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Abstract

Fluorescentprotein sensos have gained great importande researchas they exhibit a number of
advantages over synthetic dyeheycan be targetegrecisely large populations of cells can be imaged
simultaneously, and thegllow for chronic imagingpproachesMany of themhoweverstill suffer from
comparably low signal changebnproving fluorescent protein sensors can be tedious and time
consuming. For teireasongreatefforts have beemade not onlyto improve existing ensors, but also
to developbetter strategiedo improve them.

In this work,a novellarge-scalebacterial based screening assags establishedo complement rational
design.Sensoexpression, stimulatiorand screening in bacteria, as wellthe handling of large amounts
of data created by such a screeniggaywere optimized.

Whilethe new assay can be adapted for other applications, it is especially well suited for the sgreEnin
genetically encoded Eandicators of the basis of FRET (Forster Resonance Energy Transfesgd/ttesu
assay to optimize suckensos, utilizing the C# binding protein Troponin C fused between the
fluorescent proteins ECFP and cpCitribeK S NB & dzf GAYy 3 WegAGOKQ aSyaz2N) as
rangeof up to 1000% FRET ratio changeeat sensitivity and fast kinetics.

In a second approach, we attempted to develop a similar sensor deployitighitted fluorescent
proteins To thisend, further screening was conducted to optimize tBeNJ y 3 S Ff d2 NS aOSy i LJ
for FRETand a FRET sensor deploy¥iy h. The sensowe developed utilizedroponin C and the
fluorescent proteirDreiklang (photoswitchabléh addition toY' Y h. ft was bright and exhibited a FRET
ratio change of approximaty 170%

In summary, lhe screeningprocedures presentedh this thesiswill facilitate the development of range

of genetically encoded biosensors, awére alreadyemployedto develop a number offighly effective

C&*'FRET indicators.
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1 Introduction

Fluorescent proteinkave revolutionizedife science. Apassivdags theyenabled the visualization akll
structures and the monitoring aftracellular processeMoreover, they have been deployed a variety
of active bisensors allowing the investigation of physiological eventsUnlike their synthetic
counterparts €nsorsbased on fluorescent proteinare genetically encodedcaind can herefore be
targeted to specificsubsets ofcells or subcellular compartmentsA method of rapidly testng a high

number of fluorescent protein sensor variants would facilitabed greatlyaccelerate their optimization.

1.1 Fluorescent Proteins

1.1.1 Fluorescence and FRET (Férster Resonance Energy Transfer)

Beforeaddressindluorescent proteiis, sensors design and screening, a few fundamental conedftse
explained Firstly, fluorescencés theemission of lighfrom an excited molecule. Following the absorption

of light, moleculeseachan electronically excited stasndmustemit a photon in order to return to their
ground state This process is depicted in the Jablonski diagoatow (Figurel): After the absorption of
light, a molecule is excited from its singlet grougldctronicstate g to a higher vibrational level dhe

first or second electronic state&s(or S). Thereafter most moleculeselaximmediately to the lowest
vibrational level 65, a processalledinternal conversionSubsequently, molecules can either return to
their ground sate by emitting a photon, which becomessible adluorescence Alternatively, they can
undergo a spin conversion to the first triplet state Returnto the ground state from fis called
phosphorescence and typically occslswly, andat longer wavelengthf_akowicz, 2007)

As the diagram shows, the energy of the emission is uslmllgr than the energy of the absorption,
which means that the emitted light has a longer wavelength. This phenomenon was first observed by Sir
G.G. Stokes, and ithereforereferred to asthe Stokes shif(Stokes, 1852)The average time that a
molecule remain# an excited state before it returns to the ground state is referred to as the fluorescence
lifetime. The number of photons emittedelative to the number of photons absorbeid a fluorescent
protein, is called the quantum yieldProteins with higher gantum yields exhibit brighter emission.
Brightness isalsodetermined by the extinction coefficient, whichdssentiallythe ability of a protein to

absorb light at a given wavelengthakowicz, 2007)
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Figurel: Jablonski lagram
Illustration of the electronic states of a molecule involved in fluorescence

FRETstands for Frster (or Fuorescence)Resonance Energyansfer and was firstharacterizedby
Theodor Frster in 19486 C N& i SI\iEscrikiep the ttansfer of energy froam excitedfluorescent
protein, the donor, to anothelnot necessarilyjluorescent protein, the acceptor. This energy transfer
takes place via a dipoldipole couping between donor and accept@and not througHight emitted from

the donor being absorbed by the acceptdfRET can ogcif the emission spectrurof the donoroverlaps
with the excitation spectrum of the accept{ffigure2A). The extent of energy transfer dependsnong
other factors on the extent ofthis spectral overlapthe distance betweenlonor and acceptor, antheir
orientation to one arother. (Lakowicz, 2007An example for FRET between two fluorescent proteins is
depicted inFigure2B. The occurrence of FRET leadsitdecrease ithe emission of theexcited donor

and an increase in the emission of the-excited acceptor.
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Figure2: Spectral @erlap d a FRET Pair and ardnple of FRET

Excitation (dashed) and emission (solid) spectra pbtntial FRET donor and acceptor pair, with the
spectral overlap between donor emission and acceptor excitation shaded in gk¢dBmission sgctra

of a FRET seoss illustrating the decrease itlonor emission and the increaseaaceptor emission when
FRET occu(B).

1.1.2 Fluorescent Proteins - An Overview

The first fluorescent protein, green fluorescent protein (GRRas discovered together wit the
bioluminescent protein Aequorin in the jellyfigkequorea victorian 1962(Shimomura et i, 1962) In

1992, GFRvassuccessfully cloned fahe firsttime (Prasher et al., 1992Thisrepresentedan important
milestonein the history of fluorescent proteinsnakingthem accessible atols for the first time The

first cloningwas quicklyfollowed by thefirst applicationof GFPas amarker for gene expression and
protein localizationin 1994 (Chalfie et al., 1994, S. W& Hazelrigg, 1994A rapid risein the useof
fluorescent proteinsasinstrumentsin life sciencefollowed. The originalGFPhas sincebeen modified
numeroustimesto increasdts brightness and produce variants in different col@sging from blue over
cyanand greento yellow(e.g(R. Heim & Tsien, 1996, R. Heim et al., 1994, 1995)

In addition, more fluorescent proteinganging in colothave been fand in other speciesin 1999, a
number of fluoresent proteins were isolatedfom various Anthozoa speciesméng them was the red
emitting protein drFP583, which was latgiven the commercial namBsRedby ClontechMatz et al.,
1999) This discovery was somewhat surprisgigen thatin contrast toAequoriavictoria, Anthozoans

R2y Qi SEKAOGAG I y& fdYAySsaosyoOsiosuthispeGeNiaveibreds T dzy ¢
hypothesizechowever.As anthozoans depend on the photosynthesis of their algal symbionts, fluorescent
proteins could be useful in regulating their light environment. In excess surtiigiyt,could act phote

protectivelythrough the redirection of light. Under low light conditions, they could absorb light of short
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wavelength and transform it into longer wavelengths more suitable for photosynt(@ali et al., 2000,
Schnitzler et al., 2008)

DsRedl like all redfluorescent proteingdiscoveredto date, hadthe disadvantage obeingan obligate
tetramer, which tendedto cause problems in experiments. In a tedious screening project, the first red
monomer, MRFPwas developed from DsRed, an endeavor which required 33 mutations. Campbell
et al., 2002) An entirecollection of monomers based on DsRedsthen engineered which became
known & thefruit series,and rangedn color from yellow over orange to ré&haner et al., 2004)

A very brightorange fluorescent proteinvas derived from the mushroom coratungia Concinnalhe
original tetramer,named Kusabira Orange (KO), could be converted into a monuotiieinga strategy
similar to that usedor DsRedKarasawa et al., 20043urther improvementted tothe brighter and faster
YIGdzNI GAyYy 3 @Sun ét aly200adviikKOZSakaueSawano et al., 2008)

Today fluorescent proteins cover mosf the visible spectrunManyred and farred fluorescent proteins
however, still suffer from reduce brightness, low photostability, slomaturation and a tendency to

aggregatein comparisorto the GFHike variantscovering the lowemwavdength regions of the spectrum.

Currentendeavorsin fluorescent protein developmeritclude the furtherimprovement of red, far red
and nearinfrared fluorescent proteinge.g.(Chu et al., 2014, Shcherbakova & Verkhusha, 20bh8%e
proteins could be used fanulti-parameter imaging in combination with shorteravelength fluorescent
proteins. Moreover,the imagingof red fluorescent proteins offara number of advantagesiuto-
fluorescence of the imaged tissiglower at higher wavelengti{Monici, 2@5). The phototoxicity of the
excitation lightfor the examined organisris alsolower (Wiedenmann et al., 2009and because light
scattering igeduced noninvasivedeep tissueémaging can be catucted Ideal imaging conditiacan
be found at the optical windowf 600 to 1000nmwhere the absorbance of hemoglobin amelaninis
at itslowest (Lakowicz, 2007)

Another ongoing ambition is the design of large stokes $ifirescent proteinswhich would allow for
the construction of FRET pairs Wwitirtually no crosexcitation. Additionally they could be used for
multicolor imagingwith only a singleexcitation wavelengtt{Kogure et al., 2006, Piatkevich et al., 2010,
Shcherbakova et al., 2012, Zap&tammer & Griesbeck, 2003)

Furthermore numerousphotoactivatable, photoswitchableand photoconvertible fluoresc# proteins

haverecentlybeen developedAdam et al., 2014)Among themthe GFFbased Deiklangprovedto be
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especially brightwhilst offering the advantage thaits photoswitching is revesible (Brakemann et al.,

2011)

1.1.3 Fluorescent Protein sz Sructure , Chromophore F ormation and Structural

Rearrangements

Fluorescent proteins have size ofapproximately 28Da. The structure of GFP was firsttdrmined
independently by Ormet al and Yang et @ h NJY S Ydnd ebal., 199pEndall fluorescent
proteins known to date exhibisimilar characteristicslt is described ag -0 NNBf = O2yaradAiy.
sheets with dimensions ofpproximately25A x 40A. The chromopholieswithin a helixin the center of

the molecule where it is protected from bulk solve(figure3).

Figure3: Protein Sructure of GFP
DCt LINRGSAY Oshgetswhichibuild & bazrdl araumd the central chromophpsehich is
depicted in red (PDB file 4KW4).

In GFP, the chromophore consistsaafimidazadhe ringformed by threeamino acids, which can be found
in positiors 65-67. In the native GFP protein, these 3 amino acids are59gn66-Gly67 (Prasher et al.,
1992) It forms autocatalyticallyand doesnot require any external cofactorether than atmospheric
oxygen (Reid & Flynn, 1997The chromophore formatioin GFRand GFRike proteinsis thought to be
initiated with a neutrophilic attack of the amino nitrogehglycine at position 6on the carbamyl carbon
of serine atposition 65. Tis reation formsthe imidazoline ring The carbonyl oxygen of serine is

subsequenthydehydrated.Thenewly formedchromophore becomes fluorescent op oxidation of the a
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b carbon bond ofyrosine at position 66which extends the conjugation efectron orbitals to inclue the

phenyl ring(Fgure 4) (Cubitt et al., 1995)

Aequorea victoria wtGFP Chromophore Formation

. a Tyré6 = fi
Gly67 & Cyclization * 2
=)
~J > Bl &
r Ser65 — Imidazolinone
' Ring System
& Extended Formation
Polypeptide
Backbone
Dehydration
-H,0
Green
« Fluorescence % .
é?\/\ Oxidation o
p \/& +0, o S
- Mature GFP = Cyclized Ring
' Chromophore ' System

Fgure 4: GFP Chromophoredfmation

Steps in the formation of the GERromophore The imidazoline ring is formed by a neutrophilic attack
of the amino nitrogen of Gly§dn the carbonyl carbon of Ser65, followed by a dehydratiagh@tarbonyl
oxygen of Ser65. Thetacarbon bond of Tyr66 is oxidized to conjugate the ring sy$teproduced from
(Day & Davidson, 2009)ith permission of The Royal Society of Chemistry)

In the orange fluorescent mK@he chromophore is formed by the tripeptide Cysba66GIlu67 and
consists ofthree rings(Kikuchi et al., 2008)A recent modelepicted inFigure5 suggests thathe
formation of redchromophores occurs via a branched pathway. The prodessitiated by a cyclization
reactionfollowed by an oxidation stepgenemtinga colorlessntermediate This intermediatecan either
turn into a green fluorescenthromophore or a blue intermediate which thentransformsinto a red
fluorescentchromophore Green deagknd products have beewbserved amonga numter of red
emitting proteins such aBsRedBaird et al., 2000What happens at thibranch point depends oa
hydroxide moiety, which cabe reversibly removed from the intermediaté/ith the hydroxide moiety
attached, water can be removed from the intermediarpoducinga green chromophore. With the
hydroxide moiety eliminated the intermediate undergoes further oxidatiorproducing a blue
intermediate. Abaseinduced elimination of wateteads then to theformation of a red chromophore
(Pletnev et al., 2010, Strack et al., 201®9r the formation of the third ring of mKO, subsequent

cyclization of the Mcylimine groups necessaryinmKQ the conjugated eletron orbital system igess
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Figure5: Red Chromophore dgfrmation
The formationof red chromophoresia a branched patvay, as proposed by Stack and colleag$&tsack
et al., 2010) can result either in a green or a red deaad product. The branch point is encirdl

(reproduced from(Moore et al., 2012)ith permission)

Fluorescent proteindiave the ability totolerate major rearrangements aheir structure, such asa
dislocation of their aminoand carboxyl termini (Nand Gtermini). In the resultingirculaty permutated
(cp)protein (Figure6), the original Nand Gtermini are connected with a short linker sequence, ahe
proteinisopened at a different sitgesulingin a protein with the same threeimensional structurgbut

with new N-and CGtermini (Baird et al., 1999)The utilization of a cp version of a given protean change
the orientation ofthe chromophore toa binding partner considerably. The value of cp variants in the

development of single fluorophore and FRET sensors willuis&gratedin chapter1.3.1
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Figure6: Arcular Rermutation Scheme

The protein sequence is opened at dtemative site, resulting in new-Nind CGtermini, whereas the old

N- and Gtermini become connected by a short linker sequence (blue) and will, as a result, lie somewhere
in the middle of the sequencéA). Circularly permutated (cp) fluorescent protein with unchanged
structure but new Nand Gtermini (B) (Reprinted with permission fronfiMank & Griesbeck, 2008)
Copyright (2008) American Chemical Society.)

