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Abstract 

 

Genetically encoded calcium indicators (GECIs) play a pivotal role as tools for in vivo calcium imaging 

of complex tissue processes and neuronal circuits. Our lab developed and optimized several 

generations of Förster resonance energy transfer (FRET)-based GECIs comprising troponin C as a 

calcium binding domain. However, structure-function relationships of these fusion proteins remained 

largely uncharacterized due to their complex artificial and multimodular composition. The increasing 

range of applications for calcium imaging confronts existing GECIs with the demand to fine-tune their 

key properties to specific imaging scenarios, and to expand these properties to certain calcium 

concentrations or signal and kinetic qualities. 

This work presents a combination of biophysical, spectroscopic, and kinetic analyses of the FRET-

based GECI TN-XXL and variants thereof to gain a better understanding of the functional interplay of 

its modular domains. Tyrosine fluorescence spectroscopy is used to disentangle the individual 

contributions of the four calcium binding sites and reveals that two EF-hands dominate the FRET 

signal output. Using NMR spectroscopy and steady-state fluorescence spectroscopy these findings 

are coupled with the structural change of the binding domain and the kinetics of the FRET change. 

For the first time, small-angle X-ray spectroscopy (SAXS) and analytical ultracentrifugation 

experiments shed light on the hydrodynamics of the overall conformational change switching from a 

flexible elongated to a rigid globular shape upon calcium binding. Furthermore, time-resolved 

fluorescence spectroscopy was applied to quantify the average fluorescence lifetime of TN-XXL and 

investigate potential non-FRET effects that may affect the fluorophores. These findings highlight the 

advantage of FRET-based GECIs such as TN-XXL or the new Twitch series over single fluorophore 

GECIs with respect to their optimization potential in FLIM applications. In a third experimental 

section a transposon-based approach for the generation of mutant libraries of fluorescent proteins 

was conceptualized and established which can be combined readily with follow-up bacterial plate 

screening of new GECI variants.  

Thus, a comprehensive and thorough characterization scheme for the biophysics of TN-XXL is 

presented which contributes to the development and improvement of new GECI variants and may 

form the basis for fine-tuning and rationally engineering novel FRET-based indicators. 
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1 Introduction 

1.1 Fluorescence 

1.1.1 Fluorescence Emission 

Fluorescence describes the emission of light by a molecule upon excitation with electromagnetic 

radiation. The photoactive structure of the molecule, the fluorophore, usually consists of a 

ŘŜƭƻŎŀƭƛȊŜŘ ˉ-electron system of an aromatic ring structure. The basic cycle of fluorescence 

activation and deactivation is displayed in the Jablonski diagram (Figure 1). Through interaction with 

a photon of suitable energy the fluorophore is able to transit from a low-energy ground state (S0) to a 

higher-energy electronic state (S1, S2Σ ΧύΦ Lƴ ŜŀŎƘ ŜȄŎƛǘŜŘ ŜƭŜŎǘǊƻƴƛŎ ǎǘŀǘŜ ǘƘŜ ŦƭǳƻǊƻǇƘƻǊŜ Ŏŀƴ ōŜ 

excited to various vibrational levels (0, 1, 2) which results in the shape of the excitation spectra with 

its vibrational fine structure. The activation process usually occurs within a timeframe of 10-15 s, 

which is too short for electrostatic displacement of the nuclei, and thus can be regarded as an 

instantaneous absorption process (Franck-Condon principle). Through internal conversion excited 

fluorophores generally return to the lowest vibrational level of the first excited ground state S1 within 

a timeframe of 10-12 s. The excited singlet state (S1) rapidly returns to the electronic ground state S0 

via spin-allowed deactivation by emission of a photon (fluorescence) after a lifetime of about 10-8 s. 

Typically, deactivation also occurs to excited vibrational levels of the ground state S0, again resulting 

in the vibrational fine structure of the emission spectrum. 

 

 

Figure 1: Jablonski diagram 
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Two further general characteristics of fluorescence are crucial for the shape and the energy levels of 

the excitation and emission spectra: the Stokes shift and the mirror image rule (Figure 2). The Stokes 

shift (Figure 2A) describes the lower energy of the emission compared to the initial excitation mostly 

due to energy loss through vibrational relaxation and internal conversion, solvent effects, and energy 

transfer. The mirror image rule compares the shape and vibrational fine structure of the excitation 

and emission spectrum, which are typically mirror images of each other due to the similar spacing of 

the vibrational energy levels of the ground and excited state (Figure 2B). Exceptions to the mirror 

image rule are usually based either on excitations to higher electronic states (S2, S3) or on pH-

sensitive fluorophores resulting in a change of the protonation state and hence a change of the 

excited state energy levels upon excitation (especially biochemical fluorophores including phenol and 

tyrosine residues). 

A B 

 

 

Figure 2: General characteristics of fluorescence 

(A) Stokes shift. (B) Mirror image rule; Wavenumbers in reciprocal centimeters [cm-1] and kiloKaiser 

[kK] with 1kK = 1000 cm-1 (Reproduced from Fig. 1.3 and Fig 1.8 of Lakowicz, 2006, respectively, with 

permission from Springer). 

 

Fluorescence emission is therefore only one of the possible excited state relaxation processes of a 

fluorophore competing with other, non-radiative decay processes in terms of transition probabilities 

and timescales (Table 1). 
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Table 1: Timescale range for fluorescence processes 

 

Process Timescale [s] 

Excitation  

Absorption Instantaneous; 10-15 

Fluorescence Cycle  

Internal Conversion 10-14 to 10-10 

Vibrational Relaxation 10-12 to 10-10 

Fluorescence 10-9 to 10-7 

Competing Effects  

Intersystem Crossing 10-10 to 10-8 

Non-Radiative Relaxation Quenching 10-7 to 10-5 

 

1.1.2 Fluorescence Lifetime and Quantum Yield 

Two important, inherent characteristics of fluorophores, apart from the location of their excitation 

and emission spectra in the spectral range, are the quantum yield and the fluorescence lifetime. The 

quantum yield is defined as the number of photons which are emitted from a fluorophore relative to 

the number of photons absorbed. The quantum yield is responsible for the brightness of a 

fluorophore and therefore an important quality for experimental applications. 

19
Ὧ

Ë Ë
 

Equation 1 

 

QY Quantum yield 

kF Rate of fluorophore emission 

knr Rate of non-radiative decay to S0 

 

The fluorescence lifetime is defined as the average time which a fluorophore remains in the excited 

state before returning to the ground state. The fluorescence lifetime is very important because it 

defines the timespan in which the activated fluorophore is available for interactions with its 

environment and can hence be used as a transmitter of molecular information. 

ʐ
ρ

Ë Ë
 

Equation 2 

 ʐ Fluorescence lifetime 
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This leads to the basic conclusion, that the quantum yield is proportional to the lifetime of a 

fluorophore: 

19 Ë Ͻʐ 
Equation 3 

 

Under complex biochemical experimental conditions, the emissive rates of the quantum yield and 

lifetime are subject to many competing processes: internal conversion, solvent relaxation, quenching 

(especially of adjacent tryptophan residues in proteins), intersystem crossing to the triplet state T1 

leading to phosphorescence and temperature effects. An intrinsic (or natural) lifetime of the 

fluorophore in absence of non-radiative processes can be calculated, but serves in most biochemical 

settings only as a theoretical boundary value. In summary, the quality of a fluorophore is dependent 

on three factors: the spectral characteristics defined by the setting of electronic states, the key 

characteristics quantum yield and fluorescence lifetime, and the susceptibility for environmental 

interactions modifying the non-radiative decay rate. 

1.1.3 Steady-state and Time-resolved Fluorescence 

Two types of fluorescent measurements can be applied to investigate different properties of 

fluorophores: steady-state and time-resolved measurements (Figure 3). Steady-state measurements 

are performed with constant excitation and an averaged recording of the emission intensity. Due to 

the simplicity of its experimental setup, constant excitation is the most common type of 

measurement and yields information related to the static properties of the sample. In time-resolved 

measurements the sample is excited with a pulse of light with a pulse width shorter that the decay 

time of the fluorophore. The intensity decay is recorded with a high-speed detection system allowing 

for a resolution on the nanosecond (ns) timescale. 

 

Figure 3: Comparison of steady-state and time-resolved fluorescence spectroscopy 

I: intensity; nm: nanometer; ns: nanosecond (Reproduced from Fig. 1.17 of Lakowicz, 2006 with 

permission from Springer). 
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The steady-state signal can therefore be regarded as an averaged signal of the time-resolved 

fluorescence decay, where continuous illumination leads to an invariant output of emission intensity. 

The time-resolved intensity decay is given by: 

Ὅὸ ὍϽὩ  
Equation 4 

 

I0  Emission intensity at t=0, immediately following the excitation pulse 

ʐ Fluorescence lifetime 

 

The emission intensity of steady-state measurements (ISS) is given by: 

Ὅ ὍϽὩ Ὠὸ ὍϽ† 
Equation 5  

 

The emission intensity at t=0 can be regarded as a parameter only dependent on the fluorophore 

concentration and instrumental parameters and hence the emission intensity of steady-state 

measurements shows, like the quantum yield in Equation 3, to be proportional to the fluorescence 

lifetime (Lakowicz, 2006). 

Time-resolved measurements are used to collect additional information about molecular processes 

on a nanosecond scale which is lost during the averaging process in steady-state measurements. 

Aside from many applications in anisotropy spectroscopy, the intensity decay contains information 

about multiple conformational states of the fluorophore and the fluorophore-environment 

interactions like diffusion, quenching and complex formation. 

