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Abstract

Genetically encoded calcium indicat¢BECIsplay a pivotal role as tools fam vivocalciumimaging
of complex tissue processesand neuronal circuitsOur lab developedand optimized several
generations ofForster resonance energy transferHREJFbased GEClsomprisingtroponin Cas a
calcium binding domairHowever, structurgunction relationships ofhesefusion proteinsemained
largely uncharacterized due to thaiomplexartificial and multimodular compositior.he increasing
rangeof applicationgfor calcium imagingonfronts existing GECls with the demand to finee their
key properties tospecificimaging scenarios, antb expand thee propertiesto certain calcium

concentratons orsignalandkinetic qualities

This work presents a combination of biophysical, spectroscopic, and kinetic enaliythe FRET
based GECI TXXL and variants thereof to gain a better understanding of the functional interplay of
its modular domains.Tyrosine fluorescence spectroscofsy usedto disentanglethe individual
contributions of thefour calcium binding sites and reveals that tk&hands dominate the FRET
signal output Using NMR spectroscopy astbadystate fluorescence spectroscopy these findings
are coupled withthe structural change of the binding domaiand the kinetics of the FRET change.
For the first time, mallangle Xray spectroscopy(SAXS)and analytical ultracentrifugation
experiments shed lightn the hydrodynamics of th@verallconformational change switching from a
flexible elongated to a rigid globular shape upon calcibimding Furthermore, time-resolved
fluorescencespectroscopywas applied to quantify the average fluoresaanlifetime of TN-XXL and
investigate potential notFRET effects that may affect the fluorophores. These findings highlight the
advantage of FRHIasedGECIs such as -‘MXL or the new Twitch seriewer single fluorophore
GECIs with respect to threoptimization potential in FLIM applications. In a third experimental
section a transposcbased approach for the generation of mutant libraries of fluorescent proteins
was conceptualized and established which can be combined readily with faifpWwacterial plate

screeningdf new GECI variants

Thus, a comprehensive and thorough characterization scheme for the biophysics-XXLT M
presented whichcontributes to the development and improvement of new GECI variants raag

form the basis for finduning and rationdy engineeringnovel FRE®ased 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 fluorophomusually consists of a
RSt 2 Ol -eléctroB Rystem of an aromatic ring structure. The basic cycle of fluorescence
activation and deactivation is displayed in tha@blonskdiagram Figurel). Through interaction with

a photon of suitable energy the fluorophore is able to transit from adémergy ground state (bto a
higherenergy electronic state (SSX X0 ® Ly S OK SEOAGSR St SOGUGNRYAC
excited to various vibrational levels (0, 1, 2) which results in the shape of the excitation spectra with
its vibrational fine structure. The activation procassually occurswithin a timeframeof 10%° s,

which is too short for electrostatic displacement of the nuclei, dnds can be regarded as an
instantaneous absorption process (Frar@indon principle). Through internal conversion excited
fluorophores generally return to the lowest vibratial level of the first excited ground statev@thin
atimeframe of 10"?s. The excited singlet state,(3apidly returns to the electronic ground statg S

via spinallowed deactivation by emission of a photon (fluorescence) after a lifetime of alfsis.1
Typically, deactivatioalsooccurs to excited vibrational levels of the ground stageagain resulting

in the vibrational fine structure of the emission spectrum.

ST I W —

Internal
Conversion
: Intersystem
S —_v_Lv Qﬁing
P .
Absorption i i Non-Radiative —
i & Decay Fluorescence \
™ — : : \‘ hv, hv,
v Phosphorescence
2 \ A
S :
0 3 v - J

Figurel: Jablonski diagram
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Two further generatharacteristics of fluorescence are crucial for the shape and the energy levels of
the excitation and emission spectra: the Stokes shift and the mirror imagé€riglere2). The Stokes

shift (Figure2A) describes the lower energy of the emission compared to the initial excitation mostly
due to energ 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 @#lobr due to the similar spacing of

the vibrational energy levels of the ground and excited st&igure2B). Exceptions to the mirror
image rule areusually based either on excitations to higher electronic statgs % 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 (esipllybiochemical fluorophaes including phenol and

tyrosine residuekl
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Figure2: General characteristics of fluorescence

(A) Stokes shift(B) Mirror image rule Wavenumbers in reciprocal centimeters [¢pand kiloKaiser
[kK] with 1kK = 1000 chr(Reproduced from Fig. 1.3a Fig 1.8&f Lakowicz 2006 respectivelywith
permission from Springgr

Fluorescence emission is therefore only one of the possible excited state relaxation processes of a
fluorophore competing with othemon-radiative decay processes in terms of transition probabilities

and timescalesTablel).
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Tablel: Timescale ange for florescence processes

Process Timescale [s]
Excitation
Absorption Instantaneous; 1&°

Fluorescence Cycle

Internal Conversion 10%to 10%°
Vibrational Relaxation 10%%to 10%°
Fluorescence 10°to 107

Competing Effects
Intersystem Crossing 10"°to 108
Non-Radiative Relaxation Quenching  10”to 10°

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, taequantum yield andhe fluorescence lifetime. The
guantum vyield is defined as the number of phosowhich are emitted from a fluorophore relative to
the number of photons absorbed. The quantum yieldrésponsiblefor the brightness of a

fluorophore andtherefore an important quality for experimental applications.

Q

19 E E Equationl

QY Quantum vyield
Ke Rate of fluorophore emission
Knr Rate of nonradiative decay to&S

The fluorescence lifetime is defined as tiecrage 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.

p

4 E E Equation2

zZ Huorescence lifetime
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This leads to the basic conclusion, that the quantum yiselgroportional to the lifetime of a
fluorophore:

19 E X Equation3

Under complex biochemical experimental conditions, the emissivesratedhe quantum yield and
lifetime are subject to many competing processésternal conversion, solvent relaxation, quenching
(especially of adjacerityptophan residues in proteins), intersystem crossing to the triplet state T
leading to phosphorescence and temperature effects. An intrinsic (or natural) lifetime of the
fluorophore in absence of neradiative processes can be calculated, but serves in most biochemical
settings only as a theoretical boundary vallre summary the quality of a fluorophore is dependent

on three factors: the spectral characteristics defined by te#isg of electronic states, the key
characteristics quantum yield and fluorescence lifetime, and the susceptibility for environmental

interactions modifying the nomadiative decay rate.

1.1.3 Steady-state and Time-resolved Fluorescence

Two types of fluorescentmeasurements can be applied tmvestigate different properties of
fluorophores: steadistate and timeresolved measurementd-jgure3). Steadystate measurements

are performed with constant excitation and an averaged recording of the emission intensity. Due to
the simplicity of its experimental setup constant excitationis the most common type of
measurementand yields informationrelated to the static properties of the sample. In tinresolved
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 ‘sigbed detection system aildng

for a resolutionon the nanosecondns) timescale.

I (2)
log I(t)

2\

Wavelength (nm) Time (ns)

Figure3: Comparison of steadgtate and timeresolved fluorescence spectroscopy
I: intensity; nm: nanometer; ns: nanosecofiReproduced from Fig. 1.16F Lakowicz 2006with
permission from Springgr
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The steadystate signal can therefore be regarded as an averaged signal of therdsobed
fluorescence decay, where continuous illumination leads to an invariant output of emission intensity.