1.2 Calcium in Cell Physiology

1.2.1 Calcium Sgnaling

The interest in calcium indicators is great becauséiom (C#&) is an intracellular messenger of
tremendousimportance.Essentially, alevation of the C# levelin a cell triggerghe activation of a
range of processe§hiselevationcan differ in speed, amplitude and spate@mporal organizationgiving
C&* the potential to be involved in the control aliverse biological functions (e.fgrtilization, learning
and memory, muscle contractioonell proliferation and celtleath) (Berridge et al., 2000)

Sources of Cafor a cell are both internal and external.ténnally, C&" is stored in the endoplasmic
reticulum. It can be released into the cytoplasm of the cell through various chasuoels asthose
belonging to the inositel,4,5triphosphate receptoor ryanodine receptor familieS he transportack
into the endoplasmic reticulunoccursvia sarceendoplasmic reticulum ATPaseThe numerous Ca
channelswhichallow the entry of external G4, are classified byheir mode of activationAmong them
are the voltage operated channédOCs)the recetor operated channelROCs)andthe storeoperated

channels(SOCs)The latterare activated whenthe C&* storeswithin a cellbecomedepleted. Plasma
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membrane C&-ATPase pumps and M@a’* exchangers quickly transport €aut of the cells again, oec

its signaling function is completéBerridge et al., 2000)

During the process of €aignaling, the mitochondrion plays an important roleis able to take up Ca
rapidly during the development of a signand slowly release it back into the cytoplasafterwards
thereby shaping the Casignal(Berridge et al., 2000 &" binding proteinsalsohelp shape the Casignal

by bindingcalciumions in specific domains argkquesteringhem, since only free Cais biologically
active.Besides, these €abinding proteins participate in numerous cellular functions. A recent review
broaching the issue has been written ¥gfiezand colleagueéYanez et al., 2012%lected examples will

be introduced irchapter1.2.3

1.2.2 Calcium Sgnaling in Neurons

Neurons fire action potentialgapid changem their membrane potentiglin order to encode and conduct
signals. These action potentials are primarily sustaineddaium Na*) and potassium K') currents
across themembrane C&* however, does plagn inportant role in shaping themand alsananipulates
the overall firing pattern of a neurofBean, 2007)

In an action potential, at leasB phases can be distinguishedepolarization, repolarization and
hyperpolarization Figure 7). An explosive inward current of Ne responsible for the depolarization
phaseanda slower outward current of narksthe repolarization phase. €anters the cell via multiple
voltage-activated channelsyhich exhibit comparably slow activation kineticBor this reasorthey are
only activated towards the end of the depolarization phase. The incomifiga&avates severdbrms of
C&*activated K channels, which contribute to the repolarization of the neurand shape the
hyperpolarization phase, or aftéryperpolarization (AHP). In this conte®=* contributes to a reduced
excitability of the neurordirectly followingan action potentialby increasing the distance to ifiring
threshold. C& canhowever, also have the opposite effeclts accumulation evokedepdarizing after
potentials (DAPWhich makehe neuron more excitable by bringing it closertothreshold(Bean, 2007,
Berridge, 1998)
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Figure7: Phases of an Actiondential
An action potential igjeneratedif a stimulus depolarizes the membrane from its resting potentiak)V

above the threshold potential ¢vesnoid). Distinct phase®f an action potential which can be distinguished
asindicated.

In addition to itsmodulatory role in firing action potentials, ais associated with the release of
neurotransmitters, gene transcriptiorand synaptic modifications in connection with learning and
memory (Berridge, 1998)A disturbance imeuronal calcium signaling plays a role in many neuronal
RA&SFraSa fA1S aAdaNIAySas | dzyiaAy3Ai syiseasdBrini & dll, a S =
2014)

1.2.3 Calcium Binding Proteins

Once C# is released into the cytoplasof a cell, it is only availabfer a short timebefore either being
transported outside or into the endoplasmic reticulum, or being sequestered by a wide rangé*of Ca
binding proteins. Apreviouslymentioned, these Cabinding proteinscan function as buffer, but they

can also trigger diverse cellular functioms the latter case, the binding of €anducesa conformational
changein these proteinswhich in turn causea cellular reactionMany C&" sensors take advantage of

the C&*induced conformational change inhinding proteins.
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1.2.3.1 EFRHand Domains

Many C&" binding proteins have a common structural?Chinding motif, which is calleche EFhand
domain. Its name is derived from the way this motif was first described in [manvén (Kretsinger &
Nockolds, 1973)An EFhand consists of a loop comprising 12 amino acidgable of bindingC&* or Mg,
flanked by 2 alpha heliceBigure8A). C&*is held in place by ligands provided by 6 of the 12 amino acids
that form the loop, which are called the coordinating residues. These residues, many of them negatively
charged, build a pentagonblpyramid housingC&* in the middle Figure8B). Theyare occuped by the
following amino acidst(+X), 3(+Y), 5(+2); Y], 9¢X) and 12{), with the numbers indicating the position

of the amino acid within the logpand the letter indicating its position in the pyramidln extensive
network of hydrogen bonds between the coordinating residues and the positions in betvlesn
stabilizes the close proximity ofultiple negative charges withithe coordination sphere. Effands occur
mostly in pairs and influencéhow one another function. An exangplof this influence igositive
cooperation where C&* binding to one Efhand facilitate<C&"* binding to the second Efand(Gifford et

al., 2007, LewiBentley & Réty, 2000)
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Figure8: Structure of an EfHand and 8heme of its C& Coordination

Helixloop-helix motif of an EFhand coordinating one calciuimon (red) in its loop(PDB file NCB(A).
Scheme of Ca coordination in an ERand with positions involved in &€acoordination indicated
(Reprinted with permission froifMank & Griesbeck, 2008Fopyright (2008) American Chemical Society)

(B).
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1.2.3.2 Troponin C

Troponin Qrepresents ongoart of the troponin complextogether with troponin | and troponin T. The
troponin complexs found inmuscle cells and was discovered and named in 1965 by Ebashi and Kodama
(Ebashi & Kodama, 196%) muscle cells, contraction is initiated by a nerve impulse leading to an increase
in C&*. C&" binds to troponin C, which undergoes a conformational chacgesing aearrangement of

the whole troponin complex. This leads to an increased interaction of actin and myosin in the muscle and
the formation of crossridges therebygenerating the tension necessary for contract{@ntsuki, 2007)
Troponin C consists of two pairs of-BE&nds, whth are called the Nand the Gterminal lobe (Nand G

lobe), connected by & 2 y 3  hFigue9)t Th& Aobe exhibits a very high Eaaffinity, binds M§*
competitively, and is under physiological conditions mostly occupled assumed to fulfill a structural
function in the troponh complex. The Nbbe has a low Caaffinity and is only occupied, when the?Ca
levelin the cell rises, which is why it is thoughptay aregulatoryrole (Herzberg & James, 1985, Vassylyev

et al., 1998)Its large C# inducedconformational changand the range of its Caaffinity make troponin
Caninterestingcandidatefor use ingenetically encoded €asensors §ee chapterl.3.1). Sinceit only
naturallyoccurs in muscle cells,ig thought to interferdittle with cellular functions in other cell types of

cells, which may limit side effects.

Figure9: Structure of Toponin C

A 2 4 A ~

Troponin C is comprised ofib pairs of ERK I Y Ra 02 yy SOl S mths 8cheimetwozaflcAmbh KSft A
ions(red) arebound to EFhands three and four ahe Gterminal lobe (PDB file NCBI)

Another popular CA binding protein is the ubiquitous and evolutionary highly conserved calmodulin
(Cheung, 1970, Kakiuchi & Yamazaki, 19f®@ccurs in all eukaryotic organisms, and is involved in a
variety of important cellular processes. Like troponiit €onsists of two pairs of Hiands, and undergoes

a largeconformational change upon €ainding(Chin & Means, 2000almodulin has been used as a
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Ca&"* binding moiety in many genetically encoded senssee thapter1.3.1), but its importance in so

many cellular functions introduces the risk of affecting important cell functions.

1.3 Genetically Encoded Calcium Indicators

1.3.1 Single Fluorophore and FRET hdicators

Fluorescent proteinare deployedn a wide range afenetically encoded indicatse ¢ K Sgetieficllyy &
Sy O 2 RéaRrsthat these indicatorsire composedolelyof amino acids and can be expressed within
an organism of interesin situ Genetically encoded calcium indicatdfSECIsgonsist of one or more
fluorescent proteins,as well asa C&* binding moiety. This C&" binding moietyis attached tothe
fluorescent proteins im way that itsbindingof C&" causes a change in fluorescentwo kinds of GECIs
exist single fluorophore indicatorand FRET indicatofar ratiometric imaging

The very firsfluorescent proteinFREair created,consisted of the fluorescent proteins BFP aBEP,
with acleavable spacer in between. Thiasjust a proof of principle without an indicator functiphut it
showed that FRET between different color variantsuafriéscent proteins was possibB. Heim & Tsien,
1996) Soonthereafter, the first FRE$ensor waslesigned It consistedf the two fluorescent proteins
BFP andsFRas well asa calmodulin binding domairand exhibiteda C&* deperdent disruption of FRET
when calmodulin was boun@Romoser et al., 1997n the same yearanother approach was suggested,
which usedtalmodulin and the calmodukhinding protein M13 for Cadetection,flanked byBFP or CFP
as a donorand GFP or YFP as an accephothe Cé*-free state, little interaction occurred between the
donor and the acceptorBinding of C& was thought tomake calmodulin wramround M13, which
changed the distance and orientationtbe two fluorescentand ledto an increase of FREMiyawaki et
al., 1997) This sensor wasamedCameleon, and hasince undergone considerable improvemetite
latest variantbeing yellow CamelesNano (YGNano)(Horikawa et al., 2010)

The aforementiond GEClsvereall based on calmodulin and M18r other calmodulin binding proteifs
yetthe fact that those proteins are ubiquitous in kihds of cellsfrequentlyled to side effectsvhen the
sensor proteindisturbed regular cell function(Tallini et al., 2006)In responsgan obvious measure
seemedto exchangecalmodulin witha C&* binding prdein that was rarer This protein was found in
troponin G which isonly presenin musde cells. Troponin f&presentedthe basis for a new sensor series.
This sensor series congdiof ECFP as a donthe YFFasedCitrine asanacceptor andtroponin C from

either humars or chickers providedthe C&* binding domainMoreover, te latestadditionsTN-XL and



Introduction 27

TNXXLincorporateda number of mutationsvhich reducel the affinity oftroponin Cfor Mg?*. In regards

to TNEXXL, the affinity for Gawas increased bgloublingthe high affinity dobe and removing théower
affinity N-lobe (N. Heim & Griesbeck, 2004, Mank et al., 2006, 2008ged, when the biocompatibility
of these troponin ased sensors was tested in isgenic miceyery fewside effects were observed
(Direnberger et al., 2012urtherimprovement could be achieved however, by reducing the number of
C&* binding sites in the sensors (from four) to reduce theif*®affering, which was shown to impact

cellular C#& signalinglHelmchen et al., 1996)

The firstsingle flwrophore indicator was developeid 1999, wherBaird and colleages experimented
with rearrangementsof the GFPprotein. Theyfound that theywere not onlyable to make circular
permutations of the protein which were still function@ee chapterl.1.3, but that GFP tolerated the
insertion of entire proteins at certailpcations without losing its function When calmodulin wamserted
into EYFRor example it was observedhat its conformational changédue to C&* binding affected
fluorescenceby promotingdeprotonationof the chromophoreThisnewly discovered Caindicatorwas
calledCamgarooasit was yellowin coloranddécarriect the smaller calmoduliin itsa LJ2 d¢Beitcet al.,
1999)

In an alternativesingle fluorophore indicator series, the Pericams, a circularly permutated versiey+&f
was placedn the middleof the construct flanked bycalmodulin on one sideand M13 on the othe(Nagai

et al., 2001) Simultaneouslya second groupised thesamedesign, butchoseEGFP as a fluorescent
proteininstead The addition of a number of mutations and linkers between EGFP and calmodulin on one
side, and M13 on the other sidesulted inone of themost popula sensor series to date, nametie
GCaMPseries (Nakai et al., 2001)The latest members of thiseriesare GCaMP6s, GCaMP6m and
GCaMPB(for slow, medium and fastwhich are all quite sensitivend vary in kineticswith the most
sensitive ones exhibitg slower kineticsand vice verséChen et al., 20137 summary of the main types

of GEClss providedin FigurelO0.
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Figurel0: DesignPrinciples of theMain Types ofGECIs
Main types of genetically encode€tRE andsinglefluorophore indicators for & Calmodulin (Cavind
the calmodulinbinding protein M13or troponinC (TnC) are engagéat C&* detection

Current endeavors in the field of GECls include the development efhifigéd sensorgAkerboom et al.,

2013, Zhao et al., 201,13s well as the creation of smaller prol{&ang et al., 2011)

1.3.2 Advantages of Fluorescent Protein Indicators in Comparison to Synthetic Dyes

In addition tofluorescent protein indicators, fluorescent synthetic dyes are pdweools in visualizing
biological events(Terai & Nagano, 2013)Both approaches offer a number of advantages and
disadvantagesWith a size ofround 1kD, synthetic fluorophores are usually smaller than fluorescent
proteins whichare approximately 28Din size Syntheticdyes exhibit largsignal changeandare bright
throughout the visible spectrumwhereasthe availability of fluorescent protein sensorat longer
wavelengthsis still limited. Moreoverprganic dye®ffer fast kinetics, good selectivity, linear resse
properties, photostabilityand pH resistanceThat being saidthey al® have a number of disadvantages

In contrast to genetically encoded fluorescent proteins, organic dggsire loading, whichcan be
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difficult dependingon the animal or tissue of interest. In addition, loading a dye does not allow a
discrimination of specific cell types or subcellulaustures, whereas genetically encoded indicators can
be targeted to a specific subset of cetlsto certain parsof a cell Furthermore it is not possible to image
chronicallywith organic dyesasthey will eventuallyleak out of the cells, whereas getically encoded

sensosare expressed continuousfitremers et al., 2011, Mank & Griesbeck, 2008)

1.4 Screening of Genetically Encoded Calcium I ndicators

1.4.1 Existing Screening Assaysz An Overview

Evenin the early days of fluorescent proteins, screening has been an impartetttod of modifyingand
improvinga given potein. All those early screemstended to make GFP brightand change its emission
and excitatiomprofile, have been conducted bacteria Thousands of mutar@FRwere created viarror
prone PCR, transformeimhto bacteria and subsequently visually screenedagarplates (e.gR. Heim &
Tsien, 1996, R. Heim et al., 1994) techniquevhich remains popularThe range of criteria which can be
screened for hgshowever,increased in the meantimdn addition to brightness and emission prosije
screens havalsobeen conductedo identify longer fluorescence lifetime (Goedhart et al., 201(gnd
decreased photobleachin@.i et al., 2006)

An alternative method, alloimg the processingf evenhigher numbers of protein variants, wdsvised
by Wang and TsiefL. Wang & Tsien, 2006, L. Wang et al., 200y created muants via somatic
hypermutation(SHM,a method used by our immme system to produce antibodieanhd subsequently
screenedthem in mammalian cellaising fluoresenceactivated cell sorting (FAC)guyen and
DaughertyappliedFACS to a pair @iiorescent proteins screening for optima@REproperties(Nguyen

& Daugherty, 2005)

When t comes to the development of aensor however, the screeningprocesshbecomes more
complicatedsince onamust assess not only one condition, tibe dynamicsat play when thecondition
changesTechniguesieedto bedevelopedo induce this change and image the sensor in both conditions.
For this reason, many attempts to improve existing sensors in the past have been based on rational design
(e.g. (Akerboom et al., 2009(Geiger et al., 2012) However, even wittan abundanceof structural
information, the consequences of a new mutation, and thibe properties of a new sensor were often
difficult to predict. Hires and colleagudéar example after tesing 176 combinations of linkeisvhich

sometimesonly differed by one amino acidiyserted into a sensor, described the fitness landscape of
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have been developeith orderto screen sensors.