1.1.4 Förster Resonance Energy Transfer 

Another deactivation pathway for excited-state fluorophores (other than fluorescence and the non-

radiative decays listed in Table 1) is Förster resonance energy transfer (FRET). This process allows 

one fluorophore in the excited-state (donor) to transfer energy to a second fluorophore in the 

ground state (acceptor) through dipole-dipole interaction. The possibility of this transfer interaction 

is given whenever the emission spectrum of the donor overlaps with the excitation spectrum of the 

acceptor. The FRET efficiency is dependent on the distance and orientation of the two fluorophores 

(variable parameters) as well as the quantum yield and the decay rate of the donor (invariant 

photophysical properties).  
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Equation 9 
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Equation 10 

 

kFRET
 Rate of energy transfer 

kD Rate of donor emission 

ki Rates of non-radiative decay 

R0 Förster radius 

r Inter-fluorophore distance 

EFRET
 Efficiency of energy transfer 

ʆ2 Orientation factor 

n Refractive index of the medium 

 D Quantum yield of the donorה

J Spectral overlap integral 

FD Fluorescence intensity of the donor 

ʀA Molar absorbance of the acceptor 

 

The Förster radius (R0) is a fixed parameter for each pair of fluorophores and describes the inter-

fluorophore distance at which 50% of the excited-state energy is transferred from the donor to the 

acceptor. A change in the distance between the fluorophores around the Förster radius (usually 

between 1 and 10 nm) leads to the most pronounced change in energy transfer (Figure 4). Hence, 

FRET is an important phenomenon for reporting distance and orientational changes on a nanometer 

scale and is widely used in applicatiƻƴǎ ŀǎ ŀ άǎǇŜŎǘǊƻǎŎƻǇƛŎ ǊǳƭŜǊέ (Stryer and Haugland, 1967) and for 

molecular interaction studies (Medintz and Hildebrandt, 2013). The choice of a bright donor with a 

high quantum yield as well as a corresponding acceptor is crucial for signal quality in such 

experiments. 
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Figure 4: Dependence of the dynamic range of FRET on the Förster radius R0 

The numbers present at the left of each curve correspond to the R0 of each curve in Å. The dotted 

lines delineate the regime of maximum sensitivity for each pair with different R0 (Reproduced from 

Kapanidis and Weiss, 2002 with the permission of AIP Publishing). 

 

1.1.5 Biofluorescence and the Green Fluorescent Protein 

Fluorophores can be divided into two main groups: intrinsic and extrinsic. Intrinsic fluorophores are 

inherently fluorescent whereas extrinsic fluorophores are artifically attached to non-fluorescent 

samples in order to equip them with the desired fluorescent properties. Biofluorescence is the 

phenomenon of fluorescence occurring in biological organisms and systems through naturally 

occurring intrinsic fluorophores. The most dominant intrinsic fluorophore in proteins is the amino 

acid tryptophan, followed by tyrosine and phenylalanine. For decades these residues have been the 

only access to intrinsic protein fluorescence in order to study folding, binding and interaction. The 

discovery (Shimomura et al., 1962), cloning (Chalfie et al., 1994; Prasher et al., 1992) and 

development (Tsien, 1998) of the green fluorescent protein (GFP) from the bioluminescent jellyfish 

Aequorea victoria by Shimomura, Prasher, Chalfie, and Tsien gave rise to a new class of intrinsic 

biofluorophores. Without the requirement of enzymatic synthesis, the GFP-fluorophore is formed 

spontaneously in a multistep process during the folding and maturation of the polypeptide chain 

(Figure 5) (Niwa et al., 1996). Important for the formation of the fluorophore is the protection 

provided by ŀ ƘƛƎƘƭȅ ŎƻƴǎǘǊŀƛƴŜŘ ʲ-barrel that surrounds the fluorophore.  
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Figure 5: Spontaneous formation of the GFP fluorophore by the residues Ser-Tyr-Gly 

(Reproduced from Day and Davidson, 2009 with permission of The Royal Society of Chemistry). 

 

The Green Fluorescent Protein consists of 238 amino acids with a molecular weight of approximately 

27 kD in a cylindrical shape with a length of 4.2 nm and a diameter of 2.4 nm (Hink et al., 2000). Its 

structure was first solved in 1996 (Ormö et al., 1996; Yang et al., 1996), revealing the characteristic 

11-sheeǘ ʲ-ōŀǊǊŜƭ ŜƴŎƭƻǎƛƴƎ ŀ ŎŜƴǘǊŀƭ ʰ-helical structure comprising the fluorophore forming residues 

Ser65, Tyr66 and Gly67. The 4-(p-hydroxybenzylidene)-5-imidazolidinone moiety (Shimomura, 

1979) is formed through a three-step process independent of cofactors other than atmospheric 

oxygen (Reid and Flynn, 1997). The cyclization reaction followed by dehydration and oxidation is 

facilitated by the sterical restraints and the chaperone-like shielding of the ̡-barrel as well as the 

highly conserved residues Arg 96 and Glu222 (Branchini et al., 1997). 

Despite its reliable and irreversible mechanism of formation, the fluorophore of GFP shows a 

marionette-like dependency on interactions with and mutations of the surrounding residues. 

Improvement in folding efficiency at 37 °C was conducted over the course of a decade, first by 

introducing the F64L mutation (Cormack et al., 1996), followed by the cycle-3 mutations F99S, 

M153T, and V163A (Crameri et al., 1996) and finally with the introduction of six additional mutations 

ǘƻ ŦƻǊƳ άsuperfolder-DCtέ ƛƴ нллс (Pédelacq et al., 2006). In wild type GFP, two protonation states of 

the fluorophore residues are in equilibrium: the deprotonated, anionic phenolate form and the 

neutral, phenol resulting in different absorbance characteristics. Both states can be stabilized by 

ǎƛƴƎƭŜ Ƴǳǘŀǘƛƻƴǎ ǿƛǘƘ {ср¢ ƛƴ ŜDCt ŦƻǊ ǘƘŜ ŀƴƛƻƴƛŎ ŀƴŘ ǘƘŜ ά{ŀǇǇƘƛǊŜέ Ƴǳǘŀǘƛƻn T203I for the neutral 

phenol (Tsien, 1998; Zapata-Hommer and Griesbeck, 2003). Introducing a Tyrosine at the same 

position (Thr203) gave ǊƛǎŜ ǘƻ ŀ ˉ-stacking interaction within the fluorophore that lowered the 
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energy levels of the excited state and thus leading to spectral red-shifting which resulted in 

Yellow Fluorescent Protein (YFP) (Ormö et al., 1996; Wachter et al., 1998) with excitation and 

emission maxima at 514 nm and 527 nm, respectively. To reduce the chloride and pH sensitivity of 

YFP, more stable variants Citrine (V68L, Q69M, S72A) (Griesbeck et al., 2001) and Venus (F64L, 

M153T, V163A, S175G) (Nagai et al., 2002) were successively engineered. Mutating residue 

Tyr66 to Tryptophan (Y66W) gave rise to Cyan Fluorescent Protein (CFP) (Heim et al., 1994) with 

an imidazole form of the fluorophore which was further enhanced to ECFP (N146I, M153T, 

V163A) (Heim and Tsien, 1996; Tsien, 1998) with excitation and emission maxima at 432 nm and 

475 nm, respectively.  

Circular permutations (cpVariants) of fluorescent protein further demonstrate the high tolerance 

towards structural modifications and open up new ways as indicator building blocks. By fusing the 

original N- and C-terminus of EYFP with a hexapeptide linker GGTGGS and setting the new N-

terminus at a mutated Y145M residue, cpEYFP evolved with remaining fluorescence and unchanged 

3D structure (Baird et al., 1999). Especially for yellow fluorescent proteins a variety of cpVenus and 

cpCitrine variants with new termini at various sites was engineered to optimize its use in indicator 

design (Mank et al., 2006; Nagai et al., 2004). Especially the altered orientation of the chromophore 

towards fusion partners and new interaction sites at the N- and C-termini offer potential for 

improved indicator variants, both in single-FP and FRET indicators (Chapter 1.3.2). 

The toolbox of fluorescent proteins has further expanded by the discovery of other biofluorescent 

proteins in Anthozoa corals like Discosoma (DsRed, Matz et al., 1999), Zoanthus (zFP538, Matz et al., 

1999), Heteractis crispa (hcRed, Gurskaya et al., 2001), and Entacmaea quadricolor (eqFP611, 

Wiedenmann et al., 2002). Fluorescent proteins as fusible, intrinsic fluorophores are now spanning 

the entire colour spectrum from ultramarine UMFPs with 425 nm emission maxima (Tomosugi et al., 

2009) to near infrared IRFPs and IFP1.4 with emission maxima beyond 700 nm (Shcherbakova and 

Verkhusha, 2013) and can be readily combined in Förster resonance energy transfer experiments 

(Hamers et al., 2014; Lindenburg and Merkx, 2014). 
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1.2 Calcium Signalling 

Calcium is one of the most important and abundant second messengers for the lifecycle and 

functionality of cells. Changes in the intracellular calcium concentration are involved as signals in 

numerous fundamental processes and span a wide temporal range. The calcium concentration of 

cells at rest is about 100 nM and increases up to 1000 nM during activation. The specificity of 

individual signalling events and their interplay is ensured by very specific temporal and spatial 

dynamics of the individual processes. Deciphering and understanding the complex calcium signalling 

network of requires the experimental ability to measure calcium concentrations and their changes 

under in-vivo conditions with high spatio-temporal resolution and low interference to the system. 