The timeresolvedintensity decay is given by:

Q0 oX Equation4
lo Emission intensity at t=0, immediately following the excitation pulse
zZ Fluorescence lifetime

The emission intensity of steadyate measurementsdy is giverby:
© oX Qo O Equation5

The emission intensity at t=@an be regarded as a parameter only dependent on the fluorophore
concentration and instrumental parameters and hence tbmission intensity of steadstate
measurementshows, like the quantum yield iBquation3, to be proportion&to the fluorescence
lifetime (Lakowicz20086.

Timeresolved measurements are used to collect additional information about molecular processes
on a nanosecond scale which is lost during the averaging process in -stedglynmeasurements.
Asidefrom many applications in @otropy spectroscopythe intensity decay contains information
about multiple conformational states of the fluorophore and the fluoropherevironment

interactions like diffusion, quenching and complex formation.

1.1.4 Forster Resonance Energy Transfer

Another deactivation pathway for excitegtate fluorophores (other than fluorescence and the non
radiative decays listed iable 1) is Forster resonance engrdgransfer (FRET). This process allows
one fluorophore in the excitedtate (donor) to transfer energy to a second fluorophore in the
ground state (acceptor) through dipetiipole interaction. The possibility of this transfer interaction

is given whenevethe 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 ofidher (invariant

photophysical properties).
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Equation6

D) TQ
@) 7 7 7 R

Q Q BQ Equation?
lo 'Y

Y Equation8

s o e

Y «Xyprl € %0 Equation9
v O_- __Q_ Equation10

kerer Réde of energy transfer

kp Rae of donor emission

ki Rates of nonradiative decay

Ro Forster radius

r Inter-fluorophore distance

Errer Hficiency of energy transfer

J2 Crientation factor

n Refractive index of the medium
Np Quantum vyield of the donor

J Spectral overlap integral

Fo Huorescence intensity of the donor
Ra Molar absorbance ahe acceptor

The Forster radiugR) is a fixed parameter for each pair of fluorophoreand describes the inter
fluorophore distance at which 50% of the excitgtdte energy is transferred from the donor to the
acceptor.A change in the distance betweedhe fluorophores aroundhe Foérster radius(usually
between 1 and 10 nm) leado the most pronounced ltange in energy transfeiF{gure4). Hence,
FRET is an important phenomentam reporting distance and orientational changes on a nanometer
scale and is widely used in appli@ay & I a | & & LI§ShyeNspdHadlaiid, G 9p&adior S NE
molecular interaction studiegMedintz and Hildebrandt2013) The choice of a bright donor with a
high quantum vyield as welhs a correspnding acceptoris crucial for signal quality in such

experiments.
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Energy Transfer Efficiency (%)

D-A distance

Figure4: Dependence of the dynamic range of FRET on the Forster radius R

The numbers present at the left of each curve correspond to thef Bach curve in A. The dotted
lines delineate the regime of maximum sensitivity for each pair with differgiRproduced from
Kapanidis and Weiss, 2002th the permission of AIP Publishjng

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 amsifically attached to nonrfluorescent
samples in orderd 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 proteinkeisamino

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, biraldginteraction. The
discovery (Shimomura et al., 1962)cloning (Chalfie et al., 1994; Prasher et al., 199#)d
development(Tsien, 1998pf the green fluorescent protein (GFP) from the bioluminescent jellyfish
Aequorea victoridby Shimomura, Pragh, Chalfie, and Tsien gave rise to a new class of intrinsic
biofluorophores. Without therequirement of enzymatic synthesis, the GHR&orophore is formed
spontaneously in a multistep procesdsiring the folding and maturation of the polypeptide chain
(Figure 5) (Niwa et al., 1996)Important for the formation of the fluorophore is thprotection

provided by KA IKE & Oarglthal dirolindsSthe fliorophore
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Aequorea victoria wtGFP Chromophore Formation
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Figure5: Spontaneous formation of th&sFP fluorophore by the residues S€yr-Gly
(Reproduced fromDay and Davidson, 200@th permission of The Royal Society of Chemjstry

The Green Fluorescent Protein consists of 238 amino acids with a mole®iddnt of approximately

27 kD in a cylindrical shape with a length & Am and a diameter of 2.4 n(iink et al., 2000)lts
structure was first solved in 199®rmo et al., 1996; Yang et al., 199@)vealing the characteristic
11-shedi -6i NNBf Sy Of zhalidaysHuctlire corBpyiginyldhd fluorophore forming residues
Ser65, Tyr66 and Gly67. THe(p-hydroxybenzytiene}5-imidazolidinone moiety(Shimomura,
1979)is formed through a threetep process independent of cofactors other than atmospheric
oxygen(Reid and Flynn, 1997Jhecyclization reaction followed by dehydration and oxidation is
facilitated by the sterical restraig and the chaperondike shielding of the -barrel as well as the

highly consered residues Arg 96 and Glu2anchini et al., 1997)

Despite its reliable and irreversible mechanism of formation, the fluorophufréSFP shows a
marionettelike dependency on interactions with and mutations of the surrounding residues.
Improvement in foldingefficiency at 37 °Qvas conducted over the course of a decad@st by
introducing the F64L mutatiofCormack et al., 1996¥ollowed bythe cycle3 mutations F99S,
M153T, and V163£Crameri et al., 1996)nd finally with the introduction o$ix additional mutations

02 TpéNoldéeD Ct ¢ A(Fédalmogretcal., 2006 wild type GFRwo protonation states of

the fluorophore residues are in equilibrium: the deprotonated, anionic phenolate form and the
neutral, phenol resulting in diffent absorbance characteristics. Both states can be stabilized by
AAy3ItS YdzitGAz2zya 6AGK {cp¢ AYy SDET203Ffarmhknperdl | Yy A2y
phenol (Tsien, 1998; Zapatdommer and Griesbeck, 2003htroducing a Tyrosine d@he same
position (Thr203 gaveNJ& & S -sta®inglinteraction wittin the fluorophorethat lowered the
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energy levels of the excited statnd thusleading to spectral reghifting which resultedin
Ydlow Fluorescent Protein (YFR)rmo et al., 1996; Wachter et al., 1998ith excitation and
emission maxima at 514 nm and 527 mespectively To reduce the chloride and pH sensitivity of
YFP, more stable vants Citrine (V68L, Q69M, S72&riesbeck et al., 200Bnd Vems (F64L,
M153T, V163A, S175@)agai ¢ al., 2002)were successively engineered. Mutating residue
Tyr66 to Tryptophan (Y66W) gave rise to Cyan Fhoere Protein (CFRHeim et al., 1994yith

an imidazole form of the fluorophore which was further enhandedECFP (N1461, M153T,
V163A)(Heim and Tsien, 1996; Tsien, 1998 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 blockssiBy fhe
original N and Gterminus of EYFP with a hexapeptide linker GGTGGS and setting the -new N
terminus at a mutated Y145M residue, cpEYFP evolved with remaining fluecesaed unchanged

3D structure(Baird et al.1999) Especially for yellow fluorescent proteins a variety of cpVenus and
cpCitrine variantwith new termini at various sites was engineered to optimiseuse in indicator
design(Mank et al., 2006; Nagai et al., 200&Eppecially the altered orientation of the chromophore
towards fusion partners and newnteraction sites at the Nand Gtermini offer potential for

improved indicator variants, both in singfdPand FRE indicators Chapter 1.3.2).