Tian and colleagues attempdiescreening in bacterial lysateshich allowed them to screen with high
throughput They observed however, that measurements from thigitro assay onlgorrelated weakly
with measurements conducted in cells. Therefahey desgneda lower throughput cell based screening
assay which they usedo develop GCaMP@ian et al., 208). In 2013, the same group went one step
further and decided to screen their sensors, which waegelopedfor the application in active neurons,
in electricaly stimulated rat primary neuronal cultures. This screening assay was even more specialized,
diminishing their throughput further, but allowed them to screen sensowmder the exact conditions
they wereintendedfor (Chen et al., 2013, Wardill et al., 2013)

Schultz and colleagues also pubdidra celbased screening assay, which was m@gd and versatile
To this endthey designed a library whicllthoughsmall exhibitedenough variability to suia varietyof
sensors. This library was comprised of FRET backbone plasonidssting of different combinations of
fluorescent proteinsand linkers of two to eight aminoadsin length. The backbone plasmidsuld be
combined with different kinds of sensing domains, transfected into cells and imaged in-aigemiated
microscope(Piljic et al., 2011)

Komatsu and colleaguem their approachdecided that sensor libraries and screening weat even
necessaryas long aghe backbone included aufficientlylong and fiexible linker Thisrenderedthe
(almost unpredictableprientation of the fluorescent proteins to one anothenimportant, makingFRET
completely distance dependentherefore sensor improvement wouldimply require identifyinghe
most suitable sensorainain for aparticularsubstrate(Komatsu et al., 2011)

Campbell and colleagues recently sesfgd two bacteriecbased screening methodgzor their first
method, they targeted CAindicators to the periplasm of E.coli cellsing a TorA tgdor investigation.
9nce the bacterial outer membranis permeable to small molecules and ions, the environmentadt Ca
concentration was easier to control thereatherthan in the cytoplasngZhao et al., 2011 heir second
approach involved the use of dual expression vectorontaining the sensor (H3K27 for detection of
methylaton of lysine 27 of histone Hapd its substrate (vSEThnder the controbf inducible promoters
They manually replicated colonies on twaatgls; one which induced expression of the sensor but
repressed expression of the substrate, and another which induced the expression iliratieem et
al., 2011) Threeyears later, the same group refined this eique. They grewthe colonies on one plate

which allowed the expressionof the sensoy but not that of its substrate Qubstrate expressiowas
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inducedon the same plee after the first round of imagingby spraying the plate withhe inducing

substratearabinose, thereby making manual replicate plating redundBetal et al., 2014)

1.4.2 Escherichia coli (E.coli) as a Model for Screening

Escherichia colE(col) wasdiscoveredoy Theodor Escherich in 1885scherich & KS, 198&)dis a rod

shaped gramnegaive bacteriumwhich belonggo the family of Enterobactericeae.igwell-known both

as a harmless inhabitaif the intestinal bacterial microflora in humans as well as many aniraatsa

highly versate, and thereforedangerougpathogen(Kaper et al., 2004)

In science and industryt isreferredto asli KS & 62 NJ K2 N& S¢ dheho ity Belv$ @Bérf I NJ 0 A :
both DNA and recombinant protein productig@hou, 2007, Huang et al., 201®oreover, E.coliis an

extremely popular modgMdller & Grossniklaus, 201®ince ishares many fundamental processes with

higher organismdyut is bettercharacterized, cheag, and easy to handle and propagalhese qualities

madeE.coliattractive for usin our endeavor to develop screening assay.

1.4.3 E.coliMembrane Structure zthe Hurdle in Screening

E.colicells are routinely used to express foreign protein in their cytoplasm. Their cytoplabkeis all
gramnegativebacterig surrounded by a cell envelom®nsistingof aninner ard an outer membrane
Thesetwo membranediffer highly in theirstructure and compositiordueto their uniquefunctions and

the respective environment they facéeither the cytoplasm or external environmentThe inner
membrane is a classic phospipid bilayer cantainingintegral proteins, which span the membrane, and
lipoproteins, which are anchored in its outer leafl€he outer membranéunctions as a selective barrier
which permis the entry of nutrients whilst preventng the invasionof toxic agentslt therebyenables
E.colito inhabit many different, potentially hostile environmeni&he outer membrandés asymmetrical,
with its inner leafletconsisting of phospholipids, and its outer leaflet consisting of lipopolysacckaride
Likethe inner membraneit contains integral proteins that spahe membranegand lipoproteins which
are anchored in the inner leafleThe integraproteins of the outer membranare oftenassembledn a

i -barrel conformation, forming channels which allow frééfusion ofions and hydrophilic molecules
(Nikaido & Vaara, 1985, Ruiz et al., 2008 space between the two membranes is called the periplasm.

It is highly viscous antbntainsa thin peptidoglycan layerFurthermore, it comprisealarge number of
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solubleproteinsinvolved in proein folding, uptake and transport of nutrientand the detoxification of

dangerous substancg&oemans et al., 2013)

Environment

PL Quter-membrane protein

@pr@ £ Peptidoglycan
o bl ol e b o s

\ \hp°Pf°‘e'" Periplasm

Inner-membrane protein

Copyright © 2006 Nature Publishing Group
Nature Reviews | Microbiology

Figurell: Scheme of theéescherichia colCell Eivelope

The inner membrane (IMjs composed of phospholipids (PL)etlmuter membrane(OM) consistsof
phospholipids and lipopolysaccharides (LB&)the periplasmicspacecontainsa thin peptidoglycan cell
wall (Reprinted by permission from Macmillan Publishers Liht[Rev Microbio].(Ruiz et al., 2006)

copyright 006)).
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1.5 Research Objective

Developing genetically encoded indicators cantib@e-consuming, tedious and repetitivén rational
design, pedictionsare made on the basis of crystal structgr@nd known mutationsand then each new
sensor mutanmustbe produced,purified and subsequently characterizbdth in vitro andin vivo. This
lengthy procedure usuallequires multiple repetitionsuntil a sensofinally exhibits all desired features.
To make things even more complicated, a crystal structure for each component of the isamsioalways
available Additionally each sensor as a whole is an artificial prot@eissembledrom complex proteins
which arederived from a range ofrganisms This makest very difficult to predict how the sensor
complex will behavas a wholeeven if all the individual structures akeown. The objective of this study
wastherefore, to developa user friendlyscreening assayhich allowsthe researcher to tesan increased
guantity of genetically encoded Easensorsn a shorter time span. Ideally, the assay could be applied to
screenfor qualiies such asbrightnessof the fluorescent proteinsgynamic rangeof the sensoy C&*
affinity and kinetics

Screening on bacterial plates wH#se method selected with plates of bacterial coloniesxpressing
differenttypes ofsensosin theircytoplasm Varibus strategies were employéd penetratethe powerful
bacterial membranendintroduceC&"into the celk, in order to probethe sensors for their Caresponse
properties

The newly developed screening method was usethprovea C&* sensor series on the basis of FRET
using ECFP as a donor, cpCitrinel74 as an acceptor andabe @ troponin C as a minimal €hinding
domain.The goal was to produce a sensor with reduced buffefimpugh the reduction ofC&* binding
siteg), higher signal change, higher affinity and faster kinetiosnpared to the last sensor of this kind
TNXXL(Mank et al., 2008)The resultingsensor series was later published as #witchseries(Thestrup

et al., 2014)

Following the®Pwitch(sensor screening, an attempt was maded&velopa FRET sensahich exhibited
similar qualitiesput wasshifted further into the redsectionof the spectrum. Multiple potential donor
and acceptor combinations were test@dorder to identify the most suitable FRET p&ventuallyfour
green fluorescent proteins were chosen as potential doparsl the orange fluorescent proteity’ Y h ¢
was chosn as an acceptor, since it was considerably brighter than most fluorescent proteins in this
spectralrange AsY Y h still exhibited a number ofveaknesses as an acceptor, a further round of

screening wadsnitiated in parallel to the screeningonductedfor a redshifted C&" sensor, in order to
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develop an improved orange FRET accefitbe resulting orange fluorescent proteins were characterized

in detail.
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2 Material and Methods

2.1 Molecular Biology

2.1.1 Polymerase Chain Reaction (PCR)

A polymerase Chain ReactigRCRis a standard lab proceduresedto amplify a specific piece of DNA.

is a stepwise process involving the denaturation ollle-stranded template DNA via heath&
oligonucleotide primershen anneal to their target sequence afmbcomeextended by a thermostable
DNA polymeraseRepeated cycles of this process lead to an exponential amplification of the template
DNA.

For standardP@R reactionsHerculase Il polymerase was usékhis polymerasés based on théPfu
polymerase, whicloriginates from the archealPyrococcus furiosusét exhibits one of the lowest error
rates ofall DNA polymeraseshilst producinghigh yieldswith fast cycling times.

All components were added to a PCR reaction tube onTiabl¢1). The PCR reaction was carried out in

a FlexCycleérand began with an initial denaturation step at 95°C to reduce primer dimerization and

increase specificityl@ble?2).

HO 32 37
DMSO 5 -

5x Herculase II buffer 10 10
dNTPq12.5mM each) 1 1
template DNA £100ng/uL) 0.5 0.5
primers (100pM) 0.5each 0.5 each
Herculase Il plymerase 0.5 0.5
total volume 50 50

Tablel: PCR &action
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_ Temperawre[C] | Time[mm:ss]
Initial denaturation 95 2:00
Denaturation 95 0:20
Annealing 52-65 30 cycles 0:20
Elongation 72 0:30 perkb
Final Elongation 72 3:00
Pause 4 forever

Table2: PCRGyclefor Vector DNATS Y LJ | G Bbd XX wmn

For higher yield the ratio of templateto primer was optimized. The addition of DMS&so had the
potential toimprove yieldoy facilitating primer annealindputcouldlead to unspecifipriming A decrease
of the annealing temperatureendedto increase yield, whereas an increded to more specific priming.
The obtained DNArdigments were purified using a QIAquick P@Rfipation kit or a NucleoSpi@PCR
cleanrup kit. Both kits utilize the same principle of binding DNA to a silica membrane in the peesien

chaotropic salt, and eluting under low salt conditions.

2.1.2 Error -Prone PCR

Error prone PCR was used to introdueeadom mutations into a DNA fragmen& JBS ErreProne kit
(Jena Bioscienca&yasutilized for this purpose The kitusedTagpolymeraseoriginally derived from the
thermophilic bacteriumThermus aquaticusis an enzymeSnce Taq does nd have aproofreading
function, it exhibitsanincreasecerror rate of 10 ¢ 10°. In comparisonPfupolymerase, which does have
a prod reading functiononly exhibits an error rate cpproximatelylG® ¢ 107. Furthermore the kit
includedan error prone solutionvith an inceased Mg concentrationand asupplementaryof Mn?*, and

a mix of dNTPs at an unbalanced i@t Thesefeaturesfurther increasedhe error rate of thePCReaction.
The mutation frequency was controlled by the amount of template DNA and the nupfibesiction cycles

(Table3). The PCR reaction was carried out lexCycleér(Table4).
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10x reaction buffer 5 1x

dNTP errofprone mix 2 unbalanced ratiof dNTPs
primers depending on concentration 20-100 pmol
template depending on concentration 0.2¢2ng
Tagpolymerase 04-1 2-5 units

10x error-prone solution 5 1x

PCRgrade water fill up to a total volume of 50

Table3: BEror-Prone PCRdaction

Initial denaturation 94 2:00
Denaturation 94 0:30
Annealing 65 20- 30 cycles 0:30
Elongation 72 1:00 per kb
Final Elongation 72 3:00
Pause 4 forever

Table4: ErrorProne PCRycle

2.1.3 Site-Directed M utagenesis via PCR

Poirt mutations at specifitocationsof the template DNAvere introduced viaite-directed muagenesis
To thisend, sense and anSense primes were designed, whiclflanked thelocation of interest with
approximately21 bp (7 codons) on either side, but ¢aimed the desired nucleotide subsiiion at the

location instead of the existing amino adligurel2).

location of interest

template DNA | —

sense primer F
anti-sense primer —
d

esired mutation

Figurel2: Principle ofSite Directed Mutagenesis
A sense and an antisense primigsnk the location of interest and contain the desired nucleotide
substitution at this location.
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If a random mutation at docation of interested wago be introduced the existing amino acid at this
locationwas substituted witla degenerateodon The codondNNN andNNBweretestedfor this purpose

(N =A/C/G/T, B = C/G/Both codons encod®all 20 amino acids, but while NNN used all 64 codons, NNB
only use48.

In order to ensure theeliability of the PCR process and the subsequent template digestion, a control was
carried out along with the mutagenesis reaction, containing all components of the reaction except for the

polymerasgTable5, Table6).