Genetically-encoded calcium indicators have become the preferred tools for this purpose and have 

expanded their usability to a broad variety of calcium signalling scenarios. 

1.2.1 Calcium Signalling in Cell Physiology 

Cellular calcium signalling events are created by increase of the intracellular calcium concentration 

either via the uptake from external calcium across the plasma membrane or the release from internal 

stores of the endoplasmic reticulum (ER) or the sarcoplasmic reticulum (SR) of muscle cells (άonέ 

reactions). The influx of external calcium through plasma membrane calcium channels can be 

stimulated via voltage changes (voltage-operated channels, VOCs), the interaction of external 

transmitters like ATP and acetylcholine with receptors (receptor-operated channels, ROCs) or the 

interaction of further downstream signals with receptors like second-messenger-operated channels 

(SMOCs) or store-operated channels (SOCs). The release of calcium from internal stores is mediated 

by various channels like the inositol-1,4,5-triphosphate receptor (InsP3R) or ryanodine receptor (RYR) 

families (Berridge, 1993; Clapham, 1995). Upon stimulation calcium mobilizing second messengers 

either diffuse into the cell like Ins(1,4,5)P3 or are generated internally like cyclic ADP ribose (cADPR) 

and trigger the calcium release from the ER/SR (Clapper et al., 1987). An important activator of these 

channels is calcium itself leading to cascading effects through a feedback mechanism referred to as 

calcium-induced calcium release (Berridge et al., 2000). A major part on the inflowing calcium is 

immediately absorbed by cytosolic calcium buffers such as calbindin-D28, calretinin, and parvalbumin 

which in this way shape the duration and amplitude of calcium signals. Additionally, these buffer 

proteins confine the spatial spreading of calcium signals, dependent on their respective  

concentration which varies largely between cell types (Fierro and Llano, 1996). As elevated calcium 

concentrations over a longer period of time are cytotoxic and lead to apoptotic mechanisms calcium 

removing mechanisms are rapidly triggered by a set of pumps and exchangers (άoffέ reactions) 

(Blaustein and Lederer, 1999; Pozzan et al., 1994). Calcium efflux is mediated by plasma membrane 

Ca2+ ATPases (PMCAs) and Na+/Ca2+ exchangers whereas re-uptake to the internal stores is carried  
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out by sarco-endoplasmic reticulum ATPases (SERCAs) (Berridge et al., 2003). Through fast 

sequestration and slow release of calcium during the signalling phase mitochondria also contribute 

to shaping the amplitude and spatio-temporal pattern of calcium signals (Budd and Nicholls, 1996; 

Duchen, 1999). Temporal overlap of άonέ and άoffέ mechanisms leads to specific calcium signals that 

exhibit unique fingerprint patterns according to their respective roles in the signalling network. 

The coupling of calcium signals and calcium-sensitive processes is mediated through the calcium-

sensitive proteins calmodulin and troponin C (see Chapter 1.3.3), which undergo a pronounced 

conformational change upon calcium binding and serve as molecular switches for further 

downstream effectors. Troponin C has a very specific function in mediating the interaction of actin 

and myosin in cardiac and skeletal muscle contraction whereas calmodulin is integrated in various 

processes ranging from gene regulation to cell proliferation, crosstalk between different signalling 

pathways as well as in metabolism (Berridge et al., 2000). An overview of the described calcium 

dynamics is shown in Figure 6. However, the scope of calcium signalling exceeds the level of 

individual events and coupled processes. Intercellular calcium waves can spread through gap 

junctions or through the activation purinergic receptors (Osipchuk and Cahalan, 1992) and trigger or 

coordinate further processes such as cilia movement in lung tissue (Lansley and Sanderson, 1999) 

and the metabolic function of the liver (Gaspers and Thomas, 2005). Furthermore, frequency-

modulated signalling systems occur where periods of signalling with spikes of different frequencies 

are necessary. Sophisticated encoding and decoding machineries underpin these processes such as in 

liver metabolism, the initiation of mitosis during the cell cycle or differential gene transcription 

(Smedler and Uhlén, 2014). Calcium ultimately also plays a crucial role in steering the long-term 

processes and differentiations from the beginning of the life cycle such as in fertilization (Whitaker, 

2006) and embryonic pattern formation (Webb and Miller, 2003), stem cell differentiation (Tonelli et 

al., 2012) and cell proliferation until apoptosis (Mattson and Chan, 2003).  
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Figure 6: Calcium-signalling dynamics and homeostasis 

During the άonέ reactions, stimuli induce both the entry of external calcium and the formation of 

second messengers that release internal calcium that is stored within the endoplasmic/ sarcoplasmic 

reticulum (ER/SR). Most of this calcium (shown as red circles) is bound to buffers, whereas a small 

proportion binds to the effectors that activate various cellular processes that operate over a wide 

temporal spectrum. During the άoffέ reactions, calcium leaves the effectors and buffers and is 

removed from the cell by various exchangers and pumps. The Na+/Ca2+ exchanger (NCX) and the 

plasma membrane Ca2+ ATPase (PMCA) extrude calcium to the outside, whereas the 

sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) pumps calcium back into the ER. Mitochondria 

also have an active function during the recovery process in that they sequester Calcium rapidly 

through a uniporter, and this is then released more slowly back into the cytosol to be dealt with by 

the SERCA and the PMCA. Cell survival is dependent on calcium homeostasis, whereby the calcium 

fluxes during the άoffέ reactions exactly match those during the άonέ reactions. [Ca2+]: Calcium 

concentration; Ins(1,4,5)P3R: Inositol-1,4,5-trisphosphate receptor; RYR: Ryanodine receptor 

(Adapted by permission from Macmillan Publishers Ltd: Nat. Rev. Mol. Cell Biol., Berridge et al., 

2003). 

 

1.2.2 Neuronal Calcium Signalling 

Shedding light on the signalling mechanisms of the central nervous system has been a major driver of 

calcium research. Neuronal activity is associated with a large influx of external calcium triggered by 

the propagation of electric currents across the plasma membrane. The depolarization phase of an 

action potential is initiated by an eruptive inward current of Na+ followed by a slower outward 

current of K+ during the repolarization phase. Secondary calcium influx is mediated through voltage-

gated channels and contributes to shaping the action potentials as well as manipulating their firing 

pattern (Bean, 2007). Neuronal calcium signalling is steering the regulation of neurotransmitter 
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release from vesicles at the presynapse and is involved in learning and memory formation and 

consolidation in spines (Limbäck-Stokin et al., 2004), the long-term potentiation (LTP) or depression 

(LTD) of synaptic transmission and the regulation of specific gene pools in the cell nucleus (Brini et 

al., 2014). 

As a consequence of the pivotal role of calcium in essential cellular and neuronal processes minor 

dysfunctions of the regulatory network can lead to severe pathological consequences and thus 

central nervous system diseases. Tremendous efforts are especially being made to better understand 

those characterized by neurodegenerative processes like amyotrophic lateral sclerƻǎƛǎΣ !ƭȊƘŜƛƳŜǊΩǎΣ 

tŀǊƪƛƴǎƻƴΩǎ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ (Brini et al., 2014) all of them being related to impaired and 

altered calcium signalling activity. 

Functional calcium imaging has emerged as a powerful technique to understand the spatial and 

temporal dynamics of intracellular calcium concentration as well as signalling networks coupled 

processes and malfunctions. The development of synthetic and genetically encoded fluorescence 

indicators provides tools for in vivo monitoring of transient and permanent changes in intracellular 

calcium concentrations and thus offers access to novel insights into the underlying biochemical and 

physiological processes. 

1.3 Genetically Encoded Calcium Indicators 

The IUPAC-derived definition classifies biosensors as a subgroup of chemical sensors (Hulanicki et al., 

1991; Thévenot et al., 2001). Chemical sensors provide real-time information about the 

concentration of specific analytes by converting interaction events on the molecular scale into a 

measureable signal readout on the macroscopic scale. The general setup of a biosensor consists of a 

biological or biochemical molecular recognition element (MRE), a transducer and an electronic 

detection component. The MRE, also called a binding or interaction domain, is chosen or designed to 

interact specifically with the analyte of interest and to produce a change of a chemical property on a 

molecular scale. This effect is subsequently converted by a physicochemical transducer into a 

measureable signal of macroscopic, physical properties (e.g. optical, electronic or piezoelectric 

signal). The electronic detection component finally is comprised of an amplifier, a processor and a 

read-out interface ό.ŇƴƛŎŇΣ нлмнύ. 

The terminus molecular sensor is often used for molecules which interact with an analyte to produce 

a change in a (passive) physicochemical property. In contrast to a transducer element of a regular 

biosensor no (active) measurable quantity (e.g. photon emission, electric current) and therefore no 

signal is produced (Fabbrizzi and Poggi, 1995; Valeur and Leray, 2000). Due to the lack of a transducer 
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unit, such molecular sensors are not sensors in the above definition but can rather be considered 

advanced analytical agents or molecular probes ό.ŇƴƛŎŇΣ нлмнΤ .ƻǊƛǎƻǾ ŀƴŘ ²ƻƭŦōŜƛǎΣ нллуύ. 

For a concept of fusion proteins, which bind analytes and accordingly change their (passive) 

fluorescent properties like molecular sensors, but feature a distinct modular build-up, the term 

άgenetically encoded indicatorέ has been coined (Miyawaki et al., 1997; Romoser et al., 1997). 