Thetoolbox of fluorescent proteins has further expanded by the discovery of other biofluorescent
proteins in Anthozoa corals likeiscosomgdDsRedMatz et al., 1999 Zoanthug(zFP538Matz et al.,
1999, Heteractis crispalhcRed,Gurskaya et al., 2001 and Entacmaea quadricolofeqFP611,
Wiedenmann et al., 2002 Fluorescet proteins asfusible, intrinsic fluorophores are now spanning
the entire colour spectrum from ultramarine UM with 425 nm emission maxirfiBomosugi et al.,
2009)to near infrared IRFPs and IFP1.4 véthission makna beyond 700 nn{Shcherbakova and
Verkhusha, 2013and can be readily combined in Forster resatmrenergy 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 arabundant second messengerfor 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 rafige.calcium concentration of
cells at rest is about 100 nM and increases up to 1000 nM during activatten.specificity of
individual signallingevents and their interplay is ensured ery specific temporal and spatial
dynamics of the individuglrocesgs. Deciphering and understanditite complexcalciumsignalling
network of requiresthe experimental ability to measure calcium concentrations and their changes
under in-vivo conditions with high spatitemporal resolution and low interferenc® the sysem.
Geneticallyencoded calcium indicatorisave become the preferred toolor this purposeand have

expandedheir usabilityto a broad variety of calciursignallingscenarios.

1.2.1 Calcium Signalling in Cell Physiology

Cellularcalciumsignallingevents 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 endoplasmicreticulum (ER)r the sarcoplasmiaeticulum (SRpf muscle cells(éoné
reactiong. The influx of external calcium througblasma membrane calciurchannelscan be
stimulated via voltagechanges (voltageperated channels, VOCSs), the interaction of external
transmitters like ATP and acetylcholine with recept(maceptoroperated channels, ROCSs) thie
interaction of further downstream signalwiith receptorslike secondmessengeioperated channels
(SMOCsbdr storeoperated channels (SOC3he release of calcium from internal stores is mediated
by various chanrls like the inositellL,4,5triphosphate receptor (IngjR) or ryanodine receptor (RYR)
families (Berridge, 1993; Clapham, 199%)pon stimulation calciunmobilizing second messengers
either diffuse into the cellike Ins(1,4,5)for are generated internally like cyclic ADP ribose (CADPR)
andtrigger the calcium release from tHeERSR(Clapper et al., 1987An important activator of thee
channels is calcium itself leading to cascading effects througledback mechanismeferred to as
calciuminduced calciumrelease (Berridge et al., 2000)A major part on the inflowing calcium is
immediately absorbed bgytosoliccalcium buffers such as calbindigg, calretinin, and parvalbumin
which in this way shape the duration and amplitude of calcium signaditidnally, these buffer
proteins confine the spatl spreading of calcium signals, dependent on their respective
concentration which varies largely between cell tygEgerro and Llano, 1996\s elevated calcium
concentrations over a longer period of time are cytotoxic and lead to apoptotic mechanaism
removing mechanisms are rapidly triggered byset of pumps and exchangeréoffé reactiong
(Blaustein and Lederer, 1999; Pozzan et al., 1994)cium efflux is mediadeby plasma membrane

Cd" ATPases (PMCAs) and’/a’* exchangers whereas ##ptake to the internal stores is carried
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out by sarceendoplasmic reticulum ATPases (SERCBsjridge et al., 2003) Through fast
sequesration and slow release of calcium during thgnallingphasemitochondriaalso contribute
to shapingthe amplitude and spatigemporal pattern of calcium signa(®udd and Nicholls, 1996;
Duchen, 1999)Temporal overlap afoné and éoffé mechanismdeads to specific calcium signatbat

exhibituniquefingerprint patterns accordintp their respectiveolesin the signallingnetwork.

The caipling of calcium signals and calcig@nsitive processes isediated through the calcium
sensitive proteinscalmodulin and troponin C (se€hapter 1.3.3), which undergo a pronounced
conformational change upon calcium binding and serve as molecular switches for further
downstream effectors. Tqwonin 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 betwetaretif signalling
pathways as well am metabolism (Berridge et al., 2000)An overview of the described calcium
dynamics is shown ifrigure 6. However, the scope of calciusignallingexceeds the level of
individual events and coupled processes. Intercellular calcium waves can spread through gap
junctions or through the activatiopurinergic receptorgOsipchuk and Cahalan, 19%#)d trigger or
coordinate further processesuch ascilia movementin lung tissug(Lansley and Sandersofi999)

and the metabolic functionof the liver (Gaspers and Thomas, 200%urthermore, fequency
modulated signallingsystemsoccurwhere periods ofsignallingwith spikes of different frequencies
arenecessary. Sihisticatedencoding andlecodingmachineriesunderpinthese processesuch as in

liver metabolism, the initiation of mitosis during theell cycle ordifferential gene transcription
(Smedler and Uhlén, 2014Qalcium ultimately alsoplays a crucial role in steerirthe longterm
processes and differentiations from the beginning of the life cycle such as in fertilifsiioitaker,
2006)and embryonic paern formation (Webb and Miller, 2003)stem cell differentiatior{Tonelli et

al., 2012)and cell proliferatioruntil apoptosigMattson and Chan, 2003)
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Figure6: Calciumsignallingdynamics and homeostasis

During thedon¢ reactions, stimuli indoe both the entry of external calciumnd the formation of
secondmessengers that release internalciumthat is stored within the endoplasmic/ sarcoplasmic
reticulum (ER/SR). Most of thislcium(shown as red circles) is bound to buffers, whereas a small
proportion binds to the effectors that activate various cellufrocesses that operate over a wide
temporal spectrum During thecoffé reactions, calciumeaves the effectors and buffers and is
removed from the cell by various exchangers and pumps. THECKA exchanger (NCX) and the
plasma nembrane C& ATPase (PMCA) extrude calciunto the outside, whereas the
sarco(endo)plasmic reticulum €aATPase (SERCA) punepiciumback into the ER. Mitochondria
also have an active function during the recovery process in that they sequésleiumrapidly
through a unipoter, and this is then released more slowly back into the cytosol to be dealt with by
the SERCA and the PMCA. Cell survival is dependarglcinomhomeostasis, whereby thealcium
fluxes during thedoffé reactions exactly match those during thené reacions. [C&: Calcium
concentration; Ins(1,4,5)P3RInositol1,4,5trisphosphate receptor; RYRRyanodine receptor
(Adapted by permission from Macmillan Publishers: INdt. Rev. Mol. Cell BipBerridge et al.,
2003.