HO 37 37.5
5xHerculasdl buffer 10 10
dNTPs (12.5nM each) 1 1
template DNA (10@g/uL) 0.5 0.5
primers (10 pM) 0.5 each 0.5 each
Herculase Il plymerase 0.5
total volume 50 50

Table5: SiteDirected Mutagenesis &action

. Temperawre[C] [ Time[mmss]
Initial denaturation 95 0:30
Denaturation 95 0:30
Annealing 57 15cycles 1:00
Elongation 72 6:00
Pause 4 forever

Table6: Site-Directed MutagenesisCycle

Upon completion of the PCR reaction, a Dpnl digest was performed to remove template DNA from the
PCRreaction (Table 7). Dpnlis a restrictionendonucleasevhich spedfically cuts methylated DNAhe
addition of methyl groups to cytosine or adeniisea mechanisnbacteriauses to protect itselgainst
foreign DNA(e.g. originating from bacteriophagespy markingits own DNA to distinguish it from
intrudersQSince tle template DNA s isolated fronbacteriait had beenmethylated whereasthe DNA

produced in the PCR reactitiad not, and couldtherefore rot be degraded
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The control reaction wafurther divided into two separate reactions. In the fioste, a Dpnl digest was
performed (negative controlyvhereasthe second one was directly transformed (positive contfdgble
7).

PCR product 50uL 30uL 20uL
Dpnl 2.5uL luL
incubation 1 hour at 37°C

Table7: Site-Directed Mutagenesis- DpnlDigest

5 ul of the Dpnl digested mutagenesis produastransformed into cheritallycompetent XL1 blue cells
and incubated at 37°C overnight. On the following day, positive control plates were expected to contain
numerous coloies comprising the PCR templatéegativecontrol plates were expected to be empty,

since all template DNA shoutdwvebeen digested and no PCRhould have taken place

2.1.4 Restriction Digest of DNA

Prior to ligations usinghe T4 DNA ligasér¢m NEB) linearizedvector and inserDNAfragmentswere
preparedutilizingrestriction enzymegPray, 2008)Table8). Suchenzymescut DNAat their respective

restriction recognitionsites of typically 6 to8 basepairs in most caseseaving behind short overhangs

OFrfft SR aadAaole SyRaész gKAOK | NBE O\vo¥lciminany used ¢ A G K
plasmid vectors have multiple cloning site4CS)with recognition sites fonumerousrestriction enzymes
(Figurel3). Forthe insert DNA suitabé restriction site@readdedviaPCRy including them in the utilized

primers
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amH |
EcoR |
Hind 111

B
Xho |
Sac I*
Bgl ll
Pst |
Pvu ll
Kpn |
Nco |
9 BstB |

w RBS ATG 6xHis Xpress™ Epitope EK MCS

Figurel3: PlasmidVector pRSETB
The multiple cloning site (MCS) contains recognition sites for numerous restriction enzymes. The
restriction sitesdBamHI| and Ed| which we predominantly usedye highlightedin yellow.

An analyticrestriction digest could be performeafter a ligationto confirmits successin this casethe
DNA of a picked clone was purifiedsmall amount of DNA was digest@able8), and thepresenceof

vector and insert bands was examingd analytic agarose gelectrophoresis

The restriction enzymeseployedwere BamHI, Dpnl, EcoOBLoRYV, Notl, Sacl and Sffidm NEB)

H0 24.3 325
DNA(100-200 ng/ uL) 2 10
enzyme luffer 3 5
BSA(optional) 0.3 0.5
enzyme 1 0.2 1
enzyme 2(if required) 0.2 1
total volume 30 50

Table8: RestrictionDigestReaction
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Followinga restriction digest, agarose gakctrophoresiavasused toeither extract the desired piece of

DNA or to visualize thBNA bandsf an analytic digest.

2.1.5 Agarose Gel Hectrophoresis

Agarose gellectrophoresis wasmployedto separate strands of DNA according to their sTaes method
takes advantagef the negative charge of DNXWhenan electric fields applied, themoleculesmove

towards the anode. I®rt pieces of DNAreable to navigatenore quickiythrough theagarosegelpores

To preparel % agarose gel.5g of agarosevasadded to50 ml of al x TAE buffer adhboiled using a
microwave until evenly mixed. In a gel sledge with a suitable cémb ethidiumbromidewasdispensed
before the gel was allowed to polymerize fapproximately20 minutes.Ethidium bromide is a popular
stain to detect DNA, exhibiting increased fluorescence under UV light when attached to DNA.

Prior to loadingDNA sarples weresupplementedwith DNAloadingbuffer (10 x Orange G9 increase
the sample densityas well as its visibilifd00 bp or 1 kb DNA laddergfrom NEB)wvere used aDNA
standardsElectrophoresis was performed atLl00 Vfor approximately 45 miates.

DNA bands were visualizethder UV light using a Gel DYc2000 Gel Documentation System (from
BioRad).

2.1.6 Dephosphorylation of V ector DNA

Prior to ligation vectors were dephosphorylated with a phosphatasgalyzing the removal of phosphate

groupsT N Y (i KSA(Rdbleoyd { ININOSY A A I & S & in gr&EtR perfokrSigagos, p Q

the dephosphorylatioimpeded seHigation, thereby reducinghe backgroundf empty vector plasmids
Antarctic phosphatase was chosen because it can be-ihaativated, whereuporvectors can be used

without another purification step.
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DNA (10Q; 200 ng/uL) 44
10x Antarctic phosphatase buffer

Antarctic phosphatase

Total volume 50
Incubation lhat 37°C
Heat inactivation 15min at 70°C

Table9: Vector Bephosphorylation

2.1.7 Ligation of DNA Fragments

2.1.7.1 Ligation via Ligase

T4 DNA Ligaseas used to catalyze the formation of bonds between DNA fragm@ratsle 10). The
complementary sticky endeft behind by most restriction enzymésve a intrinsictendency tobuild
temporary bonds Thesecan then be converted into permanenphosphodiester bonds betweethe
PQLIK2&LIKE GS I yRbybtgesks® RNRE&ft G(GSNYAYA

A control ligation was alwaysnductedto estimate the amount of empty vector backgroumdsuting

from uncut or seHigatedvectorplasmid (Table10).

same amount of vector DNA
vector DNA total of 4 (vector/insert ratio| ~ as in the ligation, but D
1:3¢ 1:5) instead of insert
insert DNA
H.O 13 16
ligase buffer 2 2
T4 DNAibase
total volume 20 20
incubation 3 hours at room temperature

Tablel0: DNALigation
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2.1.7.2 Ligation via SLICE

SLICE (Seamless Ligation Cloning Extract) is a rather new, fast and highly efficient cloning niethod wh
uses bacterial cell extrattt assemble multiple DNA fragments into recombinant DNAegwes irasingle
reaction(Zhang et al., 2012)

For theproductionof SLICE extradhe E.colistrain PPYderived from DH10BY)as grown overight in 5

ml of 2xYT mediunsupplemented withsuitable antibioticsat 37°Candgently agitated On thefollowing

day, 200 ml of medium containingsuitable antibioticsvasinocukted usingthe overnight culture Cells
were grownto an ORwo of 5-5.5 at 37°Cand undergentle agitation Thereafter,1.1 ml of a 36% 4(+)
arabinose solutiowasadded tothe culture toinduce protein expression. Cells were allowed to grow for
another two hours before they were spun dowat 5465 x g and 4°C for 10 minutéhepellet was
resuspendd in 2.5ml protein resuspension buffersupplemented withithe protease inhibitorMSH4

pUM), pepstatin(4 pg/ml) and keupeptin(4 pg/ml). The cell suspension was frozen&®°C for at least one
hour andthenfully thawed Subsequently, approximatelymg of lysozym&asaddedandthe suspension

was incubatean icefor 30 minutes RNAseg§ pg/ml) wasadded, and thesellswere ultrasonicatedn ice

water for 30 minutes. The mix waghen centrifuged at20000 x g and 4°C f80minutes, beforethe pellet

was discarded and glycerol was added to the supernatant to a final coatientof 50%.

TheresultingSLIiCE extract was incubated at 4°C overnight, then frozen in liquid nitrogen and stered at

80°C.

For the SLiEreactiona vectorwaslinearized eitherviaPCR or witlthe use ofestriction enzymes. Insest
were amplified in a PCR reactipwhich also provided themwith a 20bp overhang on either sidacting
as ahomolog tothe adjacentDNA fragmentgFigurel4). PCR produstveredigested with Dpnid remove

template DNA angburified via agarose gel electrophoresis to eliminate background
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overhangs

/ insert 2

. I e |
insert 1 insert 3

PRSET

SLICE

Figurel4: SLiCEloning Scheme
Each fragmenintended forSLiCEloningwas equipped witrshort overhangs on either side, whialere
homolog to the adjacent fragmest

vector DNA _ _
insert DNA total of 8 1(\:/§St(1):ré|)nsert ratio
H.O

ligase buffer 1

slice extract 1

total volume 10

incubation 15min at 37°C

Tablell: 9.iCEJoning Reaction

After incubation, luL of the SLICE reactimmmstransformed into chemical competent Xhlle cells.

2.1.8 Preparation of Chemically C ompetent E.coliCells

10 mlof LB mediumsupplemented withsuitable antibioticswasinoculated with 1uL of bacterial cell
stock (either XL1 blue or BL8#ld) and incubatedvernight at 37°Qinder gentle agitation The added
antibioticsensuredthat only the desired stock, which caéed a resistancegrew. On the next day, a 1000
ml Erlenmeyer flaswas prepared with 30Q 400 ml ofpreheated LB medium andmil of the overnight
culture.Cells were allowed to grote an ORseof 0.5at 37°Qundergentle agitation. Afterwardghe cells

were incubated on ice for 10 minute$he cell culture washen divided into 660 ml Falcon tubesnd
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centrifuged for 15 minutes dbw speedand 4°C. Theupernatantwas decantedand the pelletswvere
resuspended in 30nl of precooled TS®uffer. 7.5ml of glycerinwas added, before the cells were

aliquoted into 5QuL portions and immediately frozen in liquid nitrogen. The aliquetse stored at-80°C.

2.1.9 Transformation of Chemically C ompetent E.coliCells

TheE.colistrain XL blue was used for cloning experiments. It is a common choice for routine cloning and
sub-cloning experiments I has an endonucleaskdeficiency(endA, which improves the quality of
purified DNAby impeding itsdegradaion viaunspecific endonucleasés the periplasmic space &.coli

In additin, XL1 bludasa recombination deficiencfrecd, whichmeans that the inserted plasmid DNA
isleft unaltered by the cells repair system, improvingert stability.Furthermore, XL1 blue cells have a
hsdRmutation, preveningthe cleavage of cloned DNA Bgokendonucleaseswhich destroy foreign DNA

in E.coli

TheE.colistrain BL21 gold was used for protein expressibns most suitable for expression vectors
containing the bacteriophage T7 promoteaince the gene encoding T7 RNA polymerase is integrated into
the chromosome of BL2BL21 celldack theOmpT protease and theon protease, which degrades

recombinant preeins.

The transformation procedure wadenticalfor both strains. Chemically competent cells were thdvoa
ice and 1uL ofplasmidDNA was addedn our hands, a DNA concentration of ~ X@ful proved to be
most suitable for BL21 cells, whereas a dilution to 80ul was advisable for XL#lts, which exhibited
ahigher transformation efficiencyHowever these numbersre probablystronglydependenton the way
the respective cell stockare created and treated Cells wereincubaied on ice forapproximately20
minutes, andsubsequentlyheat-shocked at 42°C for 45 smwls Cells werethen allowed to recovepn
ice for 2minutes. An optionalricubationin 0.1 ml of SOC medium at 37°C for 1 hnareased
transformation efficiency.

Afterwards, cells could be transferred to LB mediunspread onagar plates containing appropriate

antibiotics.Cultures and plates were incubated at 37°C overnight.



Material and Methods 46

2.1.10 DNA HRurification and Determination of DNA Concentration

The QIAprep Spin Miniprep Kit was used for standard DNA purification of plasmid DNM(ftas & A 1 S
kb) from XL1 blue bacterial cultures. It allowed for ficaition of up to 20 pug of DNA, whigtasbound
to a silica membrane ithe presence of chaotropic salfter a number of cleaning stepi# waseluted
into low-salt buffer or HO dd. If higher amounts of DNA werequired, the Promega PureYiPlasmid

Midiprep Kit was used, which allowed for purification of up to R@0f plasmid DNA.

For DNA purification from agarose gels, the QlAquickumeoSpin® gel extractid&its were usedwhich
both utilizeda silica membranér DNAbinding

DNA concentratin wasdetermined using a NanoDrop 100festrometer, which detected absorbance at
260nm, with DNAelution buffer or HO ddas a blank.

2.2 Protein Biochemistry

2.2.1 Protein E xpression

TheEcolistrain BL21 gold washosenfor protein expression, andRSETBontainingthe T7 promoter
was utilized as an expression vectohll proteinsintended for purificationincorporatedan N-terminal
poly-histidine tag (Hidag) consistimg of 6 repeats othe amino acid histidine

Protein expression was induced eitltroughlactose, oithe synthetic lactose analdgopropyl-beta-D-
thiogalactopyranoside (IPT@oth methodsinitiated the expression of the T7 RNA polymerase, which in
turn bound to the T7 pmoter and transcribed theoding sequence for the desired protein

For IPTG inductio®L21cells transformed witha plasmid of choicewere grownin 200ml of LB medium
supplemented withsuitable antibioticsto an O of 0.6 at 37°Cunder gentle agitation. Rotein
expression waghen induced by theintroduction of 0.1 mM IPTG. @lls wereallowed to growfor
approximatelyl2-16 hoursat room temperature after whichthe proteins werepurified.

Higher yields of protein could be achievéda lactos¢with anautoinductiveLBmedium renderingthe
need to monitor growth and undertake further steps at appropriate timesnecessary For
autoinduction, BL21 cells were grown 200 ml of LB medium supplemented witintibiotics,as well as
0.6 % glycerol (W), 0.2 % lactose (w/v) and.05 % glucose (w/v)based on(Studier, 2005) for

X

M
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approximately 65 hours at r@m temperature under gentle agitationRroteins could be purified
thereafter. Cells whichwere grown inautoinductive LBnedium, used glucose as an early energy source.
Glucoseepressedhe inductionof T7 RNA polymerase expressigriactosewhich mean that allglucose
neededto be metabolized beforgrotein productioncould commence giving the cellsufficienttime to
grow. When glucose was depleted, protein expression was induced by lacthserd, whichdid not
interfere with lactoseénduction,couldbe used as a latenergy source, supporting continued growth and

protein production of the cell culture.