Simultaneously, the term biosensor is widely used for this class of proteins (e.g. Hamers et al., 2014; 

Ibraheem and Campbell, 2010; Lindenburg and Merkx, 2014; Palmer et al., 2011; Shcherbakova and 

Verkhusha, 2013), leading to a heterogeneous nomenclature in the field of genetically encoded 

indicators on the one hand and to an unclear reference to the vast field of biosensors on the other. 

Using spectroscopy, that is the interaction between matter and electromagnetic radiation, the 

(passive) physicochemical property changes of genetically encoded indicators can be read out and 

converted into an (active) optical signal output. 

1.3.1 Fluorescence Signal Types 

A fluorescence signal can be described as a function of the variation of emitted photons in time 

conveying information about the status of a system. Time-resolved fluorescence spectroscopy yields 

signals I(t), that convey information in the nanosecond time ŦǊŀƳŜ ƻŦ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ƭƛŦŜǘƛƳŜ ˍ 

about the molecular and quantum mechanical status of the fluorophore itself. Steady-state 

fluorescence spectroscopy yields static intensity values that convey changes in intensity (ҟI) due to a 

ŎƘŀƴƎŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳΩǎ Ǉroperties. The rate at which subsequent intensity values are measured 

defines the time scale of the processes under investigation, ranging from millisecond rates for 

molecular binding events to seconds and minutes in cellular dynamics. An additional information 

ǉǳŀƭƛǘȅ Ŏŀƴ ōŜ ƎŀǘƘŜǊŜŘ ŦǊƻƳ ǘƘŜ ǎǇŜŎǘǊŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ŜƳƛǘǘŜŘ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴǘŜƴǎƛǘȅ Lό˂em) 

ŀŦǘŜǊ ŜȄŎƛǘŀǘƛƻƴ ŀǘ ŀ ŎŜǊǘŀƛƴ ǿŀǾŜƭŜƴƎǘƘ ˂ex. This information is mostly used to distinguish between 

different quantum mechanical states of single fluorophores (e.g. to differentiate different electronic 

states in GFP fluorophores (Tsien, 1998) or in the development and optimization of the red shifted 

fluorescent proteins hcRed (Gurskaya et al., 2001) and mKO2 (Kikuchi et al., 2008), or to monitor the 

interaction of two fluorophore types in FRET experiments. Finally, a fourth quality of information can 

be obtained by measuring the polarization of fluorescence emission based on photoselective 

excitation of fluorophores by polarized light. These fluorescence anisotropy experiments are mostly 

used to measure protein dynamics, binding and reaction of molecules as well as protein-protein 

associations (Piston, 2010). 
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1.3.2 GFP-based Indicator Platforms 

Genetically encoded indicators in the above definition are composed solely of amino acids, to be 

expressed by cells in situ and feature a distinct modular build-up. All indicator platforms are based on 

fluorescent proteins which are functionalized by fusion with interaction domains via linker residues. 

Since the development of the first genetically encoded indicator for the detection of calcium 

(Romoser et al., 1997), a vast variety of indicators has been developed and further improved, which 

can be grouped according to four possible indicator principles, defined by the number of fluorescent 

proteins and the signal readout (Table 2).  

Table 2: GECI classes defined by the number of fluorescent proteins and the signal readout 

 

Number of FPs Readout Indicator principle FP requirements 

1 FP 

Intensity Single wavelength indicators Reversibly destabilizable 

chromophore 

Ratiometric Dual excitation wavelength indicators Reversibly protonatable  

chromophore 

2 FP 

Intensity Double wavelength indicators 

(not used) 

-- 

Ratiometric Dual emission wavelength indicators 

(FRET indicators) 

Stable and undisturbable 

fluorescence, suitable 

FRET pairs 

 

The key to most indicators is the transmission of the structural rearrangement of an interaction 

domain upon analyte binding to a change in the fluorescent properties. Hence, the different indicator 

classes with different interaction mechanisms require different, specialized fluorescent proteins with 

suitable photophysical and biophysical properties. The fusion of the interaction domains to 

fluorescent proteins can be N- or C-ǘŜǊƳƛƴŀƭΣ ŀǎ ƛƴǎŜǊǘƛƻƴ ŀǘ ǎǇŜŎƛŦƛŎ Ǉƻǎƛǘƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜ ʲ-barrel or 

at the newly generated termini of circular permutated variants (see Chapter 1.3.4). Three out of the 

four indicator principles have been successfully applied in different detection scenarios leading to a 

fast growing number of indicator platforms; only the hypothetical principle of double wavelength 

indicators has not been realized. The six different detection scenarios are: 

(1) Intrinsic sensitivity of certain fluorescent protein variants to environmental conditions, 

especially ion concentrations. In these scenarios the analyte (mostly halides) or the 

physicochemical conditions (pH, redox potential) directly interact with the fluorescent 

protein or the chromophore itself. Targeted engineering of these indicators is fairly limited 

by the constraints of the secondary and tertiary protein structure requirements of correctly 

folded fluorescent proteins and a maturated chromophore. 
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(2) Extrinsic sensitivity of fluorescent proteins or FRET pairs to ion or molecule concentrations 

induced by the fusion of a binding domain. These indicator platforms employ a distinct 

modular build-up and are therefore prime examples for the advances in engineering of 

genetically encoded indicators for a multitude of analytes (especially calcium, but also other 

metal ions, sugars, glutamate, cAMP, cGMP, NO) (Carter et al., 2014; Palmer et al., 2011). 

(3) Membrane potential, measured by the fusion of a voltage sensitive domain to a fluorescent 

protein or FRET pair. Upon hyper- or depolarization of neurons, a structural rearrangement 

ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǘƛƴƎ ŘƻƳŀƛƴ ǿƛǘƘƛƴ ǘƘŜ ƳŜƳōǊŀƴŜ ǘǊƛƎƎŜǊǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƛƴŘƛŎŀǘƻǊΩǎ 

fluorescence properties or FRET efficiency (St-Pierre et al., 2014). 

(4) Protein translocation, mostly used in indicators to track the PH domain of PLC-ʵмΦ ¢ƘŜ 

interaction domain is fused to a fluorescent protein, switching between indicator localization 

at the membrane or in the cytosol according to the PtdIns(4,5)P2 concentration within the 

membrane (Hammond and Balla, 2015). 

(5) 9ƴȊȅƳŜ ŀŎǘƛǾƛǘȅΣ ƳŜŀǎǳǊŜŘ ōȅ ŦǳǎƛƴƎ ǘƘŜ ŜƴȊȅƳŜΩǎ ǎǳōǎǘǊŀǘŜ ŀƴŘ ŀ ǊŜŎƻƎƴƛǘƛƻƴ ŘƻƳŀƛƴ ŀǎ 

interaction domains between two fluorescent proteins. Upon the enzymatic reaction the 

substrate binds to the recognition domain resulting in a structural change triggering the FRET 

signal (Donnelly et al., 2014). As a special case the enzymatic reaction of proteases can be 

monitored by cleaving a recognition domain fused between two fluorescent proteins and 

such irreversibly decreasing FRET. 

(6) Protein-protein interaction, detected by fusing each interaction partner either to a 

fluorescent protein or a split-FP, leading to FRET signals or emerging fluorescence upon 

interaction, respectively (Miller et al., 2015). 

Some of the most common examples of genetically encoded indicator platforms are listed in Table 3. 
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Table 3: GECI platforms (selected) defined by indicator class and detection scenario 

 

Detection scenarios  Indicator platform 

 
Single wavelength  

indicators 

Dual excitation 

wavelength  

indicators 

Dual emission  

wavelength  

indicators (FRET) 

FP-intrinsic 

sensitivity for ion 

concentrations and 

environmental 

conditions 

Halide 

YFP-H148Q (Jayaraman et 

al., 2000) 

 

pH 

Ecliptic pHluorin 

(Miesenböck et al., 1998) 

Superecliptic pHluorin 

(Sankaranarayanan et al., 

2000) 

Redox 

roGFP (Hanson 

et al., 2004) 

 

pH 

pHluorin 

(Mahon, 2011; 

Miesenböck et 

al., 1998)  

 

Halide 

Clomeleon (Kuner and 

Augustine, 2000) 

 

Ion and molecule 

concentration 

Calcium 

GCaMP (Akerboom et al., 

2013; Chen et al., 2013; 

Nakai et al., 2001; Tian et al., 

2009; Zhao et al., 2011) 

Pericam (Nagai et al., 2001) 

Camgaroo (Baird et al., 1999) 

Calcium 

Ratiometric 

Pericam  

(Nagai et al., 

2001) 

Calcium 

Yellow Cameleons (Horikawa et 

al., 2010; Miyawaki et al., 1997) 

Troponin C-based (Heim and 

Griesbeck, 2004; Mank et al., 

2006, 2008; Thestrup et al., 

2014) 

DXcpv  

(Palmer et al., 2004, 2006) 

Membrane 

potential 

Voltage 

VSFP (Lundby et al., 2008; 

Sakai et al., 2001) 

hVOS (Sjulson and 

Miesenböck, 2008) 

ASAP (St-Pierre et al., 2014) 

--- Voltage 

VSFP2 (Dimitrov et al., 2007) 

Protein 

translocation 

Membrane localization 

PtdIns(4,5)P2 (Quinn et al., 

2008; Stauffer et al., 1998) 

--- Membrane localization 

PLC activation  

(van der Wal et al., 2001) 

Enzyme activity --- --- Kinase activity  

Phocus (Sato et al., 2002) 

 

GTPase activity 

Raichu (Itoh et al., 2002) 

 

Irreversible protease cleavage 

Caspase-3 (Xu et al., 1998) 
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Calpain 1  

(Vanderklish et al., 2000) 

MT1-MMP  

(Ouyang et al., 2008) 

Protein-protein 

interaction 

Bimolecular fluorescence 

complementation 

BiFC (Hu et al., 2002) 

--- G-Protein subunit assembly 

GIRK channel activation  

(Riven et al., 2003) 

Gq activity  

(Adjobo-Hermans et al., 2011) 

 

PKA subunit assembly 

cAMP (Zaccolo et al., 2000) 

1.3.3 Calcium Binding Motifs, Domains and Proteins 

All interaction domains used in genetically encoded calcium indicators are based on the EF-hand 

motif, one of the major intracellular calcium binding motifs able to chelate calcium in the 

physiologically relevant range. Another prominent motif, the C2 domain (Rizo and Südhof, 1998), as 

well as further unconventional calcium binding sites such as in calpain (Moldoveanu et al., 2004) 

have not been successfully employed in indicator platforms (Mank and Griesbeck, 2008). So far two 

different source proteins for EF-hand-based interaction domains have been applied in indicator 

design: troponin C (TnC) and calmodulin (CaM) together with its synthetic binding peptide M13. 