1.2.2 Neuronal Calcium Signalling

Shedding lighon the signallingmechanisns of the central nervous system has been a major driver
calcium researchNeuronal activity is associated with a large influx of external calcium triggered by
the propagation ofelectric currentsacross the plasma membran&he depolarization phase of an
action potential is initiated by an eruptive inward current of ‘Nlallowed 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 manipulatindjrthg

pattern (Bean, 207). Neuronal calcium signalling is steering the regulation of neurotransmitter



Introduction | 27

release from vesicles at the myapse and is involved in learning and memory formation and
consolidation in spinefLimbackStokin et al., 2004)the longterm potentiation (LTP) or depression
(LTD) of synaptic transmission and the regulation of specific gene pools in the cell riBcleust

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 consequencethasd

central nervous syem diseases. Tremendous efforts agpeciallypbeing made tdoetter understand

those characterized by neurodegenerative processesdikgotrophiclateral sclee 8 A 8 X | f T KSA Y ¢
tFNJAYyaz2yQa | yR (Briuméialh goa4)ad of thém béirg Zeftedit® impaired and

altered calciunsignallingactivity.

Functionalcaldum imaginghas emerged as a powerful technigte understandthe spatial and
temporal dynamics of intracellular calcium concentratias well assignallingnetworks coupled
processes and malfunction$he development of ygthetic and genetically encoded fluorescence
indicatorsprovides tools forin vivomonitoring oftransient and permanent changes in intracellular
calcium concentrations and thudfers access to novel insights into the underlying biochemical and

physiological processes.

1.3 Genetically Encoded Calcium Indicators

The IUPA@erived definition classifies biosensorsaasubgroup of chemical sensdidulanicki et al.,
1991; Thévenot et al.,, 2001)Chemical sesors provide reatime information about the
concentration of specific analytes by converting interaction events on the molecular scale into a
measureable signal readout on the macroscopic sddie. general setup of a biosensor consists of a
biological orbiochemical molecular recognition element (MRE), a transducer and an electronic
detection component. The MRE, also caldduinding 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 (emical, electronic or piezoelectric
signal) The electronic detection component finally comprised of an amplifier, a processor and a

readout interface6 . NY A ONZ HAMHDO

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) measalsle quantity (e.g. photon emission, electric current) ahdrefore no

signal is produce¢Fabbrizzi and Poggi, 1995; Valeur and Leray, 200@ 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 analytial agents or molecular probés. Ny A ONZ HAMHT . 2NAaz2g +yR 2:

For a concept of fusion proteins, which bind analytes and accordingly change their (passive)
fluorescent properties like molecular sensors, but feature a distinct modular -bpildhe term
ogeneticaly encaled indicatoé has beencoined (Miyawaki et al., 1997; Romoser et al., 1997)
Simultaneously, the term biosensor is widely usedthis class of proteins (e.glamers et al., 2014;
Ibraheem and Campbell, 2010; Lindenburg and Merkx, 2014; Palmer et al., 2011; Shcherbakova and
Verkhusha, 2013 leading to aheterogeneousnomenclature inthe 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) physicochemicptoperty 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. Tim@solved fluorescence spectroscopy yields

signals I(t), that convey information in the nanosecond tf&J YS 2F (GKS Tt dz2NBaoO!
about the molecular and quantum mechanical status of the fluorophore itself. Stetaty
fluorescence spectroscopy yields static intensity values that coclvagges inntensity (kl) due toa

OKI y3aS 27F (rép&tiesa tha tafe aQwhiclsubsequentintensity 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 atitorm

jdz- f AGe OFry 0SS 3FGKSNBR FNRY GKS &LISOGNIH RAAGN
F FGSNI SEOAGI GA2Y Lelrhistinfofratidiis mogtly askdAS distnguishi tietween

different quantum mechanical states of singleditaphores (e.g. to differentiate different electnic

states in GFP fluorophordg$sien, 1998pr in the development and optimization of the red sbd

fluorescent proteins hcRe(Gurskaya et al., 200Anhd mKQ (Kikuchi et al., 2008pr 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 fluoresceramaission 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 sveltoseinprotein

associationgPiston, 201Q)
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1.3.2 GFP-based Indicator Platforms

Genetically encoded indicators in the above definition are compas®ely of amino acids, to be
expressed by cells in situ and feature a distinct modular lupldAll 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 indicdtr the detection of calcium
(Romoser et al., 19973 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 &ble2).

Table2: GECtlasses defined by the number of fluorescemtoteins and the signal readout

Number of FPs Readout Indicator principle FP requirements
Intensity Single wavelength indicators Reversibly destabilizabl
1 EpP chromophore
Ratiometric  Dual excitation wavelength indicators Reversibly protonatable
chromophore
Intensity Double wavelength indicators -
(not used)
2FP Ratiometric  Dual emissionwavelength indicators Stable and undisturbabl
(FRET indicators) fluorescence, suitable
FRET pairs

The ley 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,cigdezed fluorescent proteins with

suitable photophysical and biophysical properties. The fusion of the interaction domains to
fluorescent proteins can be-dr G SNXYA Yl £ X 4 AYASNIOA2Y -Hartelod LISOA T A
at the newly generated t@nini of circular permutated variants (s&€zhapterl.3.4). Three out of the

four indicator principles have been successfully applied in differetdatien 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 proteivariants 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. Targeteengineering 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 FREIFs to ion or molecule concentrations
induced by the fusion of a binding domain. These indicator platforms employ a distinct
modular buildup and are therefore prime examples for the advances in engineering of
genetically encoded indicators for a muliitel of analytesgspeciallycalcium, but also other
metal ions, sugars, glutaate, CAMP, cGMP, NQQarter 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 depolarization of neurons, a structureearrangement
2F (GKS AYyGUGSNIOGAYy3a R2YIFIAY 6AGKAY GKS YSYoNI
fluorescenceproperties or FRET efficien(ytPierre et al., 2014)

(4) Protein translocation, mostly used in indioes to track the PH domain of PLOW ® ¢ K S
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)P2admation within the
membrane(Hammond and Balla, 2015)

G)oyieyvyS IOGAGAGeY YSIadi2NBR o6& TFdzaaAy3d G(KS Syi e
interaction domains between two fluorescent proteins. Upon the enzymatic reaction the
substrate binds to the recogimdn domain resulting in a structural chge triggering the FRET
signal(Donnelly et al., 2014)As a special case the enzymatic reaction of proteases can be
monitored by cleaving a recoditin domain fused betweenwo fluorescent proteinsand
such irreversibly decreasing FRET.