2.2.2 Protein P urification

For protan purification, bacterial cellwereharvestedat 5465 x gand 4°C for 10 minute$he supernatant
was discarded and the pelletasresuspended in 10nl of protein resuspension buffesupplemented
with the protease inhibitors PMSE mM), pepstatin (1 pg/ml) and kupeptin (1 pug/ml). The ell
suspensionwas subsequentlyfrozen at-80°C for at least ondour. It was then completelythawed,
approximately Img of lysozyme was added arile suspensiowasincubated on icdor 30 minutes
Lysozyme is a glycoside hydrolase, whliegradedacterial cell walls by catalyzing hydrolysis oflieta-
linkages between Mcetylmuramic acid and-acetytD-glucosamine residues in peptidoglycan.

10 drops of the detergent TriteX-100 and10 pg/ml each ofDNAse and RNAse were addadd cells
were ultrasonicated irice waterfor 30minutes. Cell debriscoud then be separated fronthe proteinsin
solution through an additional centrifugation step &0000 x gand 4°C for 3@ninutes. Thepellet was
discarded andhe supernatant was transferred ta 15ml Falcontube and combinedwith 300 uL of Ni
NTA(nicketnitrilotriacetic acid)agarose beadsThe Higagscontained inall proteinsof interestcould
then form complexes with the nickel ion&/nspecific binding was preventédia competitive binding)
through the presence of 10 mM imidazola side chain of histidineProteins and beads were incubated
at 4°Cunder gentle agitatiorfor 1 hour. Eventuallythe suspension waaded ontoa polypropyene
column which retained the beadsvhile allowinguntagged proteingo pass throughThe proteins were
washed twice withprotein resuspension bufferSubsequentlythey wereeluted in 400uL of protein
elution buffer, whichcontainedenoughimidazole(250 mM) to outcompetethe proteinsboundto the

Ni-NTA leads, thereby releasing them into the buffer.
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2.2.3 Small Scale Protein Purification

If only a small amount of protein wasequired cells were preultured in 5ml of LB medium
(supplemented with suitable antibioticsp 14 ml polystyrene tubesta37°Cundergentle agitaton. After
approximatelyl6 hours, ml of medium supplemented with antibiotics and IPW&s added to induce
protein production. Cells were allowed to grow for another 8 hours at 37°C, before they were harvested
by spinning them dowat 5465 xg and 4°C for 10 minuteAlternatively,cellscould be culturedor ~65
hours at room temperature in-80 ml of autoinductive LBhedium

The treatment used tdoreak up the cells waslentical to thepurification protocol outlined in chapter
2.2.2 scaled down tcsuit a smaller volume. After thesecondcentrifugation step which separated
proteins from cell debris, the supernatant was added tqu2bf His Mag Sephrase Ni magnetic beags
which were usedn placeof the NiNTA agarose beads to bind the protefnmagnetic rack, which held
24 Eppendorftubes retained the proteirsin place while buffers were changed with a vacuum pump. The
proteins were incubated witlthe beads for 1 hour at € under gentle agitatiarThey werethen rinsed

three times inprotein resuspension buffer and eluted in bprotein elution buffer.

2.2.4 Determi nation of Protein C oncentration (Bradford Assay , BCA Assay

Protein concentration wasletermined using eithethe Bradford or the BCA assay, which are both
colorimetric assaydn the Bradford assayCoomassie Brilliant Blue-Z50 binds to proteins. This dye
exhibits different colors depending on its ionic statenbdund andunder acidic conditions, it
predominantly existsn its doubly protonated cationic form arid red in color (Anax= 470nm). When it
binds to protein, it is converted into itsnprotonated anionic form and turns blue (A= 595nm). The
shift of absorptionfrom 470nm to 595nm can be measured and comparedatknown protein standard.

In the BCA assagroteinis immersed in aalkalinesolution, leadingto the reduction of Ctfto Cu*. One
Cu*and twomolecules of bicinchonicacid (BCA) cathen chelate resulting inthe formation of gourple
colored reaction producivhich can be detded at 562nm.

BSA (bovine serum albumin) was utilized as a protein staratdadown concentrations

2.2.5 Native PAGE(Polyacrylamide Gel E lectroph oresis)
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To determine the oligomeric structure fifiorescent proteins,liey were compared to known monomers,

dimersand tetramers on native PAGJels, which separatkproteins according taheir chargeto mass

ratio, without changing their secondasyructure.

The separation gel was preparethple12) andsealed with isopropanol, and allowed to polymerize for ~

30 minutes. Subsequently, the isopropanol was pdurat or removed with filter paper and the stacking

gel was added on topTéble 13). The stacking gel was used to accumulate the proteins, before they

entered the sepration gel.

H.O 3.95 ml
30% acrylamide mix 3.33ml
1.5M Tris (pH 8.8) 2.5ml
10% ammonium persulfate (fresh) 100pl
TEMED 4l

Tablel2: Natve Gel Separation Geldaction

H.O 2.72 ml
30% acrylamide mix 665 pl
1.5M Tris (pH 8.8) 500pl
10% ammonium persulfate (fresh) 40l
TEMED 4ul

Table13: Native Gel Stacking Geldaction

Native PAGE running buffer was used, and electrophoreass conductedat 20 mA and 70

approximately 2 hours.

mV for
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2.3 Spectroscopy

2.3.1 Excitation, Emission , and Absorbance Spectra of Purified P roteins

Fluorescent spectra were recordeding either a Carlgclipse fluorescencepsctrometer (Varian) or an
Infinite M200 PRO plate reader (Tecaihe plate readenllowed for themeasuremen of up to 96
proteins in parallend could recor@bsorbancein addition to excitation and emission

For the spectrometerl5ml of proteinwasdiluted in 1ml of MOPS buffe(-fluorescence spectroscopy,
pH 7.5)and mixedgentlyin aquartzcuvetteto avoidbubbles. The Cary Eclipse scan software was used to
record spectraFor the plate reader, Bl of proteinwasdiluted in 200ul of MOPS buffe¢-fluorescence

spectroscopy, pH 7.5The plate readeutilizedthe Tecan-control™ software.

2.3.2 Determi nation of Quantum Yield and Excitation C oefficient

The brightness of a fluorescent protein is defined as the product gfugsmtum yield and its extinction
coefficient Itis often indicated as the relative brightness compared to EGFP.
Thequantum yieldof a protein, which isdefined asthe ratio of photons absorbed tghotons emitted
through fluorescencewasdetermined & fdlows: A fluorescent proteirand areference fluorophorevith
a similarexcitation profile were diluted in 5mM Tris (pH &) to an absorbance value #te excitation
wavelengthof 0.3-1. Absorbance was measureand bothprotein andreferencewere furtherdiluted via
serial dilutionto 5 concentrations below 0.05heir absorbance was calculated from the dilution steps
sincesuch low absorbance values cana measured reliablyThe full emission spectra of all dilutions
werethen recordedusing a stepige of1l nmand constansettings foreachmeasurementThe anission
spectra wereintegrated and the resulting fluorescence intensitadsa proteinwere plotted againsthe
calculatedabsorbance valued.inear rgression was applied to thelots with the intercept set to zerp
and the slopesvere determined.Usingthe known quantum yield of the reference fluorophadew,) and
the two slope value$Srand S, the quantum yield of an unknown fluorescent prot&ire) could be
calculated using t following formula:

Y Y

Y Y
R-r and Rrrepresentthe refractive indexes of the buffers used for the fluorescent protein and the

reference respectively.
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The extinction coefficient reflects the capability of a fluorescerdtgin to absorb light at a certain
wavelength.To calculateéhe extinction coefficient, protein concentrations were determined usitger
the BCAor the Bradfordassay Theseconcentrations werehen converted into molar concentration¥)
using thecalculated molecular weight offuorescent protein, which can be deduced fraisisequence
(online calculatoe.g.http://protcalc.sourceforge.net/ status: 24.6.2014Absorbance was measured at

the excitation maximum and thillowing formulaappliedto calculate the extinction coefficient:
‘0z 0
0z2Q
la representsthe absorbancéntensity at a given wavelength, D the dilutiaacfor, and dhef A 3K (i Q&

length through the solution

2.3.3 Determination of the pKaof a Prote in

To determine thepk; of a fluorescent protein (indicating its pH stabiljtgseries of200mM citrate and
borate buffered solutionsvere prepared, with pH values adjusted in @Hsteps frompH3 topH10with
NaOHand HCI In atransparentbottom 96 well plate, triplicate of 200ul of buffer containing 3 pl of
protein, were prepared for each pH value and incubated for 10 minutes at room temperature.
Subsequently, all emission and absorbance spectra were recorded. To determineithalys the
relative fluorescencealuesat the LINR (i @niisgiad &naximurwere plotted against the pH valisand a

sigmoidal fit was applied.

2.3.4 Determination of the in vitro Ratio Change (qR) of a C&+* FRET hdicator

To determinethe ratio changdgR)of a FRENdicator, the donorwas excitedat its excitation maximum
(or lowerin the event ofcrossexcitation)and an emissionspectrum covering both the donor and the
acceptor emission was recordedhe sensor was first measured in MOPS buffluofescence
spectroscopy, pH 7.5yhich containél EGTA and EDTA to chelaté*@ms To determine the senssr
signal change in response to2Cand Md¢*, 1 mM Mg*, 1 mM C&" and 10mM Ca&* were added

respectively and spectra were recorded after each addition.

LJF
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nRupon addition of Mg*and C&" wascalculatedeither manually or througha Matlab program(written

by Christopher ZarbdcThe following formula was used:

nO-Y -du\d) b’?‘"mu é .‘Q-

Y'Y
Y

Y Y

2.3.5 Determination of the Ce-* affinit y of a Ca&* FRET Indicator

The C# affinity of a C&" indicatorwas determinedusing a titration kitbased on a method published by

Roger TsielfTsien & Pozzan, 198@nd a Cary Eclipse fluorescence spectrometeC3’ free solution

and a high C4solution(containing 39.84M C&*) were prepared both comprising the same amount of

protein. Emission spectréor the protein were recordedin the C&* free solution and also following

successive replacement of Chee solution with high C4 solution(titration steps depicted iTable14).

Ks values were determined by plotting the lagvalues of the [C4] free concentrationsn mol/l against

the correspondingn w @ Inbrufzfized tagn vat 39.8uM C&*), and fitting a sigmoidal curve to the plot.

Origin 8.1 was used for data analysis.

Volume to replace
Step [C&'lfree using a 1 mL sample
@pH=7.2

#1 0 pM

#2 0.006 pM 40 pL

#3 0.013 uM 40 pL

#4 0.020 uM 40 pL

# 5 0.027 pM 40 pL

#6 0.035 uM 40 pL

#7 0.065 UM 112 pL

#8 0.100 uM 143 uL

#9 0.225 uM 333 L

# 10 0.351 uM 250 pL

#11 0.602 uM 333 L

#12 0.853 uM 250 pL

#13 1.35 pM 333 L

# 14 1.73 pM 200 pL
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Volume to replace
Step [C&'lfree using a 1 mL sample
@pH=7.2
# 15 2.85 UM 375 pL
# 16 4.87 UM 400 pL
#17 7.37 uM 333 L
#18 14.9 uM 500 uL
#19 29.9 uM 500 pL
# 20 39.8 uM 1000 pL

Tablel14: C& Titration Seps

2.3.6 Determination of the Kinetics of a Ca 2+ FRET Indicator (Stopped-Flow

Measurement )

The kinetics of an indicat@ko,n and Kx), were measured usingid®X2000 rapid mixing stoppéidw unit,

in combinationwith an RX pneumatic drive and a Cary Eclipse fluorescence spectromégt saturated
indicator solution (pH 7.5and aC&" chelatingsolution (pH 7.5with BAPTA as a Eahelatol) were
prepared. Cary Eclipse kinetics software was used to excite the sensor at the donor maximum and
alternately record the emission of the donor atite FRET chmnel at their respective maximalhe
saturated buffer and chelatinpuffer were mixed with arinjection pressure of 3.5 baFive to six
measurements per channel were recordadd their respective meanwere used to calculate thERET

donor ratio, which was then plottedThe decay time of a sensor was determitgditting a single or

double-exponential curve to the ratiourve Origin 8.1 was used for data analysis.

2.4 Bacterial Plate Screening

2.4.1 Library G eneration and Preparation of Screening Plates

DNA librarieof C&* FREThdicatorswere generatedsiathree different strategies:
1. Error prone PCR was used to idenpfpsperoussitesfor mutations in fluorescent proteins or

indicators

2. Sitedirected mutagenesis wadilizedto introduce specificor random mutations aprosperous

sites
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3. Random linkers were introduced betweénorescent proteinsand C&* binding sitesto increase

the distance between théwo chromophoresandchange their orientation t@ne-another.

XL1 blue cells were transformed wittb&lA libraryevenly spread on angar plateand incubatecat 37°C
for approximatelyl6-18 hours.They werethenincubatedat room temperature foseverahours to allow
the proteins to further maturate. Libraries of fluoresdgaroteins were then screenetb evaluatetime
to maturation. Lbraries of indicator®n the other handwere stored at 4°©vemight andscreenedhe
following day.Ideally, plates consisted of approximateBp0to 800 bacterial colonies, eacontaininga
different type of fluorescent protein or indicator

It often proved beneficialto blot the colonies on a circular piece libtting paper (especially when the
performance of a sensor was to be evaluatadyl screenthem on/pick them off the papedirectly. For
this purposethe blotting paper(Whatman, 0.34 mmyas soaked iMOP Suffer (-screening, pH 7.8nd
carefully pressed against the agar plaierethe colonies readily addredto it.

Polyethylene spray bottles (Rotert, Germany), with a total volume ofil3nd a volume per spray of 0.15
+/- 0.05ml were used to apply solution® the bacterial coloniesAlternatively spray guns (JetStream |,
K350, HVLR)owered by pressurized air (2 bawere utilized with laser poiners attached to facilitate

aiming.

2.4.2 Screening of Fluorescent Proteins

Huorescent proteinsvere screenedn E.colito evaluate time to maturation, brightnesand thedegree
of cross excitation from potential FRET donoPdates were screened withi20-24 hours after
transformation to identify variants which matured quickiycreased brightness coultk examinedusing
either a Leica M205 FA fluorescence stereomicroscopea CoolSNAP ES2 CCD camdth a Lambda
LS/30 Stand\lone Xenon Arc Lamp (Sutter Instrument) and a Lambeadytical filter changer (Sutter
Instrument)which controlledthe filter wheel.