Calcium binding domains from both proteins have been further truncated, fused and modified by 

mutagenesis to fit their specific role as molecular building blocks in various GECI platforms. 

The EF-hand binding motif 

The EF-hand binding motif is a characteristic, calcium-chelating helix-loop-helix structure of 

approximately 30 amino acids which was first described in parvalbumin (Kretsinger and Nockolds, 

1973)Φ ¢ƘŜ ŎŜƴǘǊŀƭ ƭƻƻǇ ŦƻǊƳƛƴƎ ǘƘŜ ƛƻƴ ŎƻƻǊŘƛƴŀǘƛƻƴ ǎǇŀŎŜ ƛǎ ŦƭŀƴƪŜŘ ōȅ ǘǿƻ ʰ-helices, the N-

ǘŜǊƳƛƴŀƭ άƛƴŎƻƳƛƴƎέ ŀƴŘ ǘƘŜ /-teǊƳƛƴŀƭ άŜȄƛǘƛƴƎέ ƘŜƭƛȄ όFigure 7A). In the most common (canonical) 

EF-hand the loop region is formed by 12 amino acid residues, six of them acting as ion coordinating 

residues. The calcium binding sphere is pentagonal-bipyramidal leading to seven ligand positions 

(Figure 7B). The coordinating residues are referred to as: 1(+X), 3(+Y), 5(+Z), 7(-Y), 9(-X) and 12(-Z) 

with the numbers identifying the residue position within the 12 amino acid binding loop and the 

letters indicating the 3D position within the coordination sphere. In position 12(-½ύ ǘƘŜ ʴ-carbonyl 

group of a highly conserved Glu residue acts as a bidentate ligand. All ligand positions are filled by 

the amino acid residues but position 7(-Y) which coordinates through the carbonyl group of the 

peptide backbone and 9(-X) which in some cases also coordinates via a bridging water molecule. A 

subgroup of EF-hands is able to bind not only calcium but also magnesium, referred to as the 
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Ca2+/Mg2+ EF-hands. These EF-hands either incorporate a Z-acid pair with an Asp residue in position 

5(Z+) (Tikunova et al., 2001) or include a non-canonical, more compact binding loop with the highly 

conserved Glu in position 12(-Z) being replaced by Asp (Gifford et al., 2007). Mg2+ binding requires a 

strictly octahedral coordination and a more compact coordination sphere owing to the smaller ionic 

radius compared to calcium. Thus, by steering ligand flexibility calcium specificity over magnesium 

can be significantly reduced in Ca2+/Mg2+ EF-hands through the established double-mutation of 

D5(+Z)N in combination with N3(+Y)D (Mank et al., 2006; Marsden et al., 1990; Tikunova et al., 2001). 

 

A B 

  

C D 

  

Figure 7: Structure and calcium coordination in the canonical EF-hand 

(A) Characteristic helix-loop-helix motif (grey) with bound Ca2+ ion (red) (PDB: 1TOP). (B) Calcium 

coordination sphere with ligand positions indicated (Reprinted with permission from Mank and 

Griesbeck, 2008. Copyright 2008 American Chemical Society). (C, D) EF-hand pair in the calcium-

ǳƴōƻǳƴŘ όŎƭƻǎŜŘύ ŀƴŘ ōƻǳƴŘ όƻǇŜƴύ ŎƻƴŦƻǊƳŀǘƛƻƴΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƛǘƘ ǘƘŜ ǎƘƻǊǘ ʲ-sheet structure 

connecting the two coordinating loops (Reproduced from Gifford et al., 2007 with permission from 

Portland Press; PDB 1EXR). 
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The EF-hand pair as functional domain 

EF-hand binding motifs generally occur in pairs. The non-coordinating, hydrophobic residue 8 plays 

an important role in the calcium-binding functionality and also in stabilizing EF-hand pairs by forming 

ŀ ǎƘƻǊǘ ʲ-sheet connection between two coordinating loops (Figure 7C, D) (Strynadka and James, 

1989). Further structural integrity arises from multiple hydrophobic interactions between all four 

helices as well as the additional ion-ligand interactions in the calcium-bound state (Nelson and 

Chazin, 1998). The self-assembly of the two helices shows an approximate 2-fold symmetry axis, with 

both positions within a pair being strictly defiƴŜŘ όάƻŘŘέ ŀƴŘ άŜǾŜƴέ Ǉƻǎƛǘƛƻƴ, Kawasaki et al., 1998) 

which could even be demonstrated in experiments with synthetic peptide analogues (Shaw et al., 

1990, 1994). The pairing of EF-hands has key implications not only on the calcium-binding 

mechanism and the induced conformational change but also on the calcium-binding affinity (Linse 

and Forsén, 1995) and the actual formation of the smallest building block, the interaction domain, 

both important for the use of EF-hands in GECIs platforms. 

EF-hand pairs possess the ability to transmit binding of two Ca2+ ions into a substantial 

conformational change, altering the distance and angle between the incoming helix of the first EF-

hand and the exiting helix of the second EF-hand. The calcium-free state, in which all four helices are 

ǘƛƎƘǘƭȅ ǇŀŎƪŜŘΣ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ άŎƭƻǎŜŘέ ŎƻƴŦƻǊƳŀǘƛƻƴ ƛƴ ǿƘƛŎƘ ōƻǘƘ ƛƴŎƻƳƛƴƎ ŀƴŘ ŜȄƛǘƛƴƎ ƘŜƭƛŎŜǎ 

adopt an approximately antiparallel position with an interhelical angle of ~135°. Upon calcium 

binding the helices reposition to a perpendicular position (~90°), the distance between both exiting 

helices increases substantially and a large, solvent-exposed hydrophobic pocket is exposed (άopenέ 

conformation, Grabarek, 2006; Herzberg and James, 1985; Nelson and Chazin, 1998; Sundaralingam 

et al., 1985). The model proposed by Herzberg, Molt, and James (HMJ model) first linked the opening 

of the hydrophobic pocket with target interaction sites in troponin C as well as calmodulin and other 

EF-hand protein domains (Gifford et al., 2007; Grabarek, 2006; Herzberg et al., 1986). The 

energetically unfavorable solvent-exposure of such a large, hydrophobic patch in the άopenέ 

conformation is explained by Nelson & Chazin with the energy balance mechanism: in sensor EF-

hand pairs (i.e. EF-hands that undergo the confƻǊƳŀǘƛƻƴŀƭ ǎǿƛǘŎƘύ ŜƴƻǳƎƘ άƎŜƻƳŜǘǊƛŎ ǎǘǊŀƛƴέ ƛǎ 

induced by binding two Ca2+ ƛƻƴǎ ǘƻ ƛƴŘǳŎŜ ŀ ǎǿƛǘŎƘ ŦǊƻƳ ǘƘŜ άŎƭƻǎŜŘέ ǘƻ ǘƘŜ άƻǇŜƴέ ŎƻƴŦƻǊƳŀǘƛƻƴ 

(Nelson and Chazin, 1998). In non-sensor EF-hand pairs in which one of the binding sites is impaired 

either naturally (e.g. EF-hand 1 in human cardiac TnC (Sia et al., 1997)) or by mutation (e.g. EF-hand 1 

in E41A mutant from chicken skeletal TnC, McKay et al., 2000), calcium binding to the second site 

alone does not create enough strain and does not trigger the conformational switch. Only in the 

presence of both Ca2+ ions ǘƘŜ ŜƴŜǊƎȅ άŎƻǎǘǎέ ŀǊŜ ǊŜŘǳŎŜŘ ŜƴƻǳƎƘ ŦƻǊ ǘƘŜ 9C-hand pair to adopt the 

άƻǇŜƴέ ŎƻƴŦƻǊƳŀǘƛƻƴΦ 
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Cooperative calcium binding in EF-hand pairs 

As a result of the close stacking of two paired EF-hands per domain, cooperative binding in EF-hand 

pairs is commonly observed. The influence of calcium binding to the first site on the affinity of the 

second site leads to an altered calcium affinity of the whole EF-hand pair compared to an 

independent EF-hand alone. In most EF-hand pairs, positive cooperativity occurs, providing 

information that favorable structural effects must outweigh the unfavorable electrostatic 

interactions of the two calcium binding sites in close proximity (Gifford et al., 2007). The binding of 

the first Ca2+ ion already leads to structural reorganization of the protein core and the preformation 

of the second binding loop as well as a decrease in backbone dynamics and a reduction of the 

partner EF-loop flexibility (Gagné et al., 1997; Skelton et al., 1992). These conformational effects of 

the first binding event favor the binding of the second ion energetically and therefore lead to a 

higher affinity of the respective site. Major molecular mechanisms contributing to the observed 

ǇƻǎƛǘƛǾŜ ŎƻƻǇŜǊŀǘƛǾƛǘȅ ŀǊŜ ǘƘŜ ǎƘƻǊǘ ōǳǘ ǊƛƎƛŘ ʲ-sheet structure linking position 7 an 8 of both binding 

loops (Marchand and Roux, 1998) and the bidentate linker residue Glu12(-Z) which is incorporated in 

ǘƘŜ ŜȄƛǘƛƴƎ ʰ-helix structure (Martin et al., 1992). A subset of EF-hands (including the N-terminal 

domain of skeletal troponin C) appears to bind calcium without cooperativity. In these άsequential 

cooperative sitesέ only a minor structural change is induced by the first binding event to EF-hand 2, 

whereas calcium binding to the binding site in EF-hand 1, which shows a 10-fold weaker affinity, 

triggers the major conformational rearrangement (Gagné et al., 1997; Gifford et al., 2007). 