(6) Proteinprotein interaction, detected by fusing each interaction partner either to a
fluorescentprotein or a splitFP, leading to FRET signals or emerging fluoresognae

interaction, respetvely (Miller et al., 2015)

Some of the most common examples of genetically encoded indicator platforms are liStedl@3s.
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Table3: GECplatforms (selected) defined by indicat classand detection scenario

Detection scenarios

Indicator platform

Single wavelength

Dual excitation

Dual emission

indicators wavelength wavelength
indicators indicators (FRET)

FRintrinsic Halide Redox Halide
sensitivity for ion YFPH148Q(Jayaraman et  roGFRHanson ClomeleonKuner and
concentrations and al., 2000) et al., 2004) Augustine, 2000)
environmental
conditions pH pH

Ecliptic pHIuorin pHluorin

(Miesenbock et al., 1998)
Superecliptic pHIuorin

(Mahon, 2011;
Miesenbdck et

(Sankaranarayanan et al., al., 1998)
2000)
lon and molecule Calcium Calcium Calcium
concentration GCaMHRAkerboom et al., Ratiometric Yellow Cameleon@lorikawa et
2013; Chen et al., 2013; Pericam al., 2010; Miyawaki et al., 1997
Nakai et al., 2001; Tian et al (Nagai etal.,  TroponinGbased(Heim and
2009; Zhao et al., 2011) 2001) Griesbeck, 2004; Mank et al.,
Pericam(Nagai et al., 2001) 2006, 2008; Thestrup et al.,
CamgarodBaird et al., 1999 2014)
DXcpv
(Palmer et al., 2004, 2006)
Membrane Voltage Voltage
potential VSFRLundby et al., 2008; VSFPZDimitrov et al., 200)
Sakai et al., 2001)
hVOgSjulson and
Miesenbock, 2008)
ASARStPierre et al., 2014)
Protein Membrane localization Membrane localization

translocation

Ptdins(4,5)P2Quinn et al.,
2008; Stauffer et al., 1998)

PLC activation
(van der Wal et al., 2001)

Enzyme activity

Kinase activity
PhocugSato et al., 2002)

GTPase activity
Raichu(ltoh et al., 2002)

Irreversible protease cleavage
Caspas8 (Xu et al., 1998)
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Calpain 1

(Vanderklish et al., 2000)
MT1-MMP

(Ouyang et al., 2008)

Protein-protein Bimolecular fluorescence  --- G-Protein subunit assembly
interaction complementation GIRK channel activation
BiFQHu et al., 20Q) (Riven et al., 2003)
Gq activity
(AdjoboHermans 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 calcindicators are based on the #&nd
motif, one of the major intracellular calcium binding motifs able to chelate calcium in the
physiologically relevant rang@nother prominent motif, the C2 domaifRizo and Sudhof, 199&s

well as further unconventional calciumnigiing sites such as in calpdaiMoldoveanu et al., 2004)
have not been successfullynployed in indicator platformgMank and Griesbeck, 20080 far two
different source proteins for ERandbasal interaction domains have beeapplied in indicator
design: troponin C (TnC) andlmodulin (CaM) together with its synthetic binding peptide M13.
Calcium binding domains from both proteins have been further truncated, fused and modified by

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

The Efhand binding motif

The EFand binding motif is a characteristic, calchaimelating helixoop-helix structure of
approximately 30 amino acids which was first describregharvalbumin(Kretsinger and Nockolds,
19730 ¢ KS OSYdGNIf f22L) F2N¥Ay3d GKS Aheliges, D@ RNRA Y | {
GSNIXYAYI f aAryORNMAMALKT | & REKLIKRY. Théithe K&TE cantmord (canonical)
EFhand the loop region is formed by 12 amino acid residues, six of them acting as ion coordinating
residues. The calcium binding sphere is pentagbimramidal leading teseven ligand positions
(Figure7B). The coordinating residues are referred to as: 1(+X), 3(+Y), 5(+3), ¥K) and 12¢)

with the numbers identifying the residue position within the 12 amirmdabinding loop and the
letters indicating the 3D position within the coordination sphere. In position’2( éc&risonyk

group of a highly conserved Glu residue acts as a bidentate ligand. All ligand positions are filled by
the amino acid residues bugosition 7¢Y) which coordinates through the carbonyl group of the
peptide backbone and 9) which in some cases also coordinates via a bridging water molecule. A

subgroup of Efands is able to bind not only calcium but also magnesium, referred to s th
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C&'/Mg?* EFhands. These Efands either incorporate a-@cid pair with anAsp residue in position
5(zZ+)(Tikunova et al., 2000r include a norcanonical, more compact binding loop with the highly
conserved Glin positin 12¢Z) being replaced by A¢@ifford et al., 2007)Mg’* binding requires a
strictly octahedral coordination and a more compact coordination sphere owing to tladlesnionic
radius compared to calciunThus, ly steering ligand flexibility calciuspecificity ovemagnesium
can be significantly reduced in VMg EFhands through the established doubteutation of
D5(+2N in combination with N3(+Y)Mank et al., 2006; Marsden et al., 1990; Tikunova et al., 2001)

Figure7: Structure and calciuncoordination in the canonical ERand

(A) Characteristic heldoop-helix motif (grey) with bound Gsion (red) (PDB: 1TQR) Calcium

coordination sphere with ligand positions indicat@@printed with permissiorirom Mank and

Griesbeck, 200&opyright2008 American Chemical SocigtyC,D) EFhand pair in the calcium

dzyo2dzy R 60f 2aSR0O YR 02dzyR 62 LISy 0-shéé sfrfciy' | GA2Yy >
connectingthe two coordinating loop$Reproducedfrom Gifford et al., 200With permission from

Portland PressPDB 1EXR).
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The Efhand pair as functional domain

EFhand binding motifs generally occur in pairs. The -goordinating, hydrophobic residue 8 plays
an important rolein the calciumbinding functionalityandalso in stabilizing Efrand pairs by forming

I & K-8hWdi cohnection betweemwo coordinating loopsRigure 7C, D) (Strynadka and James,
1989) Further structural integrity arises from multiple hydrophobic interactions between all four
helices as welhs the additional iodigand interactions in thecalciumbound state (Nelson and
Chazin, 1998)The seHassembly of the two helices shows an approximatel@ symmetry axis, with
both positions within a pair bieg strictly deff SR 6 ¢ 2 RRé | y RavéaSald Styal§ 19982 a A (i A 2
which could even be demonstrated in experimentshwsynthetic peptide analogueShaw et al.,
1990, 1994) The pairing of ERands has keyimplications not only on téa calciumbinding
mechanism and the induced conformational change but also onc#ieiumbinding affinity (Linse
and Forsén, 1995nd the actual formation of the smallest building block, th&eraction domain,

both important for the useof EFhandsin GECls platforms.

EFhand pairs possess the ability to transmit binding of two?*Cans into a substantial
conformational change, alterintpe distance and angle between the incoming helix of first EF

hand and the exiting hied of the second ERand. The calciurdree state, in which all four helices are
GAaIKGEE® LI O1SRT A& RSAONAOGSR Fa aOt2aSRe O2y¥F2N
adopt an approinately antiparallel positionwith an interhelical angle of ~135°. Upamlcium

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

helices increases substantially and a large, soteepbsed hydrophobic pocket exposed dopere

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

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

of the hydrophobic pockewith target interaction sites itroponin C as well asatmodulin andother

EFhand protein domains(Gifford et al., 2007; Grabarek, 2006; Herzbest al., 1986) The

energetically unfavorable solvesixposure of such a large, hydrophobiatgh in the doperé

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

hand pairs (i.e. ERands that undergo the coffNX' I G A2yt agA 00KV Sy2daAK ¢
induced by bindingtwo GaA 2y & (2 AYRdzOS |SRés ATGDKI NP2 LIKYSE a@r
(Nelson and Chazin, 1998 nonsensor Efand pairs in which anof the binding sites is impaired

either naturally (e.geFhand 1lin human cardiac TnSia et al., 199F)or by mutation (e.g. Efand1

in E41A mutant fronchickenskeletal TnCMcKay et al 2000, calciumbinding to the second site

alone doesnot create enough strain and does not trigger the conformational switch. Only in the
presence of both Caionsii KS Sy SNH& a02aiaé¢ I Niand R Rdadptihe Sy 2 dz3F
G2LISYy ¢ O2yTFT2NXNIGAZ2Yy ®
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Cooperative calciurbinding in Efhand pairs