A custom python program(written by Christopher Zarbogkvas used toprocesslarge quantities of
colonies andmeasure theirbrightness andexcitation profile against a referencerhis reference was
imaged alongside eachigte, allowing the program to identifguperior variants The extent of cross
excitation from potential donorscould be testedby exciting the colonies aff K S R 2xfigtd Q
maximum The program identified colon& which were less excitable at theseavelengtts than the

reference
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2.4.3 Screening of Ca2* FRETIndicators

C&* FRETIndicatorswere screenedin E.colito assessstarting ratios(R) and ratio change® n w.kAw 0
custompython program(written by David Ngsee appendi®%.1l) was used to operate the camera and all
accompanying devicegjentify the coloniesandto record andanalyze the dataMaximal anission was
recorded forboth donor andFRET channel

At the beginningof eachexperiment, a baselinef five picturesvas recordedn 15 second intervaldhe
colonies wereghen sprayed withtMOPS buffe(-screening, pH 7.5¢ontainingionomycin and poht-lysine
(50ug/ml each)to penetratethe bacterial ell walls.Duringa five minuteincubationperiod, 25 pictures
were taken in 15 second intervaEhereafter MOPS @0 mM C&* buffer (-screening, pH 7.5)as applied.

In functional sensorsyeincrease iffFRETould then beobservedwithin millisecondsAfurther 25 pictures
were taken, again in 15 second intervals. Upon completteprogramanalyzedhe Ry andgRR/Rof each
sensor, and identified the 10 colonies exhibitthg highestgR/R values. Rralues were also taken into
account, albeit to a legs extent (see chapter8.1.6and 3.1.7). The experimenter was presemtavith
three plots showing the single traces of the best performing colonies, a landscape of all sensors on the
plate based ontheir gR/R and R and a scheme of the plateighlightingthe positiors of the best

performers. Theseolonieswere subsequentlpicked and cultured for further analysis.

2.5 Cellular Biology

2.5.1 Thawing and Handling of HEK Cells

HEK cells from a stockaintainedat -80°C were rapidlyhawedin a water bath set to 37°They were

then transferredto a Falcontube containing5 ml of prewarmed DMEMO6 5 dzf 6 SO02 Q4 a2 RA FA ¢
Medium), supplemented with 1@ FC$®Fetal calf serum) antl % Pen/StrepSubsequently, cells were

spun down at 200& g for 5 minutes at 4°C, the supernatant when discarded and the pellet resolved

in 10ml medium Cells wereultivatedat 37°Gwith 5% CQ

HEK ells weresplit at a ratio of1:10 twice a weeki-or this purpose, the old medium was removed and

cells were carefully rinsed PBSThey were theimncubatedin 1ml of trypsin for threeminutes,facilitating

their detachment from the surface of the disfhereafter 9ml of DMEMwasadded andclusters of cells

were separated fronone another by genly pipetting them up and down severtiines. 1ml of thecell

bearingsolutionwasthen added to 9ml of freshDMEM in anewdish.
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2.5.2 Transfection of Cell Culture s

Genes encoding sensors were subcloned into the vector pcONAB cells were transfecteththe C&*
phosphate transfection method, in whichphogphate precipitates with the DNAhe predpitate then
attaches to the cell surface ansl subsequentlyransported into the célvia endocytosigGraham & Van
der Eb, 1973)All substancesequired heatingo 37°C prior to mixingTable15). Themixture wasthen
incubated at 37°C for 20 minutebefore beingadded dropwise to the cellsOn the following day, the

cell mediumwasreplaced Thereafter cellswere allowed to recover for at least one hour, before they

wereimaged
| volmeperzmimedum
H0 87.6 ul
DNA 1-5 ug
Cadl 12.4 pl
2x BES (add whilertexing) 100 pl
total volume 200 ul

Tablel5: C&* Phosphate Tansfection

CellswereimagedinHaka . | £ I Yy OS R { 10X, dalciyn® rhagriesiughyho ghénol {e@)525

nM of ionomycinwasadded to induce Catransport into the cells.

2.6 Imaging Setups

2.6.1 Set-up for Bacterial P late Screening

Bacterial cells were mounted on a movable stage and imaged with a CoolSNAP ES2 CCE tamboa

LS/30 Stand Alone Xenon Arc Lamp (Sutter Instrument) was used as a light source. Light was transmitted
through a liquid light guide. Emission and excitation filters, as well as shytiene controlled by a
Lambda 1€ optical filter changer (Star Instrument)(Figurel5). A complete list of filters utilized can be

found inTablel6.
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CCD
camera

lens

emission filter wheel

blotting paper with colonies

liquid light guide excitation filter wheel

movable stage % 0 control unit filter wheels

[
/ % light source

Figurel5: Scheme of the Satp for Bacterid Plate Screening
Screening setip consisting of two filter wheels, a CCD camera, a lens and a movable stage for the blotting
paper containing the bacteria.

Excitation
Wheel Position | Filter (wavelengths in nm) Chroma Ordering | Application (examples)
1 HQ 575/ 50 41043 DsRed, mCherry
2 HQ 546/ 12 41003 mKQ
3 HQ 500/ 20 41028 mCitrine
4 HQ 470/ 40 41017 EGFP
5 D 436/ 40 31044v2 ECFP, Cerulean
6 D 395/ 40 31043 tSapphire
Emission
Wheel Position | Filter (wavelengths in nm) Chroma Ordering | Application (examples)
1 HQ 640/ 50 41043 DsRed, mCherry
2 HQ 585/ 40 41003 mKQ
(blocked from 400 to 500 nm)
3 HQ 535/ 30 41028 mCitrine
4 HQ 525/ 50 41017 EGFP
5 D 480/40 31044v2 ECFP, Cerulean
6 D 510/ 40 31043 tSapphire

Tablel6: Excitation and Emission Filters for Bacterial Plateegningand HEKCell maging
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2.6.2 Imaging Setup for Mammalian Cells

HEKcells were imaged iB5 mm glass bottondisheswith 14 mm microwells and a coverglass thickness
of 0.0850.13, coated with pol-lysine. A Axiovert 35 inverted fluorescence microscope (Z&iss)used
in combinationwith a CoolSNAP E&£CD camera (Roper Scientific) arfdluar40x/ 1.30 dl objective

(Zeis3. A complete list of filters utilized can be foundTiable16.

2.7 Material

2.7.1 Instruments

Axiovert 35 inverted fluorescence microsco| Zeiss

Cary Eclipse fluorescence spectrometer Varian

Cary Eclipse softwar@.1(132)) Varian

E\:/(.allorz‘rrtl)g;ercell image analysis software Broad Institute
CooISNAP ES2 CCD camera Roper Scientific

Fiji (Schindelin et al., 2012)
FlexCycler Analytic Jena

Gel Doc 2000 BioRad

Herecell 240 Ceincubator ThermoScientific
Infinite® M200 PR(3.4.2.0) Tecan

JetStream | K350 spray gun HVLP Victor Air Tool Co.Ltd.
Lambda 1€ optical filter changer Sutter Instrument

Lambda LS/30 staralone xenon arc lamp | Sutter Instrument

Leica M205 FA fluorescence
stereomicroscope

Leica Microsystems

MagRack6 magnetic rack GE Healthcare
Matlab MathWorks

Metafluor (7.7.0.0) Meta Imaging Series
NandDrop 1000 spectrometer Thermo Scientific
Origin 8.1 Softwarév8.1.34.90) OriginLab Corporation
Polyethylene spraiottles Rotert

Python2.7 Python
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Quantity One software

BioRad

RX2000 rapid mixing stoppdidw unit

Applied Photophysics

RX pneumatic drive

Applied Photophysics

SIGMA 3K30 centrifuge

SciQuip

RC5B refrigerated superspeed centrifuge

Sorvall

2.7.2 Consumeables

Antarctic phosphatase

New England Biolabs

6 % CiNickel ChroMatrii*

Jena Bioscience

DMEM+ GlutaMAX"-|

Life Technologies

DNA ladders (100bp, 1kb)

New England Biolabs

ErrorProne Kit

Jena Bioscience

Glass bottom dishes 35mm4mm microwell,
glass thickness 0.08%.13mm

MatTek Corporation

lFyl1Qa .IflyOSR {¥¢
+, Mgt

Life Technologies

Herculase Il Fusion Enzyme with dNTP Co

Agilent Technologies

His Mag Sepharose Ni magnetic beads

GE Healthcare

NucleoSpin®Gel and PCR Gligan

MacheryNagel

PiercéMBCA Protein Assay Kit

Thermo Scientific

Polypropylene Columns Qiagen
Precision Plus Proteit Kaleidoscopg’ Bio Rad
PureYield" Plasmid Midiprep System Promega
QIAquick Gel Extraction Kit Qiagen
QIAquick PCR Purification Kit Qiagen
QIlAprep Spin Miniprep Kit Qiagen
Quick Start" Bradford Protein Assay Bio Rad

Restriction Enzymes (BamHI, Dpnl, EcoRl,
EcoRV, Notl, Sacl, Sphl)

New England Biolabs

T4 DNA ligase

New England Biolabs

Whatman GeBlotting Papiere, 0.34 mm

Roth
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2.7.3 Chemicals

Acetic acid (glacial) Sigma
Acrylamide/ Bis solution 30% Serva

AgarLB Invitrogen
Agarose Biomol
Ammonium persulfate Bio Rad
Ampicillinsodium salt Roth
Anhydrotetracycline hydrochloride Sigma
L-(+)Arabinose Sigma

BAPTA Invitrogen
BESN,NBis(2-hydroxyethyl)2-amino-

ethanesulfonic acid) Roth

Boric acid Merck

Calcium chloride, dihydrate Sigma

dtric acid Sigma
DMEMO 5dzf 6 SO02Qa az2RA|,. .
Medium) Life Technologie
DMSQ(Dimethylsulfoxid) Roth
Desoxyribonuclease Sigma
Doxycycline Clontech

EDTAEthylenediaminetetraacetic acid) Merck

EGTAEthylene glycol tetraacetic acid) Sigma

Ethidium bromide Roth

Fetal bovine serum Life Technologies
D-(+)}Glucose Roth

Glycerine Roth
Hydrochloric acid Merck

Imidazok Merck

lonomycin Merck

IPTQIsopropyl -D-1-thiogalactopyranoside)| Roth

Kanamycie Roth

Lactosemonohydrate Roth

LBbroth Invitrogen
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Leupeptinhydrochloride Sigma
Lysozyre Sigma
Magnesium chloridéexahydrate Merck
Methylglyoxal Sigma
MOPS Merck
Orange G Sigma
Pencillin/ Streptomycin Life Technology
PepstatinA Sigma
PMSHKPhenylmethylsulfonylfluoride) Sigma
PolyL-Lysine hydrobromide Sigma
Potassium chloride Roth
Potassium dihydrogephosphate Merck
Ribonucleae Sigma
Sodium chloride Sigma

Sodium hydroxide

VWR BDH Prolabo

Sodium phosphate monobasic

Sigma

Streptomycin Sigma
TEME[LTetramethylethylenediamine) Bio Rad
Trizma base Sigma
TritonX Roth
Tetracyclie Fluka
Trypsin Sigma
Yeast extract Sigma

2X YT microbial medium

Sigma
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2.7.4 Buffers and Solutions

Autoinductive LB medium

LB medium+ 0.6% glycerol (v/v)
+ 0.2% lactose (w/v)
+ 0.05% glucose (w/v)

BAPTAC&* chelatingsolution (pH 7.5)
(stoppedflow measurements)

10 mM MOPS

50 mM KCI
20 mM BAPTA

BES buffer (cell transfection)

50mM BES
280mM NacCl
1.5mM NaHPQ

Borate buffer(pH 8.4)

Boric acid
KCI

CaEGTA solution (Editration)

10mM KCaEGTA
1 mM MgC#
MOPS buffer C&"* titrations pH 7.2

C&* saturated indicator solution(pH 7.5)
(stopped flow measurements)

10 mM MOPS

4 mM CagGl
2 mM Mgdl
50 mM KCI
0.2¢ 1 yuM indicator

DMEM, 10%FCS1%Pen/Strep

500mlI DMEM
50ml FCS, hedhactivated
5ml Pen/Strep

DNAloading buffer¢ 10x Orange G (pH 7.5

10mM EDTA

100 mM Tris

50 % glycerol (w/v)
1% Orange G (w/v)

K:EGTA solution (Cétitration)

10mM KEGTA
1.5549mM MgC}
MOPS buffer C&" titrations pH 7.2

LB agar

LB melium + 159/ agar
+ 50 pug/ml ampicillin
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LB medium 209/l LB
MOPS buffer C&* titrations (pH 7.2) 30mM MOPS
100 mM KCI

MOPS buffer fluorescence spectroscopy

(pH7.5) 30mM MOPS

100mM KClI
100uM EDTA
100uM EGTA
MOP Souffer - screening(pH 7.5) 30mM MOPS
100mM KClI

MOPSI00 mM C&* buffer -screening (pH
7.5)

10xNative PAGE running buffer 250mM Tris base

1.92M Glycin

H.O to 1L

PBS (pH 7.4) 137mM NaCl

2.7mM KCI

10mM NeHPQ X 2 HO
2mM KHPQ

Poly- L- Lysine 1 mg/ml in boratebuffer (pH 84)
Protein resuspension buffer (pH 7.8) 20mM NaHPQ

300mM NacCl

20 mM imidazol

Protein elution buffer (pH 7.8) 20mM NaHPQ

300mM NacCl

250mM imidazol
10%Glycerol

50x TAEpH 8.0) 2 M Trizma Base

57 ml/l acetic acidglacial)
50mM ETDA

TSS buffer for competent cel(pH 6.5) 1% trypton (w/v)

+100mM C&*

0.5% yeast extract (w/v)
100mM NaCl

10% PEG (w/v)

5% DMSO (v/v)
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50 mM MgCh

2.7.5 Plasmids

pRSETB Invitrogen life technologies
pcDNA3 Invitrogenlife technologies
pRSPBuet1 Novagen

2.7.6 Bacterial strains, cell lines

XL1 blue Invitrogen

BL21 gold Invitrogen

JM109 Promega

PPY (Zhang et al., 2012)
HEK293T ATCC
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3 Results

3.1 Establishment of a New Ca&* Sensor Screening Assay

3.1.1 Choice of aBacterial Strain

TheE.colistrains BL21 gold, XL1 blue and JMh@®e tested for their suitabily in the screening assay.
BL21 gold is a protein expression strain, and twasefore considered the most logical chojeinceXL1
blue and JM109 aremore mmmonly appliedn cloning JM109 was eliminated as an optiahan early
stage due to the fact thathe cells expressednlya minor amount oprotein. Moreoverthey seemed to
be highly sensitive tanytreatment necessary for the screening proceduspparent from the fact that
coloniesconsistentlyappearedblurry following experimens, whereas BL21 and XL1 displayed superior
robustness.