Calcium binding proteins troponin C and calmodulin 

Among all calcium binding proteins calmodulin and troponin C have served as prime models for 

structure-function studies, laying the foundation for the current understanding of EF-hand domains. 

Additionally, they show the largest domain opening among the EF-hand proteins which makes them 

attractive candidates as interaction domains for the use in genetically indicator platforms (Grabarek, 

2006). Both proteins show a characteristic dumbbell shaped structure and consist of four EF-hand 

binding motifs, grouped in two double-EF-hand domains (N- and C-terminal) which are connected by 

a long linker helix (Figure 8). CaM is a versatile calcium-binding messenger protein expressed in all 

eukaryotic cells. Upon activation by the second messenger calcium it interacts with various 

intercellular target proteins and peptides as part of the calcium signal transduction pathway. In most 

GECIs using CaM, it co-expressed and fused to the M13 peptide (CaM binding domain of skeletal 

muscle myosin light chain kinase), forming the indicator interaction domain. M13 binds to the 

hydrophobic pocket of CaM in the open conformation and elicits the structural rearrangement 

leading to change in the fluorescence properties. However, overexpression of CaM in GECIs is likely 

to interfere with the cellular calcium signalling machinery leading to a perturbation of the GECI 

performance as well as a disruption of the cellular homeostasis (Mank, 2008). By contrast, troponin C 
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has a very specific function and occurs only in muscle tissue as part of the troponin complex in the 

regulatory complex of muscle contraction (Gordon et al., 2000). Its only binding target is the 

actomyosin ATPase-inhibiting protein troponin I (TnI), making troponin C considerably less likely to 

disturb intracellular calcium signalling through overexpression and therefore a suitable interaction 

domain for the use in GECIs (Heim and Griesbeck, 2004; Hendel et al., 2008; Mank et al., 2006). The 

N-terminal domain of troponin C (EF-hand 1 and 2) shows a low calcium affinity (Kd of 3 µM) and  

is not sensitive to magnesium, whereas the C-terminal domain (EF-hand 3 and 4) shows a high 

calcium sensitivity (Kd of 50 nM) and binds magnesium and calcium competitively (Mank, 2008; 

Tikunova et al., 2001). 

 

A B 

  

Figure 8: Protein structure of troponin C and calmodulin 

-hhelical linker connecting the N- and C-terminal domain. (A) Troponin C, two calcium-binding sites 

of the C-terminal domain occupied (PDB: 1TOP). (B) Calmodulin, all four calcium binding sites are 

occupied (PDB: 3CLN). 

 

1.3.4 Genetically Encoded Calcium Indicators 

Genetically encoded calcium indictors (GECIs) have been developed for almost two decades and have 

shaped the field of genetically encoded indicator design. In two indicator classes, single-wavelength 

indicators and FRET-based dual emission wavelength indicators, a multitude of GECI platforms has 
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evolved. The single wavelength indicators are based on the Camgaroo platform, the Pericam 

platform and the GCaMP platform whereas FRET indicators comprise the Cameleon platform, the D-

series and the TnC-based indicators. Compared to synthetic calcium indicators like Oregon Green 

Bapta-1 (OGB-1, Tsien, 1980) or the Fura dyes (Grynkiewicz et al., 1985), recent GECI development 

has increased signal properties, accessible affinity ranges and off-rates substantially putting both tool 

sets on par. However, the advantages of GECIs ς targeting to specific cell types and subcellular 

localization as well as the possibility for chronic imaging ς remain valid and make GECIs an 

indispensable approach not only for modern optical recording of neuronal activity patterns but 

increasingly for other processes such as e.g. in T-cell activation (Mues et al., 2013). An overview over 

all major GECI platforms is shown in Figure 9, a detailed list of the key properties of the latest GECI 

variants is given by Nagai et al. (Nagai et al., 2004). 

 

Figure 9: Genetically encoded calcium indicator platforms 

Fluorescent proteins are shown as barrels, coloured according to their fluorescence hue; calcium 

binding domains are shown as grey shapes. 

 

Among the single wavelength GECIs Camgaroo-1 was the first successful indicator developed by in 

Baird et al. in 1997 (Baird et al., 1999). Camgaroo indicators use YFP (Camgaroo-1) or Citrine 

(Camgaroo-2, Griesbeck et al., 2001) as fluorescent proteins with a Xenopus CaM interaction domain 

inserted at position Tyr145. Their Kd values of 7.0 and 5.3 µM (respectively) categorize them among 

the low affinity GECIs. 
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The Pericam platform uses a circularly permutated variant of YFP (cp145) fused between CaM (C-

terminal) and the M13 peptide (N-terminal) (Nagai et al., 2001). Three different variants emerged 

ŦǊƻƳ ǘƘŜ ŦƛǊǎǘ Ƴǳǘŀǘƛƻƴŀƭ ŀǇǇǊƻŀŎƘŜǎΥ άŦƭŀǎƘ-ǇŜǊƛŎŀƳέ ǿƘŜǊŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ǊƛǎƛƴƎ 

calcium ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ άƛƴǾŜǊǎŜ-ǇŜǊƛŎŀƳέ ǿƛǘƘ ǘƘŜ ƻǇǇƻǎƛǘŜ ǎƛƎƴŀƭ ƻǳǘǇǳǘ ŀƴŘ άǊŀǘƛƻƳŜǘǊƛŎ-ǇŜǊƛŎŀƳέ 

with an emission wavelength changing in a calcium-dependent manner. Kd values of 0.2-1.7 µM 

made them suitable candidates e.g. for mitochondrial calcium imaging (Fonteriz et al., 2010). 

Following the same CaM-M13 fusion scheme but based on cpGFP, Nakai et al. at the same time laid 

the foundations for the GCaMP platform (Nakai et al., 2001). The latest indicators of the GCaMP 

platform include GCaMP6s, GCaMP6m and GCaMP6f (for slow, medium and fast, Chen et al., 2013), 

the mRuby-based red-fluorescent variant RCaMP (Akerboom et al., 2013) as well as a palette of 

colour hue variants B-GECO (blue), G-GECO (green) and R-GECO (red) which were created using an 

improved high-throughput screening method (Zhao et al., 2011). The available GCaMP indicators 

cover a broad range of affinities, kinetics and colours, making them the state-of-the-art single-

wavelength GECIs based on the CaM interaction domain.  

The first FRET-based GECI, created by Romoser et al., was a fusion protein of a calmodulin-binding 

sequence from smooth muscle myosin light chain kinase as interaction domain between a BFP/GFP 

pair exhibiting FRET disruption through calcium-based calmodulin binding. However, the first FRET-

based GECI platform with broader experimental use was published shortly afterwards by Miyawaki et 

al. using both CaM and its artificial binding peptide as interaction domain and BFP/CFP (in Cameleon) 

or GFP/YFP (in Yellow Cameleon, YC) (Miyawaki et al., 1997). Considerable improvement of this GECI 

platform has led to improvement in all signal qualities as well as increased pH stability and folding 

efficiency. The most recent GECIs based on the Cameleon platform are YC3.6 and the YC-Nanos 

(Horikawa et al., 2010; Nagai et al., 2004). To avoid unwanted interaction of CaM-based GECIs with 

endogenous binding partners, Palmer et al. engineered a series of design variants (D-series) by 

complementary mutation of the CaM domain and the M13 peptide (Palmer et al., 2004, 2006). In 

vitro experiments showed that the latest representative of the D-series, D3cpv retained almost full 

signal strength even in the presence of high levels (800 µM) of free wild type CaM. 

Despite recent improvements, the interaction of CaM-based GECIs with the cellular biochemical 

machinery, namely endogenous CaM and the calcium signal transduction pathway, remains a 

handicap especially for long-term in vivo experiments (Tallini et al., 2006). To overcome this 

limitation a GECI platform based using troponin C as interaction domain was developed and 

optimized in our lab. TN-L15, the first FRET-based indicator using the troponin C interaction domain, 

consisted of a CFP/Citrine-FRET pair and a truncated version of chicken skeletal TnC (beginning with 

residue Leu14) (Heim and Griesbeck, 2004). Improved dynamic range as well as decreased Mg2+ 
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sensitivity were achieved in the next indicator generation, TN-XL, by exchanging the FRET pair to 

ECFP and a cpVariant of Citrine (cp174) as well as a set of two double mutations disrupting the Z-acid 

pairs in EF-hand 3 and 4 (N108D/D110N and N144D/D146N) (Mank et al., 2006). In TN-XXL, Mank et 

al. optimized the signal strength of TnC-based GECIs in the low calcium regime by varying the design 

principle of the interaction domain by replacing the EF-hand 1 and 2 with a doubling of EF-hand 3 

and 4 (Ser94 to Glu162) (Mank et al., 2008). Additionally, the N144D/D146N double mutation of EF-

hand 4 in TN-XL was removed and the helix-stabilizing I130T mutation, suggested by Trigonzales et al. 