As a result of the close stacking of two pairedhBRds per domain, cooperative binding intihd

pairs is commoly observed. The influence of calciunnding to the first site on the affinity of the
second site leads to an altered calciuaffinity of the whole Efhand pair compared to an
independent Efand alone. In most Efand pairs, positive cooperativity occurgroviding
information that favorable structural effects must outweigh the unfavorable eletatics
interactions of the two calciunbinding sites in close proximififford et al., 2007)The binding of

the first C&" 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 reductien of t
partner EHoop flexibility (Gagné et al., 1997; Skelton et al., 199t)ese 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
LI2aAdA @GS 022 LISNI (A Okheét struchNEslinking sitian K anNslof bothlpindidgh 3 A R
loops(Marchand and Roux, 1998hd the bidentate linker residue Glut2j which is incorporated in

i KS S Ehelit AtryicRure (Martin et al., 1992) A subset of ERands (including the J&rminal
domain of skeletatroponin Q appears to bind calciuwithout cooperativity. In these@sequential
cooperative sitesonly a minor structural change is induced by the first bindiagnt to EFhand 2
whereas calciunbinding to the binding site iflcFhand 1, which shows a Hbld weaker affinity,

triggers the majo conformational rearrangemer(Gagné et al., 1997; Gifford et al., 2007)

Calcium binding proteins troponin C aradnsodulin

Among all calcium binding @reins calmodlin and troponin Chave served as prime models for
structure-function studies, laying the foundation for the current understanding eh&fd domains.
Additionally, they show the largest domain opening among thédatfe proteins which makef©iém
attractive candidates as interaction domains for the usedaneadically indicator platform¢Grabarek,
2006) Both proteins show a characteristic dumbbell shaped structure and consist of fehandF
binding motifs, groupedi two doubleEFhand domains (Nand Gterminal) which are connected by

a long linker helixKigure8). CaM is a versatile calcidbonding messengeprotein expressed in all
eukaryotic cells. Upon acttion by the second messenger calciuiminteracts with various
intercellular target proteins and peptides as part of the calcium signal transduction pathway. In most
GECIs using CaM, it-egpressed andused 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 dange in the fluorescence properties. However, overexpression of CaM in GECIs is likely
to interfere with the cellular calciunsignallingmachinery leading to a perturbation of the GECI

performance as well as a disrupti of the cellular homeostas{dank, 2008)By contrastiroponin 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 contractioGordon et al., 2000)Its only binding target is the
actomyosin ATPasgehibiting protin troponin | (Tnl), making troponin é@nsiderably less likely to
disturb intracellular calciunsignallingthrough overexpression and therefore a suitable interawcti
domain for the use in GEX§Heim and Griesbeck, 2004; Hendel et al., 2008; Mank et al., 2006)
N-terminal domain of troponin CEFhand land 2) shows a lav calciumaffinity (K of 3 uM) and

is not sensitive to magnesium, whereas thée@ninal domain (Effand 3and 4) shows a high
calcium sensitivity (Kd of 50 nM) and binds maghen and calcium competitivelgMank, 2008;

Tikunova et al., 2001)

Figure8: Protein structure of troponin C and calmaiin

h-helical linker connectigithe N and Gterminal domain (A) Troponin C, twccalciumbinding sites
of the Gterminaldomain occupied (PDB: 1TO@) Calmodulin, all four calciumibding sites are
occupied (PDB: 3CLN).

1.3.4 Genetically Encoded Calcium Indicators

Genetically encoded calcium indictd(iSEClshave been developed for almost two decades and have
shaped the field of genetically encoded indicator design. In two indicator classes;\sagkength

indicators and FRHJased 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 TnBased indicators. Compared to synthetic calcium indicaties Oregon Green
Baptal (OGBL, Tsien, 1980pr the Fura dyegGrynkiewicz et al., 1985)ecent GECI development

has increased signal properties, accessible affinity ranges amdteff substantially putting both tool

sets on par. However, the advantages GECIg; targeting to specific cell types and subcellular
localization as well as the possibility for chronic imagghngemain valid and make GECIs an
indispensable approachot only for modern optical recording of neuronal activity patterns but
increasinglyfor other processes sucas e.g. in-Eell activation(Mues et al., 2013)An overview over

all major GECI platforms is shownFigure9, a detailed list of the key properties of the latest GECI

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

Single wavelength FRET-based
L \
{cam y \ CaM w M13 /
Camgaroo Yellow Cameleon/D-series
(- \\
{ CaM : M13 ¢ CaM: M13 b ol /
Pericam  GCaMP TnC-based indicators

Figure9: Genetically encoded calcium indicatpiatforms
Fluorescent proteins are shown as barrels, coloured according to their fluorescence hue; calcium
binding domains are showasgrey shapes.

Among the single wavelength GECls Camgare@s the first successful indicator developed by in
Baird et al.in 1997 (Baird et al.,, 1999)Camgaroo indicators use YFP (Caomd) or Citrine
(Camgaroe?, Griesbeck et al., 200Hs fluorescent proteins with XenopusCaM interaction domain
inserted at position Tyrl45. Theig Halues of 7.0 and 5.3 uM (respectively) categorize them among
the low affinity GECIs.



Introduction | 38

The Pericam platform uses a circularly permutated variant of YFP (cpl145) fused between-CaM (C
terminal) ard the M13 peptide (Nerminal) (Nagai et al., 2001)Three different variants emerged

FNRY GKS TFANBRG Ydzi DS RWOIE Y LANEMNIBOK S & 922 NFE ® SO S
calciumO2 y OSy (i NI (-BJ8 MIE OAGKFE/ OBNG S2 LILJ2 A A S & A ZLySINER O d¥iE LJdzi
with an emission wavelength changing incalciumdependent manner. Kd values of @l uM

made them suitable candidates e.g. faitochondrial calcium imagin@onteriz et al., 2010)

Following the same CaM 13 fusion scheme but based on cpGRNBkai et alat the same time laid
the foundations for the GCaMP platforifNakai et al., 2001)The latest indicators of the GCaMP
platform include GCaMP6s, GCaMP6m and GE&Ner slow, medium and fas€hen et al., 2013)
the mRubybased redfluorescen variant RCaMKAkerboom et al., 20133s well as a palettef
colour hue variants BSECO (blue),-GECO (green) and@&ECO (red) which were created using an
improved hghthroughput screening metho@Zhao et al.,, 2011)The available GCaMP indicators
cover a broad range of affinits, kinetics anctolours making them the statef-the-art single

wavelength GECls based on the CaM interaction domain.