BL21 exhibited transformation efficiencyvhich under given conditionsvas 5000 times lower than that
of XL1. Figurel6A shows a plate of BL21 cettansformed with300ng ofsensor DNAyltimately resulting
in 312 coloniesFigure16B depicts a plate of Alblue cells transformed with.1 ng of the sameDNA
resultingthis timein 558 colonies. BL2Dbloniesnot onlygrew fastercompared toXL1 colonies, theglso
reached a greater sizend most notably,exhibiteda significantlyhigher fluorescence intensityFigure
16A - O). Sensorexpressed in BL2did however, producen comparatively lowyn w Knwesponse to Ca
application. Expressed ¥L1 on the other handhe same sensaexhibitedamore distinctC&* response
(Figurel6D). Together withits superior transformation efficiency, this made XL1 blue inest suitable

choice forthis particularscreening assay.
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Figurel6: Comparison of Bacterialt&ins Consideredfor Screening

Agar patescontainingcolonies oBL21 goldA)and XL1 blue cel{8)expressing the same sensexcited
under the same conditions (exposure tims,4ain X, binning 1) Meanfluorescence intenties of BL21
gold (n=312) andXL1 bluecells(n =558), transformed with the FRET sensor-XML(normalizedto the
mean fluorescence of cpCitrine in BLZ&ror bars indicate SPC) MeankR/R+ SDof BL21 gold (i 19)
and XL1 blueells(n = 15) transformed with TRKXL, prdreated with 50 pg/ml polylysine,50 pg/ml
ionomycin andhen sprayed witfOOmM Ca&* (D).

3.1.2 Determination of Optimal Duration for Incubation and Pointin T ime for

Screening

Followingtransformation, numerous intervalsvere tested toidentify the most suitableduration for
incubation andthe optimal time to conductscreering. Platesof BL21 cellsvere transformed withthe
single fluorophore CasensorGCaMP3andincubatedat 37°Cfor 15 to 20hours, beforebeing imaged
Oneplate wasincubated for 20 hours and then stored4ftCfor oneweekbefore it was imaged

It was observed that colonientinued tobecane brighter up to 1517 hours after transformatioand

remainedfairly stableafterwards (depicted as initiasensorbrightnesskin Figure17A). The change in
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Ff dz2 NB 4 OS y O%appiicatioidn theldthef hahdcontinued to increaséor up to 20 hoursafter
transformation(Figurel7B), indicating thauntil then, not all sensorsvere fully functional At that point,
however,nonresistant satellite colonidseganto grow around themaincolonies(Figure17D). After one
week the meanFk had further increasel, but was accompanied by a greatariability between single
colonies.The meam C xallie exhibited a decreasinplyingthat sensordad alreadystarted to degrade
in the dying bacteriaFurthermore, the shape of th€&* responsecurve over time (Figure 17C) had
changed from a continuous increase fiiiorescance intensity (upon C&" applicatior) over several
minutes to a rapid increase, followedmmediatelyby a slow decreaseThiscould indicate that the
bacteria had entered a different growth phasdlowing themto adapt tothe incoming C& more quickly
On the basis of these resultswas decided to transfer the plates to room temperataféer ~1618 hours
of incubationat 37°Cto suppressthe development ofsatellite coloniesThe sensorsvere allowedto
maturate for approximately $nore hoursat room temperature before the plateswere stored at 4°C
ovemight. Imaging was conducted dhe followingdaywhen most sensora/ere anticipatedto be fully

matured, yetdegradatiorwasminimal
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Startingfluorescence intensitieBy, + SD(prior to any treatment)A) and fluorescenceantensity change
n C & 8Dupon C& application(B) at different pointsin time after transformation oBL21colonieswith
the single flusophore C& sensorGCaMP3Fluorescence intensiti@ser time forselected points in time
after transformation Eror bars indicate SIC) Satellie colonies around main coloni€B). (msh= 43
colonies, men=151, n7h=41, ngh=61, non=99, reon="105, Nweexk=222)

3.1.3 Background: Screening on Agar Plates and Blotting Paper

The suitability ohgar plates and blottig paper foiimagingexperiments wasompared Firsty, the auto-
fluorescence of agar plates and filter papesmeasuredand it was observed that agar plates exhibited
a notably higher autdluorescence in all excitation and emission settings testesnely CFP, YFP and
FRET (excitation at the CFP maximum and emission at the YFP maiigunelL8A). This howeverdid
not interfere with the measured intensities of the coloni@gth R, values of TAKXLmeasuredon both

agar plates andlotting paperprovingrelatively similar (Figure18B). When sprayed with Cahowever,
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colonies blotted oto paper exhibited a gnificantly largeigR/Rthan thosedirectly measured omplates

(Figure180). Thisindicatedthat the C&* solutionwas ableto penetrate the coloniesnore effectively

whenit was intoducednot only fran above but alsounderneath sincethe blotting paper wassoaked in

solution In addition,colonieswere probably moreloosely associated after the blotting process, making

them more receptiveo the infiltrating solution
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3.1.4 Attempts to | ncrease C&+ in the Cytoplasm of E.coli

3.1.4.1 Application of Extracellular Ca* (Exclusively)

It was observed that applying €4e.g. 100mM) extracellulaly onto a plate of BL21 cells transformed
with a C&' sensorlike TNXXL Figure 19A) or GCaMP3Fjgure 19B) induced asmall changein the
fluorescence ofhis sensor Thisobservationindicatedthat at leastsome C& was able to overcome the
double membrane of the bacterial cellxd reach the ytoplasma where the sensor was expressed
despiteE.colQ & 1 gb#itgity control its internal C4 levelsquite effectively(Gangola & Rosen, 1987)
Neverthelessin a sensor like FXXLwith anin vitro ratio change ofapproximately 308100 %, this
change influorescence wastill barely vidble. We assumedthat prototype sensors tde screenedn
bacterid platesin the future would display an initiatatio changelower than that of TNXXL It was

therefore concluded that a methodas requiredo introducemore C&'into the cytoplasm oE.coli
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Figurel9: Application of Etracellular C3*
Huorescence intensity traces of individual colonies of BL21 cells transformed wKiXI{N) or GCaMP3
(B). Arrows indicateat which point in timeC&* 100mM was applied.

3.1.4.2 Freezethaw Cycles

Freezethaw cycles are aommon way to breakacterialcell walls. In order to freeze the bacterial cells
whilst imaging them, a small amount of liquid nitrogen was carefully poured antmgar plateof BL21
cells expressing FXXL(Figure20). Liquid nitrogen induced huge andvisible increasén FRETeven
before the application of Ca Subsequentlythe liquid nitrogercausecthe likewisefrozenagar plateto
crack(eitherimmediately or aftethe application of CH) whichledto a dslocation of numerous colonies

The method wastherefore abandoned
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Figure20: Treatment of E.coliCells with Liquid Ntrogen

Randomly selected fluorescence intengy traces of singleBL21 coloniedransformed with TNXXL,
reflectingtypical responses to liquid nitrogen and subsequent®@pplication.Dashedlinesindicate a
short pause in imaging he red stadenotesa dislocated colony.

3.1.4.3 Methylglyoxal

Methylglyoxal is a carbohydrate metabolitelievedto induce C# transients inE.coliby opening Ca
channelsCampbell and colleagues tested 00100 mM methylglyoxal in combination with GG1L0 mM
external C& on E.colicells suspended in Hepes fier. Theydetermined cytosolic C4 levels with
aequorin,and observed increasdsom sub puM levels to up to 14 pkFigure21A) (A. K. Campbell et al.,
2007) In an attempt to replicate this effeci0 to100 mM methylglyoxaand 100 mMexternal C&were
applied toplates ofE.colicellsexpressinghe C&'indicator GCaMP3

AsFigure21B shows, methylglyoxdhiled to producehe desired effect in our experimentand actually
lead to a rpid decreasein fluorescence intensity of the indicator, instead of the anticipated increase. This
implies a decrease innternal C&', which (somewhat counterintuitively) could be atributed to
methylglyoxalitself. When Campbell and colleagues investigated the effects of methylglyoXakoli
they observed amore rapiddecreasen internal C&" in the presence of methylglyoxalheytherefore
speculatedthat this metabolite may have activatesbmeform of C&* efflux mechanismin addition to
an influx(A. K. Campbell et al., 200F)oreover, the decreasén GCaMP3 fluorescence intensityuld be
a sign that not only the intracellular €abut also the intracellular pHad been altered sincemany

fluorescent proteinglisplaysignificantpH sensitivity
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Figure21: Treatment ofE.coliCells with Methylglyoxal

Rise of cytosolic €afollowing the application of external Gaand carbohydrate metabolites with
methylglyoxal (MG) among theifA. K. Campbell et al., 200{@). Change irfluorescence intensitypf
GCaMP&xpressed in theytosolof BL21 celldpllowing application ofmethylglyoxal (10nM) and C&
(100 mM). Values were normalized to the respectiirgtial fluorescence intensityB). The arows
underneathboth charts indicatevhich substancevas applied anét which point in time

3.1.4.4 lonomycin

Consideringhe outer memivane of E.coliis permeableo ions (Nikaido & Vaara, 1985he ionophore
ionomycin was testeds a measto transportC&* across the inner membranéGangola & Rosen, 1987)
which wasthought to be the actal barrier In initial tests however, ionomycin had littlémpact on
intracellular C#& lewels, indicated by the fact that thancrease irfluorescence intensity of GCaMR&s
not higher in the presence adnomycin(Figure22). It was concluded that ionomycin musave failed to
cross theouter membraneand reach its point of actiorDbviously,a method had to beestablishedo

make the outer merarane more permeable.
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Figure22: Treatment ofE.coliCells with bnomycin

Fluorescence intensity @CaMP3 expressedBi 21cells The light line representloniestreated with
100mM C&* the dark line representsoloniestreated with a combination of 10thM C&* and 10uM
ionomycin (IM). The arrow indicates which pointthe substances were appliedalues were normalized
to the respectivénitial fluorescence intensityn=4 colonies eagh

3.1.4.5 lonomycin + EDTA/ Polylysine

Polycations were shown to increase the permeability of the outer membrane of-geayative bacteria
(Katsu et al., 1984EDTA was observed to have the same effeeive, 1965BL21 cells expssing a Ca
indicator werethereforetreated eitherwith polylysineor EDTAn combination of ionomycirgrior to C&*
application. Theaim was to have EDTA or polylysinender the outer bacterial membrane more
permeableandallow ionomycin to reach #hinner bacterial membranét could thertransport C&*across

the membranento the cytoplasmwhere the sensor was expressdegure23).

o O e © o © O pPL

Figure23: PresumedCooperation between Polylysinephomycin,and C&*

Bacterial cell expressing a genetically encodett BRET sensar its cytoplasm Polylysine (PL) is thought
to make the outer membrane more permeakteionomycin (O), which can then transport €across
the inner membrane.
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The few experiments carried out thi EDTA could not be quantifidzbcause the colonies on all plates
tested wereadversly affected by the treatment, becomingjther blurry orbeingwashed offaltogether.
Whether or notthis wascaused byEDTAtself was not investigated.

When cells were treated with polylysine and ionomycin priorGg* application the intracellularly
expressed Casensors showed a higher changeflimorescence compared to cells whialere exposed
exclusivelyto C&*. This observation was madier both single fluorophore and FRET sensBigure24A-

D) indicating that with this particular pretreatment, more C&* wasable toreach thecytoplasm Figure
24A and Calso reveal thathe mere applicatiorof polylysine and ionomycicould alsdead to a minor
increasein fluorescenceA possible explanation for thienomenonis thatC&*hadaccumulatel in the
periplasmof E.colicells(Jones et al., 2002andentered the cytoplasnthe momentionomycincameinto

effect.
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Figure24: Treatment ofE.coliCells with Polylysine andhomycin

Average fluorescence intensity GCaMP3A) and TNXXL(C)expressed in BL21 cells, which were either
subjectedexclusivelyto 100 mM C&, or previously treated with 5Qug/ml polylysine(PL)and 10uM
ionomycin(IM). Arrows indicate the timet whichPL + IM (only for dark traces) anc?G#or all traces)
were applieda Sy nCk C (BFY R/ h & kXX F pretréatedand non-pretreated cells.
Error bars reflect SDccavps, cazs 14, Rcamps, LM, thaa2+= 21, BnxxL, cazs= 15, BNxXL, PL+IM, then caz 15.
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3.1.5 Determination of Suitable Concentrations

3.1.5.1 Polylysine and lonomycin Concentrations

Variousconcentrations of polylysine and ionomycirene testedfor their abilityto penetratethe outer

and imer membrans of E.colicells To this end, one substance was kept at a constant concentration,
while the concentration of theexond substance was varied. T§@me expriment was undertakensing
both TNEXXL(Figure25A, B) and GCaMP3Kigure25C, D. The dashed grey lines represent the immediate
signal change followingretreatment with polylysine and ionomycifight grey), and the total signal
changefollowing the application of lylysine, ionomycin and €4dark grey). The black lines show the
signal changattributed solelyto C&* application(total signal change minus pretreatment signal change)
As can be seen iRigure25A and C amanipulationof the polylysine concentratiohad little impact on

the brightness/FRET of theensos upon C&* application Followingtreatment with X100 pg/ml of
polylysine however, mimmediate increasén brightness or FRE¥as observed Katsu and colleagues
(Katsu et al., 1984)bserved thapolycatbns such as polylysine replabdivalent cationgincludingC&™)

in the outer membrane, thereby setting them freecadrdingly a possible explanation may be tHagher
concentratiors of polylysine set more G4ree, inducing gprematuresignal changenithe sensosbefore

C&* was applied externallySince this is pure speculation however, a concentration of 50 pg/ml of
polylysine was selected for future experiments, to avoid the occurrence of this phenomieigoine258
and D show thatan increase from 1QiM ionomycinused in previous experiments (see chapters.4.4

and 3.1.4.5 to 50 uM, resulted in a much higher signal change following" @pplication, whereas
further increase to 10QuM had no such effectTherefore, 5QuM ionomycin was chosen as tloptimal

concentrationand subsequentlysed in further experiments.
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Figure25: Determination of Suitable Polylysine and lonomycioi@entrations

N w KOWTN-XXL(A), (B) and n C k GGCa&VP3C) (D) expressed in BL21 celieated with different
concentrations of polylysine (P(4), (C)and ionomycin (IM]B), (D) and 100mM Ca&*. The dashed lines
represent immediate reactions tthe polylysine and ionomycipretreatment (light grey) and the total
signal changefllowing the application of polylysine, ionomycin and'Gdark grey), whereas thblack
lines show the changeitributed solely to C& application (total signal change mmpretreatment signal
change) (n = 2 colonieper sensor and concentration

3.1.5.2 Extracellular Ca* Concentration

Similarly, anumber of C& concentrations were testetbr their potentialto induce the highest possible

signal changén the intracellularly expressed sensovghilst avoidng side effects.Fourconcentrations

rangingfrom 1mM to 1M were testedon a FRET sensor expressed in XL1 blue A=figyure26A shows,

N w Knereaseds a result ofisingCa&* concentratiors.

