyze Particles...", "size=500-Infinity 
pixel show=Masks"); 
run("Invert LUT"); 
run("Fill Holes"); 
imageCalculator("AND create", "Mask of 
hoechst","whole cell mask"); 
rename("nuclear mask"); 
selectWindow("hoechst"); 
close(); 
selectWindow("Mask of hoechst"); 
close();

selectWindow("hoechst"

setAutoThreshold("Li dark"

, "area mean display 
redirect=None decimal=3"); 
selectWindow("nuclear mask"); 
run("Analyze Particles...", "size=100-Infinity 
pixel show=Nothing add"); 
selectWindow("whole cell mask"); 
run("Analyze Particles...", "size=100-Infinity 
pixel show=Nothing add"); 
waitForUser("Check ROI order"); 
numCells=0.5*roiManager("count"); 
selectWindow("nuclear mask"); 
close(); 
selectWindow("whole cell mask"); 
close();

run("Set Measurements..."

, "Create background 
ROI"); 
waitForUser("User action"

tableTitle="Today's Results"; 
tableTitle2="["+tableTitle+"]"; 
run("Table...", "name="+tableTitle2+" width=1000 
height=300" );

\\Headings:Image Name\tCell 
number\tGFP fluorescence\tmCherry 
fluorescence\tnuclear fraction"); 

print(tableTitle2, "

 
 

Use Hoechst image to create a 
'mask' defining the nuclei of GFP 
posi�ve cells.

Use the masks to create ROIs for 
each cell outline and its nucleus.

Create a table to present data.

Measure and store the 
background fluorescence of the 
mCh and GFP images.

*2

*3

*4
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for(r=0;r<numCells;r++){ 
 selectWindow("GFP"); 
 roiManager("Show All"); 
 roiManager("Select", numCells+r); 
 roiManager("Measure"); 
 GFPmean=getResult("Mean"); 
 GFParea=getResult("Area"); 
 GFPfluor=GFParea*(GFPmean-GFPbg); 

 selectWindow("mCherry"); 
 roiManager("Show All"); 
 roiManager("Select", numCells+r); 
 roiManager("Measure"); 
 MCHmean=getResult("Mean"); 
 MCHarea=getResult("Area"); 
 MCHfluor=MCHarea*(MCHmean-MCHbg); 
 
 
 
 
 
 
 

roiManager("Select", r); 
roiManager("Measure"); 
NUCmean=getResult("Mean"); 
NUCarea=getResult("Area"); 
NUCfluor=NUCarea*(NUCmean-MCHbg); 
 
FRACTION=NUCfluor/MCHfluor; 

  
print(tableTitle2,nameStore+"\t"+(r+1)+"\"
+GFPfluor+"\t"+MCHfluor+"\t"+FRACTION); 

}

); 
close(); 
selectWindow("hoechst-1"); 
close(); 
if (isOpen("Results")) {  
         selectWindow("Results");  
         run("Close");  
}  

selectWindow("GFP"

 
 

For each cell: 

∙ Measure GFP fluorescence for 

  the whole cell and subtract 

  background. 

∙ Measure mCh fluorescence for 

  the whole cell and nucleus and 

  subtract background.  

∙ Calculate the frac�on of mCh 

  fluorescence that is in the 

  nucleus. 

∙ Print all the values to the 

  results table. 

Close most windows.

*5

Steps requiring user input;

*
*
*
*
*

1      Check that auto-thresholding has selected an appropriate method and value, and adjust if 
2      necessary.}
3  Check that regions of interest (ROIs) have been added to the manager in the correct order 
    (nuclei then cell outlines), and delete any ROIs that refer to non-cell fluorescence.

4  Select a region with no cells to measure background fluorescence.

5  A�er the macro has run, copy the values from the results table into a Microso� Excel document, 
    and save the ROIs for reference.
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Appendix D. Photosensi�ser protein sequences.

AtPHOT2     387 IEKNFVISDP RLPDNPIIFA SDSFLELTEY SREEILGRNC 426 

miniSOG       1 MEKSFVITDP RLPDNPIIFA SDGFLELTEY SREEILGRNG 40

SOPP          1 MEKSFVITDP RLPDNPIIFA SDGFLELTEY SREEILGRNG 40

SOPP2         1 MEKSFVITDP RLPDNPIIFA SDGFLELTEY SREEILGRNG 40

SOPP3         1 MEKSFVITDP RLPDNPIIFA SDGFLELTEY SREEILGRNG 40

miniSOG2      1 MEKSFVITDP RLPDNPIIFA SDSFLELTEY SREEILGRNP 40

miniSOG(RI)   1 MEKSFVITDP RLPDNPIIFA SDGFLELTEY SREEILGRNG 40

AtPHOT2     427 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 466

miniSOG      41 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 80

SOPP         41 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 80

SOPP2        41 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 80

SOPP3        41 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 80

miniSOG2     41 RFLRGPETDQ ATVQKIHDAI RDQREITVQL INYTKSGKKF 80

miniSOG(RI)  41 RFLQGPETDQ ATVQKIRDAI RDQREITVQL INYTKSGKKF 80

AtPHOT2     467 WNLFHLQPMR DQKGELQYFI GVQLDG 492

miniSOG      81 WNLLHLQPMR DQKGELQYFI GVQLDG 106

SOPP         81 WNLLHLQPMR DQKGELQYFI GVLLDG 106

SOPP2        81 LNLLHLQPMR DQKGELQYFI GVVLDG 106

SOPP3        81 LNLLNLQPIR DQKGELQAFI GVVLDG 106

miniSOG2     81 WNLFRLQPIR DQKGELQYFI GVQLDG 106

miniSOG(RI)  81 WNLLRLQPIR DQKGELQYFI GVQLDG 106

positions of substitutions to convert A.	thaliana Phototropin2 LOV2 into miniSOG 
positions of substitutions to develop various photosensitisers from miniSOG 

Amino acid numbering of AtPHOT2 is according to UniProt P93025. Numbering of miniSOG and 
variants is according to Makhijani et al. (200).
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