The first FREBased GECtreated byRomoser et al.was a fusion protein of a calmodulinding
sequence from smooth muscle myosin light chain kinase as interaction domain between a BFP/GFP
pair exhibiting FRET disruption through calcibased calmodulin binding. However, the first FRET
based GECI platfior with broader experimental use wasiblishedshortly aftemwardsby Miyawakiet

al. using both CaM and its artificial binding peptide as interaction domain and BFP/CFP (in Cameleon)
or GFPYFP (in Yellow Cameleon, Wiyawaki 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 GECIls based on the Cameleon platformC&ré snd the Y-Naros
(Horikawa et al., 2010; Nagai et al., 2Q0® avoid unwanted interaction of Cabbised GECIs with
endogenous binding partners, Palmet al. engineered a series of design variantss@ies) by
complementary mutation of the CaM domain and the M13pée (Palmer et al., 2004, 2006n

vitro experiments showed that the latest representative of thesé&ies, D3cpv retained almofitll

signal strength even in the presence of highele800 uM) of free wiltype CaM.

Despite recent improvementghe interaction of CaMbased GECIs with the cellular biochemical
machinery, namely endogenous CaM and the calcium signal transductionvagthemains a
handicap especially for lortgrm in vivo experiments (Tallini et al., 2006) To overcome this
limitation a GECI platform basedsing troponin C as interaction domain was developed and
optimized in oudab. TNL15, the first FRFbased indicator using the troponini@eraction domain,
consisted of a CFP/CitrieRET pair and a truncated version of chicken skeleta(egihning with

residue Leul4YHeim and @esbeck, 2004)Improved dynamic range as well as decreased'Mg
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sensitivity were achieved in the next indicator generation; X\ by exchanging the FRET pair to
ECFP and a cpVariant of Citrine (cp174) as well as a set of two double mutations disruptiagithe Z
pairs in Effand3 and4 (N108D/D110N and N144D/D146()ank et al., 2006)In TNXXLMank et

al. optimized the signal strength of T+if@sed GECIs in the low calcium regime by varying the design
principle of the interaction domain by replacing the-fi#hd 1 and 2with a doublirg of EFhand 3
and4 (Ser94 to Glul62Mank et al., 2008)Additionally, the N144D/DIBN double mutation of EF
hand 4in TNXL was removed and the he8itabilizing 1130T mutation, suggestedTtriyjgonzales et al.
(TrigoGonzalez et al., 1993ncluded. Thorougim vivocharacterization and comparison of the early
variants TNL15 and TBKL was carried out bylendel et al(Hendel et al., 208). Transgenic mouse
lines were developed and tested for -LN5 and TRKXL, underlining the biochemicalnepatibility of
TnCbased GECIKDirenberger et al., 2012; Heim et al., 200¥hestrup et al. developethe most
recent set of Tndased GECIs, the Twitch series, by-fimeng individual inetator properties to
different application scenarios. Complementing the role of the GCaMP indicator platform for-single
wavelength GECIs based on the CaM interaction domainbds€l GECIs represent the staff-
the-art ratiometric GECI&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 imbweind

aGrdS kKCkCo {ATylfa 2F Rdzrf SYAdar2yRbewgedt Sy 3idK
donor and acceptor fluorescence intensity. Due to tmederlying FRET mechanisseé¢ Chapter

1.1.4), both fluorescence intensities show opposing effects upon calcium binding, leading to a ratio
OKIFy3aS gKAOK A& I3AFAY y2N¥IFEATSR (2 GKS NIGAZ2Z Ay
iNRAJARdAzZ OORII2NL YR kKC OR2Yy2ND T tzdddfndicadry OS aA:
additionally offer both a verification of the signal information as well as an internal correlation to a
reference fluorescence channel of differeablour. Herce, FREDased GECIs are able to produce

signals of exceptional robustness in high motility experimental settings, which becomes increasingly
important e.g. to avoid motiorartefactsin advancedn vivostudies as well as in localization and

tracking studes on cellular levgKovalchuk et al., 2015; Mueta., 2013)

Apart from the aforementioned interaction with endogenous proteins and motion artefacts,
genetically encoded indicators are challenged by a multitude of pospiat®rmancedisrupting
factors. pH and redox environmedisruptthe keyaffinity and kinetigparameters 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 scenariose vivoand 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 nemfrared spectrum (above 600 nm) where endogenous

absorbance ohaemoglobirand melanirare at their lowest(Lakowicz20086.

The four key parameters of GECI signals of both single wavelength and&deBTindicators are

affinity, kinetics, dynamic range and brightness. The dissociation constaetétmines the calcium
concentrdion 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 thendnoffrate kK, and Kg,

NBadzZ GAy3 Ay (KS OKLF NI Q408 thNaflaoiescenceRsigral: For nanyYGECI O2 v & |
DI NR |y ( &eyit thedrds@usiodimiting factor in experiments tracking high frequency events

such as neuronal firgnpatterns. 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 lowgranfluorescence in

the unbound state (e.g. ¥Banos,Horikawa et al., 2000without an adequate increase of the actual
AA3IYylFE AGNBY3IGK o0ydzYoSNI 2F LIK2iG2ya SYAGGSRO Ay A
defined byproduct ofthe extinction coefficient antghe quantum yieldof fluorescent proteins and is

used & a measure to quantify the fluorescence strength in comparison to e.g. the background or
autofluorescence in imaging experimenténder imaging conditions the signal strength is quantified

by the signato-noise ratio (SNR) which is defined as the ragtween the transient fluorescence
NEalLlzyasS 208N 6l asStAayS kC | yR (i k$"” itk being/thReA 8 S 2 F
number of photons detectedYasuda et al., 20040 maximizeSNR a higher brightnesd the
fluorophores and thus higher number of collected photons is one approach espeatiatigssfufor

FRET indicatoréRose et al., 2014; Wilt et al., 2013Another approach is to achiewe o I f I Yy OSR

f 2 | Rcbndiflohs, i.e. to optimize the reciprocal influence of increasivindicator concentration
leadingboth to a highernumber of photon emitting moleculeand an increaseduffering effect

resulting in areduced fluorescence change per molec(Borst and Helmchen, 1998; Gdbel and

Helmchen, 2007; Rose et al., 2014)
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1.4 Biophysical Analysis towards Structure-Function Relation of GECIs
Understanding the structurgunction 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 GEClsndlicator development in general follows a three stage process of (1) combination of
existing building blocks, (2) optimization of the desired properties and (3) theumeg of certain
properties to fulfil quality standards for specific experimentsigure 10 shows the @velopment

scheme for theroponinbased GECI family:

Combination

TN-L15
Combination of CFP, TnC and YFP
functional GECI, proof of principle

Optimization

TN-XL, TN-XXL, tsL13
é Improvement of calcium affinity,

kinetics and signal strength

Fine-tuning

Twitch-1, 2, 3, 4, 5 (+ variants)
== |ndividual sensor variants for sparse spinking,
fast firing and high calcium conentrations