(Trigo-Gonzalez et al., 1993), included. Thorough in vivo characterization and comparison of the early 

variants TN-L15 and TN-XL was carried out by Hendel et al. (Hendel et al., 2008). Transgenic mouse 

lines were developed and tested for TN-L15 and TN-XXL, underlining the biochemical compatibility of 

TnC-based GECIs (Direnberger et al., 2012; Heim et al., 2007). Thestrup et al. developed the most 

recent set of TnC-based GECIs, the Twitch series, by fine-tuning individual indicator properties to 

different application scenarios. Complementing the role of the GCaMP indicator platform for single-

wavelength GECIs based on the CaM interaction domain, TnC-based GECIs represent the state-of-

the-art ratiometric GECIs (Kovalchuk et al., 2015; Nagai et al., 2014). 

1.3.5 Signal Qualities 

Signal features: affinity, kinetics, signal strength, brightness 

Signals of single wavelength indicators are measured as a change of the fluorescence intensity at the 

emission wavelength upon calcium binding normalized to the fluorescence intensity in the unbound 

ǎǘŀǘŜ ҟCκCΦ {ƛƎƴŀƭǎ ƻŦ Řǳŀƭ ŜƳƛǎǎƛƻƴ ǿŀǾŜƭŜƴƎǘƘ ƛƴŘƛŎŀǘƻǊǎ ŀǊŜ ǉǳŀƴǘƛŦƛŜŘ ōȅ ǘƘŜ Ǌŀǘƛƻ (R) between 

donor and acceptor fluorescence intensity. Due to the underlying FRET mechanism (see Chapter 

1.1.4), both fluorescence intensities show opposing effects upon calcium binding, leading to a ratio 

ŎƘŀƴƎŜ ǿƘƛŎƘ ƛǎ ŀƎŀƛƴ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ǘƘŜ Ǌŀǘƛƻ ƛƴ ǘƘŜ ǳƴōƻǳƴŘ ǎǘŀǘŜ ҟwκwΦ ²ƛǘƘ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ 

inŘƛǾƛŘǳŀƭ ҟC όŀŎŎŜǇǘƻǊύ ŀƴŘ ҟC όŘƻƴƻǊύ ŦƭǳƻǊŜǎŎŜƴŎŜ ǎƛƎƴŀƭǎ ǘƻ ŜŀŎƘ ƻǘƘŜǊΣ Cw9¢-based indicators 

additionally offer both a verification of the signal information as well as an internal correlation to a 

reference fluorescence channel of different colour. Hence, FRET-based GECIs are able to produce 

signals of exceptional robustness in high motility experimental settings, which becomes increasingly 

important e.g. to avoid motion artefacts in advanced in vivo studies as well as in localization and 

tracking studies on cellular level (Kovalchuk et al., 2015; Mues et al., 2013). 

Apart from the aforementioned interaction with endogenous proteins and motion artefacts, 

genetically encoded indicators are challenged by a multitude of possible performance-disrupting 

factors. pH and redox environment disrupt the key affinity and kinetic parameters of the interaction 

domain, folding and fusion artefacts occurred especially in the early variants of new indicator 
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platforms. The performance of fluorescent proteins in terms of brightness and signal strength can be 

further influenced by aggregation and hindrances during chromophore formation. Finally, absorption 

and autofluorescence of tissue in the spectral region between 400 and 600 nm represent a severe 

limitation to imaging quality and experimental scenarios in ex vivo and in vivo experiments. A 

possible solution to this is tuning the excitation wavelength of future GECI generations to the so-

called optical window in the red and near-infrared spectrum (above 600 nm) where endogenous 

absorbance of haemoglobin and melanin are at their lowest (Lakowicz, 2006). 

The four key parameters of GECI signals of both single wavelength and FRET-based indicators are 

affinity, kinetics, dynamic range and brightness. The dissociation constant Kd determines the calcium 

concentration range in which the indicator will yield measurable signal changes. Current GECI 

affinities span the entire physiologically relevant range from nM to mM calcium concentrations. The 

calcium binding kinetic performance of GECIs is characterized by the on- and off-rate Kon and Koff, 

ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŘŜŎŀȅ ǘƛƳŜ Ŏƻƴǎǘŀƴǘǎ ˍdecay of the fluorescence signal. For many GECI 

ǾŀǊƛŀƴǘǎ ŀ ǎƭƻǿ ˍdecay is the resolution-limiting factor in experiments tracking high frequency events 

such as neuronal firing patterns. Most GECI decay times range from 0.1 to 3.0 s. The dynamic range is 

defined as the maximal signal increase upon calcium binding in percent. However, single wavelength 

indicators can be tuned towards high dynamic range values by further lowering the fluorescence in 

the unbound state (e.g. YC-Nanos, Horikawa et al., 2010) without an adequate increase of the actual 

ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘ όƴǳƳōŜǊ ƻŦ ǇƘƻǘƻƴǎ ŜƳƛǘǘŜŘύ ƛƴ ƛƳŀƎƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΦ [ŀǎǘΣ ŀƴ ƛƴŘƛŎŀǘƻǊΩǎ ōǊƛƎƘǘƴŜǎǎ ƛǎ 

defined by product of the extinction coefficient and the quantum yield of fluorescent proteins and is 

used as a measure to quantify the fluorescence strength in comparison to e.g. the background or 

autofluorescence in imaging experiments. Under imaging conditions the signal strength is quantified 

by the signal-to-noise ratio (SNR) which is defined as the ratio between the transient fluorescence 

ǊŜǎǇƻƴǎŜ ƻǾŜǊ ōŀǎŜƭƛƴŜ ҟC ŀƴŘ ǘƘŜ ǎƘƻǘ ƴƻƛǎŜ ƻŦ ǘƘŜ ōŀǎŜƭƛƴŜ ŦƭǳƻǊŜǎŎŜƴŎŜ C0N
-1/2 with N being the 

number of photons detected (Yasuda et al., 2004). To maximize SNR a higher brightness of the 

fluorophores and thus higher number of collected photons is one approach especially successful for 

FRET indicators (Rose et al., 2014; Wilt et al., 2013). Another approach is to achieve άōŀƭŀƴŎŜŘ 

ƭƻŀŘƛƴƎέ conditions, i.e. to optimize the reciprocal influence of increasing the indicator concentration 

leading both to a higher number of photon emitting molecules and an increased buffering effect 

resulting in a reduced fluorescence change per molecule (Borst and Helmchen, 1998; Göbel and 

Helmchen, 2007; Rose et al., 2014). 
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1.4 Biophysical Analysis towards Structure-Function Relation of GECIs 

Understanding the structure-function relation of artificial proteins and the successful application of 

this knowledge in the development of new design strategies is key to the improvement of the current 

set of GECIs. Indicator development in general follows a three stage process of (1) combination of 

existing building blocks, (2) optimization of the desired properties and (3) the fine-tuning of certain 

properties to fulfil quality standards for specific experiments. Figure 10 shows the development 

scheme for the troponin-based GECI family: 

 

Figure 10: Three-stage process of GECI development for the troponin C-based GECI family 

 

Second stage optimization is ultimately limited by the detailed knowledge about the interaction of 

the building blocks chosen and combined in stage 1. As these interactions are created de novo and 

are not based on naturally occurring interfaces or tertiary and quaternary structures, analogies to 

existing structure-function studies of the individual building blocks in their native context are of 

limited validity. Therefore, the transition from the optimization to the fine-tuning stage is 

accompanied if not triggered by a detailed biophysical examination of the building blocks, their 

interaction, the resulting molecular structure and the effect on the GECI function i.e. the key 

parameters. For single fluorophore indicators, namely GCaMP2, these studies have been performed 

in great detail in the works of Rodriguez et al. (Rodríguez Guilbe et al., 2008), Akerboom et al. 

(Akerboom et al., 2009) and Wang et al. (Wang et al., 2008). In silico interaction studies (Ala scan) of 

the FRET-based GECI Yellow Chameleon leading to the indicatƻǊΩǎ ŘŜǎƛƎƴ ǾŀǊƛŀƴǘ 5оŎǇ± ƘŀǾŜ ōŜŜƴ 

performed by Palmer et al. (Palmer et al., 2006).  
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1.4.1 Oligomerization State and Hydrodynamic Properties 

The clustering of several GECI molecules in oligomers allows for the interaction within the quaternary 

ǎǘǊǳŎǘǳǊŜ ŀƴŘ Ƴŀȅ ǎǳōǎǘŀƴǘƛŀƭƭȅ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ƛƴŘƛŎŀǘƻǊΩǎ ƪŜȅ ǇŀǊŀƳŜǘŜǊǎΦ {ƛƴŎŜ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ of 

the first GCaMP generation (Nakai et al., 2001) the oligomerization state was tested along with the 

development of every new, functional indicator generation. However, several factors like protein 

concentration, buffer composition and the preparation method additionally influence the tendency 

of GECI to oligomerize in vitro. Only a more detailed analysis - like Akerboom et al. (Akerboom et al., 

2009) and Wang et al. (Wang et al., 2008) for GCaMP2 - revealed the equilibrium between monomer 

and dimer of the GCaMP indicators in absence and presence of calcium in the buffer. In both sets of 

experiments, size exclusion chromatography (SEC) and analytical ultracentrifugation (AUC) were used 

to identify the different species in a sample (Figure 11). In contrast to the first SEC experiments by 

Nakai et al. (Nakai et al., 2001), GCaMP indicators show to exist as dimers as soon as traces of 

calcium are present during preparation. The degree to which the preparation of the sample can 

influence the tendency to oligomerize is demonstrated by Wang et al.: GCaMP2 dimers were not only 

dissolved to monomers by treatment with EGTA, but remained monomeric even after addition of 

calcium. Interestingly, the dimeric form of GCaMP2 appears to be the low-fluorescence calcium-

bound form. Thus, testing the oligomerization state of GECIs is not only relevant for the optimization 

of intramolecular interactions but also for the quality and strength of the indicator signal. 