FigurelO: Threestage process of GECI development for tihheponin Gbased GEI 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 interactionseatedde novoand

are not based on naturally occurring interfaces or tertiary and quaternary structures, analogies to
existing structurefunction studies of the individual building blocks in their native context are of
limited validity. Therefore, the tmsition from the optimization to the finduning 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
paranmeters. For single fluorophore indicators, namely GCaMP2, these studies have been performed
in great detail in the works of Rodriguet al. (Rodriguez Guilbe et al., 20083kerboomet al.
(Akerboom et al., 2009nd Wanget al. (Wang et al., 2008)n silico interaction studies (Ala scan) of

the FREDased GECI Yellow Chameleon leading to the irglibilRa RSaA 3y G NAI y i
performed by Palmeet 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 interathantive quaternary
AUNHZOGdzNBE FyR Yl & &adzoadlydaArftte AyTFtdsSyOosf GKS
the first GCaMP generatiofiNakai et al., 2001the 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 oligomeriga vitro. Only a more detailed analysitke Akerboomet al. (Akerboom et al.,
2009)and Wanget al. (Wang et al., 2008pr GCaMP2 revealed the equilibrium between monomer

and dimer of the GCaMiRdicatorsin absence and presence of calcium in the buffer. In both sets of
experiments, size exclusion chromatography (SEC) angtiaahultracentrifugation (AUG~ere used

to identify the different species in a sampleigure1l). In contrast to the first SEC experiments by
Nakaiet al. (Nakai et al., 2001)GCaMP indicators show to exist as dimers as soon as traces of
calcum are present during preparation. The degree to which the preparation of the sample can
influence the tendency to oligomerize is demonstrated by Wetngl.. GCaMP2 dimers were not only
dissolved to monomers by treatment with EGTA, but remained mononexen after addition of
calcium. Interestingly, the dimeric form of GCaMP2 appears to be thdllmnrescerte calcium
bound form. Thus, testing the oligomerization state of GECls is not only relevant for the optimization

of intramolecular interactions butlso for the quality and strength of the indicator signal.

Further insight into the hydrodynamic properties can be obtained via sanglle Xray scattering
(SAXS). Through the analysis of the molecular geometry parameters radius of gyrgti@amdR
maximum diameter of a molecule ¢R) as well as the distance distribution function P(r). Wangl.
confirmed the similar shape of the calcitmee andcalciumbound state of GCaMP2 as well as a
minor compaction upon calcium binding. #btio shape reonstruction 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 A. In the case of GC#MR2mpaction upon calcium
binding couldbe related to the closing of the inner hole of the dorslitaped calciuniree form
(Figurel?2).

1.4.2 Structure, Molecular Mechanism, and Interfaces

Studies on the basis of-Kay 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 factoren the one hand, the desigkproteins (or mutants thereof) have to form
crystals under conditions which match the native conditions fattfid the quality criteria of scattering

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

not distort the native protein structurdo such a degree as prevent packingartefactsin the

A



Introduction | 43

resulting crystal sticture. Therefore, the acquisition of-rdy 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 calehound and-free form were solved via -Xay
crystallography(Akerboom et al., 2009; Rodriguez Guilbe et al., 2008; Waal, 2008)eading to a
detailed understanding of the underlying molecular mechanisms and doemgEractions.
Dimerization occurred during initial crystallization trials suggesting doswaapped GCaMP2 pairs

and had to be prevented by mutations deletions. The molecular structures confirmed the spectral
data of a protonated fluorophore in the circular permutation cpEGFP of the cafcaerGCaMP2. It
could be shown that upon calcium binding the fluorophore changes to an ionic, bright form, which i
stabilized by the residue THrl6, and hydrogen bonds are lost due to structural arrangements. The
ySOSaarkNE NIYLAR GNIFYATFTSNI 2F | LINRG2Yy G2 | &t GSN
barrel is facilitated through the opening of a 56 gblvent channel in the calciufree form. In the
calciumbound 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 sirface area of the cpEGFP/CaM interface. Central coordinating amino acids as well
as crucial interface residues and areas could be identified and strubaged mutagenic analysis of

the indicator functionsubsequentlyperformed. In conclusion the Xray crystallography studies of
Akerboom et al. and Wang et al. of 2008 laid the grofwrdfurther development of the GCaMP
indicator family(Akerboomet al., 2013; Chen et al., 2013; Zhao et al., 2@/13hedding 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 itaeetp aesult

in the coordinated modulation of several amino acids.
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Figurell: Hydrodynamic properties and @omerization states of GCaMP2

(A, B)Analysis via sizexclusion chromatographyCC, Djanalyical ultracentrifugatiorand (E, F)
fluorescence spectroscopyfigures A, C, E reprintt’dm Figire 2 inAkerboom et al., 200® the
American Society for Biochemistry and Molecular Bigléggures B, D,reprinted fromFigure 6 in
Wang et al., 200&ith permission from Elsevigr
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Figurel2: Ab-initio shape reconstructiorof GCaMP2 based on SAXS data
The crystal structure of monomeric GCaMP2 was docked into the envelope maiiually.
orthogonal views are showfReprintedfrom Wang et al., 200&ith permission from Elsevigr



Introduction | 46

1.5 Research Objective

Genetically encodecaalcium 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 tdetteof
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 FRERsed GECIs witdual emissionwavelength, the toponin Cbased
indicators with their history of TIN15, TNXL, TANXXLand recently the Twitch indicatongepresent

the state-of-the-art.

The first objective of this worlvasto gain a better understanding of the functional interplay oéth
modular domains of FREbRsed GECIs. The engineering success of already optimized artificial fusion
proteins is particularly depersht on indepth knowledge about the biophysical characteristics of the
analyte binding site, individual domains and theiterplay onthe tertiary and quatenary protein
structure level The results of this set of experiments will beth a foundation for the further
engineering oftroponin GCbased GECIs as well as a general guideline for the analysis of other

indicator platbrms moving on from the optimization to the fiftanings stage of development.

In tandem, the researchvas 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. Thevasrather

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 understiing of thebehaviourof the modular building blocks in
FRE®ased 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 focuswas to increasethe tool box of fluorescent proteins available for FRE&IF
development by establishing a new entry route for library generation in screening assays.
Complementing the curreht employed approaches via errprone PCR and somatic hypermutation
the usage otransposons is adopted to create random insertions of a restriction site as well as an
amino acid linkerg irrespective of the nucleotide sequence and hence the triplet cddethe
following, these insertions serve as starting point for the batobcessing of the entire library

towards new circular permutated variants of retlifted 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 staps, 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-$tadle DNA polymerases like

Taq ([Thermus aquaticysor Pfu Pyrococcus furiosys Recently developed polymerases offer
improved features as increased thermostability and speed as well as decreased error rates during
DNA replication. Herculasell (Hercll, Agilent) is abBfed polymerase fused to a higffimity DNA

binding domain introducing an enhanced proofreading capacity to the enzyme properties. In this
work, standard Pfu was used for qualitative PCR whereas Hercll was used for reactions demanding

high performance in yield, accuracy and short cydiimg (Table4).

Table4: StandardPCR @action

Component Volume [pL]
Forward Primer (100 uM) 0.5
Reverse Primer (100 uM) 0.5
Template DNA (200 ng/uL) 0.5
Hercll Buffer (5x) 10
dNTP mix (12.5 mM each dNTP) 1.0
ddH,0O 37
Hercll polymerase 0.5

All components were addedn iceand 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 sitalirected base substitutions (mutations) into a DNA template, a
mutagenesis method was apgdl initially devedped by Fisher and Pei in 19@Hisher and Pei, 1997)
Mutations are introduced as mispairing nucleotide bases in the primer sequence. To enable this,
primers were designed according Zinenget al. (Zheng et al., 200 with the mutation been located
8mMn ol aSa -te€rMBurand K860 p&I & Sa -tEMBUY in BokhSrimereRigure13).








































































































































































































































































































































