Further insight into the hydrodynamic properties can be obtained via small-angle X-ray scattering 

(SAXS). Through the analysis of the molecular geometry parameters radius of gyration (Rg) and 

maximum diameter of a molecule (Dmax) as well as the distance distribution function P(r). Wang et al. 

confirmed the similar shape of the calcium-free and calcium-bound state of GCaMP2 as well as a  

minor compaction upon calcium binding. Ab-initio shape reconstruction on the basis of the SAXS data 

gives further insight into the density distribution yielding envelopes that represent the overall shape 

of a molecule at a maximum resolution of 30 Å. In the case of GCaMP2 the compaction upon calcium 

binding could be related to the closing of the inner hole of the donut-shaped calcium-free form  

(Figure 12). 

1.4.2 Structure, Molecular Mechanism, and Interfaces 

Studies on the basis of X-ray scattering data of crystallized protein allow access to the most detailed 

information about secondary and tertiary structure. However, the access to this kind of information 

is limited by several factors: on the one hand, the desired proteins (or mutants thereof) have to form 

crystals under conditions which match the native conditions and fulfil the quality criteria of scattering 

and resolution. On the other hand, the protein-protein interactions in a tightly packed crystal should 

not distort the native protein structure to such a degree as to prevent packing artefacts in the 
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resulting crystal structure. Therefore, the acquisition of X-ray data of protein crystals is mostly 

applied in rigid or compact proteins and for the analysis and fitting of subdomains in more complex 

proteins.  

For GCaMP2 the crystal structures of the calcium-bound and -free form were solved via X-ray 

crystallography (Akerboom et al., 2009; Rodríguez Guilbe et al., 2008; Wang et al., 2008) leading to a 

detailed understanding of the underlying molecular mechanisms and domain-interactions. 

Dimerization occurred during initial crystallization trials suggesting domain-swapped GCaMP2 pairs 

and had to be prevented by mutations or deletions. The molecular structures confirmed the spectral 

data of a protonated fluorophore in the circular permutation cpEGFP of the calcium-free GCaMP2. It 

could be shown that upon calcium binding the fluorophore changes to an ionic, bright form, which is 

stabilized by the residue Thr-116, and hydrogen bonds are lost due to structural arrangements. The 

ƴŜŎŜǎǎŀǊȅ ǊŀǇƛŘ ǘǊŀƴǎŦŜǊ ƻŦ ŀ ǇǊƻǘƻƴ ǘƻ ŀ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ǿƛǘƘƛƴ ǘƘŜ ƻǘƘŜǊǿƛǎŜ ŎƭƻǎŜƭȅ ǎƘƛŜƭŘŜŘ ʲ-

barrel is facilitated through the opening of a 50 Å2 solvent channel in the calcium-free form. In the 

calcium-bound form the solvent channel is sealed by the ring shaped CaM domain which is held in 

place in a tight complex by the M13 peptide and a multitude of favorable electrostatic contacts 

within the buried surface area of the cpEGFP/CaM interface. Central coordinating amino acids as well 

as crucial interface residues and areas could be identified and structure-based mutagenic analysis of 

the indicator function subsequently performed. In conclusion, the X-ray crystallography studies of 

Akerboom et al. and Wang et al. of 2008 laid the ground for further development of the GCaMP 

indicator family (Akerboom et al., 2013; Chen et al., 2013; Zhao et al., 2011) by shedding light on the 

molecular interactions and identifying key ensembles of amino acids. Random and targeted 

mutagenesis approaches alone (generally applied in the optimization phase) are rarely able to result 

in the coordinated modulation of several amino acids. 
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Figure 11: Hydrodynamic properties and oligomerization states of GCaMP2 

(A, B) Analysis via size-exclusion chromatography, (C, D) analytical ultracentrifugation and (E, F) 

fluorescence spectroscopy. (Figures A, C, E reprinted from Figure 2 in Akerboom et al., 2009 © the 

American Society for Biochemistry and Molecular Biology, Figures B, D, F reprinted from Figure 6 in 

Wang et al., 2008 with permission from Elsevier). 
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Figure 12: Ab-initio  shape reconstruction of GCaMP2 based on SAXS data 

The crystal structure of monomeric GCaMP2 was docked into the envelope manually. Two 

orthogonal views are shown (Reprinted from Wang et al., 2008 with permission from Elsevier) 
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1.5 Research Objective 

Genetically encoded calcium indicators (GECIs) have come of age. Since twenty years GECIs are 

advancing the development of an entire genre of indicator concepts and platforms. A multitude of 

design approaches has been tried and tested, making remarkable contributions to the field of 

indicator design and protein engineering. With their lead in successfully tackling challenges in 

engineering and optimization GECIs are regarded as role models for new and upcoming indicator 

platforms. Among the FRET-based GECIs with dual emission wavelength, the troponin C-based 

indicators with their history of TN-L15, TN-XL, TN-XXL and recently the Twitch indicators represent 

the state-of-the-art. 

The first objective of this work was to gain a better understanding of the functional interplay of the 

modular domains of FRET-based GECIs. The engineering success of already optimized artificial fusion 

proteins is particularly dependent on in-depth knowledge about the biophysical characteristics of the 

analyte binding site, individual domains and their interplay on the tertiary and quaternary protein 

structure level. The results of this set of experiments will be both a foundation for the further 

engineering of troponin C-based GECIs as well as a general guideline for the analysis of other 

indicator platforms moving on from the optimization to the fine-tunings stage of development. 

In tandem, the research was targeted at the key properties of the GECI signals: affinity, kinetics, 

signal strength and brightness. These have been the main target of countless previous optimization 

rounds and it is not intended to further improve these parameters in this work. The aim was rather 

to probe the dependency of these properties on the status of the modular domains: under free and 

native conditions or in fusion constructs as well as under the influence of the buffering conditions. 

Again, with these experiments the understanding of the behaviour of the modular building blocks in 

FRET-based GECIs fusion constructs is advanced. This knowledge can be used to further improve 

protein domains currently used in GECIs but also to estimate the susceptibility of new building blocks 

to interfering and perturbing external influences. 

The third focus was to increase the tool box of fluorescent proteins available for FRET-pair 

development by establishing a new entry route for library generation in screening assays. 

Complementing the currently employed approaches via error-prone PCR and somatic hypermutation 

the usage of transposons is adopted to create random insertions of a restriction site as well as an 

amino acid linker ς irrespective of the nucleotide sequence and hence the triplet code. In the 

following, these insertions serve as starting point for the batch-processing of the entire library 

towards new circular permutated variants of red-shifted fluorescent proteins. 
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2 Materials and Methods 

2.1 Molecular Biology 

2.1.1 Polymerase Chain Reaction (PCR) 

Polymerase chain reaction (PCR) is the most commonly used technique in molecular biology to 

amplify a distinct strand of DNA. Developed by Kary Mullis in 1983, this technique applies thermal 

cycling, consisting of several heating and cooling steps, to a DNA sample causing DNA melting and 

enzymatic reactions to take place. PCR makes use of small, complementary DNA fragments (primers) 

to bracket the desired DNA sequence and direct the activity of a heat-stable DNA polymerases like 

Taq (Thermus aquaticus) or Pfu (Pyrococcus furiosus). Recently developed polymerases offer 

improved features as increased thermostability and speed as well as decreased error rates during 

DNA replication. HerculaseII (HercII, Agilent) is a Pfu-based polymerase fused to a high affinity DNA 

binding domain introducing an enhanced proofreading capacity to the enzyme properties. In this 

work, standard Pfu was used for qualitative PCR whereas HercII was used for reactions demanding 

high performance in yield, accuracy and short cycling time (Table 4). 

Table 4: Standard PCR reaction 

 

Component Volume [µL] 

Forward Primer (100 µM) 0.5 

Reverse Primer (100 µM) 0.5 

Template DNA (200 ng/µL) 0.5 

HercII Buffer (5x) 10 

dNTP mix (12.5 mM each dNTP) 1.0 

ddH2O 37 

HercII polymerase 0.5 

 

All components were added on ice and the reaction was initiated at 95 °C (hot start) to decrease 

primer dimerization and increase specificity. 

2.1.2 Site-directed Mutagenesis 

For the introduction of site-directed base substitutions (mutations) into a DNA template, a 

mutagenesis method was applied initially developed by Fisher and Pei in 1997 (Fisher and Pei, 1997). 

Mutations are introduced as mispairing nucleotide bases in the primer sequence. To enable this, 

primers were designed according to Zheng et al. (Zheng et al., 2004) with the mutation been located 

8-мл ōŀǎŜǎ ŦǊƻƳ ǘƘŜ рΩ-terminus and 15-нл ōŀǎŜǎ ŦǊƻƳ ǘƘŜ оΩ-terminus in both primers (Figure 13).  
















































































































































































































