Toera dzNB GKIF G GKS 20aSNIBSR pwkw @I f dzSiaglelwévé@uogtht @ NB
recordingsof the sensomwere examined, namelf*RET (cpCitrinemission aECFRxcitation), ECFP and
cpCitrine(directly excited. The anticipated result wagsidncrease in FRESir{ce photons were transferred

from the excited ECFP to the nemrcited cpCitring a decrease in ECFP, ahdt cpCitrineremained
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unchargedwhen directly excitedAt 1 M C&* (Figure26C) however, a considerable increase apCitrine
brightnessvasobserved distorting theFREBignal Because this cimge in cpCitrine brightness could not
be attributed to FRET, it is likely that such high concentratioh C&" caused a drastic change in
intracellular pHtherebyincreasing the brightness of the pH sensitive cpCitrine. As this effnbt occur
with 100mM C&" (Figure26B), yet induced ratio changesemainedhigh, this concentration was chosen

for future experiments.
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Figure26: Determination of aSuitable Etracellular C&* Concentration

n w k- ®0of a FRET sensor expressed in XL1 blueindilged by different concentrations appliedC&*
(n = 6 colonies per concentrationjA). Single wavelength recordings eblonies ofXL1 blue cells
transformed wih TNXXL. Arrowidicate the point at whiclbacterial plates were sprayed with 186GV
C&* (n =197 colonies)B)and 1M C&* (n =222 colonies)C) SE values are displayed in gidglues in
(B) and (C) are depicted relative to the maximum of cpCitAtiecells werdreated with polylysine and
ionomyan prior to the experiment.

3.1.6 Selection Criteria

In our bacteriabased screening assay foew FRET sensorse were interested iniwo characteristics;

highgR/R and lowR, (in theoryallowingfor higher signal changgd-or the first thre@ounds of screening,

sensors were grouped into three categories: Lowet RKA IKSAad pwkw YR aSyaz2Na
categoriegFigure27). Up to 10 candidates per plate were picked for each catediivg screening criteria

were later changedhowever, because the sensors exhibiting the lowegti®stly turned out to beeither
non-functional (e.g. containing a stegpdon) or imaging artefast In addition, many sensors which ranked

relatively high in both categories wefeund to have rather average properties overals a result, it was

decided to screen for higqiR/R, with Rvaluesonlytaken into accounto alesserextent.



Results 78

A Matlabprogram(developed with andwritten by Elisabeth Hopp and Christopher Zarae&s used to

analyze the data gained from the first few rounds of screening.
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Figure27: Typical Bots of an Early Screeningxgeriment
FRET ratiover time of the best performers in the three categories screened#e€) Landscape of all

colonies on a plataccording taheir B andgqR/R, with the best performers in each category highlighted
(red ¢ lowest R, orangeg highestqR/R, and green ranking high in both categorief)).

3.1.7 Streamlining and D ata Management

A Bthon program(planned with and written by David Ngsee appendip6.1) was usedin order to
streamline and simplify thentire screeningprocessand managehe huge amourg of datacreatedby
screeningup to 100 bacterial plateger week.

Theprogramcontrolled the camera, filter wheels and shutters. It guitihe user through the screening
processstep by step prompting certain actionge.g.the application of a solutignat the appropriate
times. It wasable to identifythe approximately 70800 colonieson a plate andrecorded 35 datapoints
over time in two different wavelengthgor eachone. gR/R values for each colony were calculaded a
desired number of colonies expressing the best sensor vaneetsidentified. Ly 2 NRSNJ 62 3IA GBS
value of a colony more weight as a factor than &R f d@RIvasjdivided bR*°. The userwasthen
presentedthree plots: A landscape of all sensor variants on the péteordingo their R andn w Kwith
the best performers highlightedF{gure 28A), the individual FREfRtio tracesover time of the best

variants Figure28B), and a scheme of thplate depicting all coloniesyith the positiors of the best
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performersindicated Figure28C). The scheme coulthen be used to identify them on the plate and pick

them for further analysis
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Figure28: Typical Fots of aSreamlined Screening Eperiment

Example of a dataet producedfor one plate of XL1 blue cebxpressinga C&* FREBensor: Landscape

of all bacterial colonies screenedaccordingto their R andp wk w Ay RdzZOSR o0& SEGSNYI
100mM C&". The top ten performers are highlighted in red with a yellowitaticatingtheir ranking(A).

Individual FRET traces tetbest performers on the plat@anked from 1 to 1@B). Picture of all colonies

on the plate, with the positions of the best performetenoted(C)
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3.1.8 Assessment of the Reliability of the Screening Assay

3.1.8.1 Reproducibility

One fluorophore andviro sensorsvere choserto verify the reprodueibility of our screening assay

! ECFRno C&* bindingsite and thereforeno C&* response)as a minimum signal

T TNXXL with ain vitron w k 3002 400% as a medium signal

1 Twitch-3 with anin vitron w rofvapproximately700%as a maximum signal
Allwere imaged indiiually on bacterial plates in three experiments per day on tleegaratedays. R
YR nwk w pr@trgdtnied with yalylysine and ionomycin (50 pg/ml each) and the application of

100 mM C&*, were examined to determine their vafility. AsFigue 29A shows, Rvalues remained

consistenfF N2 Y SELISNAYSy(lG (2 SELSNAYSY(d FyR FNRBY RI &

considerablymore variation(Figue 29B), particularlyon the first day, when a large fraction of the high
signal data points overlapped with the medium signal data points. Ostdayand three on the other
hand, the two signals could mosthe distinguished fronone arother. Upon analysis ahe plot, a shift
in most data setdecame obvious, with colaes bearing a loweindex number (1-x) exhibiting a lower
gR/R Since his number was allocated to a colony according to its position on the plai positiorg
response correlation was further investigated by plottadgcoloniesfrom an experimentinto a bubble
plot, indicatingtheir position on the plate as well as thepR/R, rdélectedin the size of their data point.
AsFigue 29D shows,there was a clear correlation betwedhe n w ofwa colonyandits position on the
plate. Thisfinding suggestedhat the plateshad not been sprayed evenlyeither with polylysine and
ionomycinor with C&*, leading tosensors in certain regions of the platexeivingless C%, resulting
ultimatelyin asub-maximalsignal changdt wastherefore concluded that thetechnique utilized to apply
solutions,requiredrefinementin order to eliminatehuman error.Bubble ploswere alsocreatedfor the
Ry values(Figue 290 and YFP intensitieFigue 29 of all colonies on givenplate. R valuesexhibited
no abnormalitieswhereas the YFP intensity plot revealed sligizbnsistencesn illumination towards

the edge=f the plate.

g2
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Figue 29: Reproducibility of the 8reeningAssay

R (A)l Y R pawesfollowing pretreatment vith polylysine and ionomyciand application of C# (B)
of all colonies on a platexpresang either ECFP or a FRET sensor. Colonies were @ottedling tahe
index number assigned to the(dependent ontheir position on the plate). ECFP and tdifferent FRET
sensors were tested in 3 experiments per day3jLon 3separatedays (d1 d3).Bubble plosof Ry values
O, nwk w @)andxF@ intensitfE)of each colony correlated wittheir position on the plate. e
experimentdepicted (CE) is experiment,bf day 1 conducted withthe sensofwitch-3.

To improvethe method inwhich solutions were applied tdacterialplates,the previously usedpray

bottles were replaced bgpray gus (JetStream |, K350, HVLd®ntributing to a more consistent spray
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pattern with a larger radius. The larger radisisnplified the application process that the experimenter
could then simply aim at the middld the plate from a height odpproximately30 to 40cm, instead of
movingthe spray nozzle around in an attempt to achieve optimal coveradaser pointer was attached
to the gun to facilitateaiming (Figure30A). The expeiment depicted inFigue 29 was repeatedand a
more regular response pattern of Twitéh(Figure30B) confirmedthat the spray ga applied the solutions
more evenly Neverthelessa higher concentration ofhe solution in the centerand a decline towards
the edgesvasunavoidable due to theéesignof the valve However as this spray patterwas predictable

and reproducible, itouldbe taken into accounin the analysis of future experiments.

B ARJ/R vers. position on the plate

screening-
solution

30 - 40cm laser beam

—— blotting paper with colonies

Figure30: Improved Application of Slutions

Application of solutionsisinga spray gunincludinga laser pointer to facilitate aimin@\). Bubble plobf

an experimenusing the spray gurcarried out with TwitcH3. The position of each colony on the plate is
indicated and it&fR/R is reflected in the bubble si@8).

3.1.8.2 Bacterial Plate Screening versus in vitro D ata

For a second control experiment, a plate of XL1 esitgsessing a randottibrary ofvariousFRET sensors
wasscreened and analyze®igure31A). Subsequently, 192 tanies (onein three) were picked, their

sensor DNAxtractedand each sensor expressed and purifiedifovitro analysis Measurements of the

192 sensor variants on the plate were correlated with the correspondimngromeasurementsAsFigure

31B depicts R valuescorrelated quite welemongmeasurements obtained i&.coliandin vitro, with a
O2NNBfFGA2y O2STFTAOASY G vauessr thefothef band2tiie conrebation @f C 2 NJ
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bacterial andin vitro data was weak, with a correlation coefficient (Pearson) of(Bigure31Q). That
being saidthe plotalsoreveded thatin order toextract4 out of 5 of the best performeris vitro, one

would havehad to pick 15 colonies, constitutir@ % of thel92 colonies analyzewvhichstill would have

been a considerable improvement.
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Figure31: Bacterial Plate &eeningData @rrelated with in vitro Data
Plate of XL1 blue cellexpressing a random library of FRET senseingch wadested andanalyzedOne
out of threecolonies(resulting in 192 coloniesyas picked and the sensor it expressedswabedin vitro
(A). Correlation of the data obtained froi.colicolonies andn vitroregarding R(B)l Y R fCyok1@2

FRET sensors.

best in cuvette

Nevertheless, we wanted to investigate the sourcéheke discrepancies betwedncoliandin vitrodata.

It seemed plausible that a sensor would bederestimated inE.colidue to under /overexpression,

inconsistentillumination andunevenapplication of solutiong¢see chapteB.1.8.]). That so many sensors

appeared to beoverestimated by the plate screeningn the other hand, was rather surprising/e
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decided to express aumber of these sensors (marked in grey kigure32C in HEK cells to see if the
cellular environment woulégainpermit the function thatthe sensors seemed teavelost in vitro.

Indeed, allsensors expressed showed explicit'@asponses when 0.625M ionomycin wasppliedto
the C&"-containing HBS&sed for imagingFigure32A-B). The published sensors XL and TwitcBB
were imaged along with thefour new sensorsto estimatethe extent of their FRET response. All four
exhibited responses whiglwvhilelower than those of our recently published Twi2B,were distinctively
higher than those of thgreviouslydeveloped TNXXL Figure32CGD). In summary, these experiments

support the hypothesis that some sensoegjuire a cellular environment to maintain functionality.

(03 74 55, 67, 88, 134 D 9 -

e TN-XXL

@ Twitch2B 80 -

70 -

% 60 -
w ] & 50 | I I
TER % 40 I
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2 30 - I
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0 v - : . 0 ,
0 1 2 3 4 5 o A ® > \ 3
. : o © £ N _‘j- &
time (min) & A
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Figure32: Imaging ofin vitro Non-functional Sensors in HEKIB

HEK cells transformed with aZCBEREEensomwhich was norfunctionalin vitro (exposure time 250éns,
gain 2x, binning 1)YA). Subtraction of an image prior to treatmemtith 0.625nM ionomycin from an
image after the treatmentshowingthe FRET increa$®). FRET intensity traces over tirfug the four
sensors which were neresponsiven vitro (called 55, 67, 88, 134indirectcomparison to the published
sensors TRKXL and TwiteBB (C) Mean qR/R values + SE of the same sensus= 36 cells, & = 44
cells, rg = 43 cells, 124 = 33 cells, fixx = 35 cells, fuichos = 20cells(D).
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3.2 Screening £1 O ) | POT O L& IndidatoB/CaAabtd

Our newly developed Gascreening assay was used to identify improved EREBensorsfrom DNA
libraries, thereby contrbuting to the evolution of theWwitch(sensorseries The first member of the
WwitchQsensorseries, TwitckL, was engineeredby Thomas Thestrup. It contEd of the CGterminal
domain of troponin Gtwo C&* binding sites) originatinfrom the toadfish;Opsanusau, sandwiched
between two fluorescent proteingECFP and cpCitrine])Adith a flanking proline on either side. In
addition, it containech number of mutations restrictintpe undesirableMg?* affinity of the Globe (N15D,
D17N, N51D, D53NMank et al., 2006) and another beneficial mutation (M65V), found previously by
chance

This prototype was subjectetb a large functional scredmg in bacterial cells, followed by refined
screening stepm vitro, andeventuallyin rat hippocampal neums(the latter beingconductedexclusively
by Thomas ThestrypSomedata presented in this chaptevaspublished in Nature Methodélhestrup
et al., 2014)

3.2.1 Creation of a Sensor Library

Two approaches weradoptedto createextensivdibraries of¥witch(sensor variants:

1. Introduction of random linkers FRET heavily depends on the distarmtween the two
fluorescent proteinsand their orientation to one arother. Random linkers weretherefore
introducedbetween the donor androponin Con one side, and the acceptor atrponin Con
the other side in order toforce them further aparandmanipulatetheir orientation (Figure33A).

2. adziF 0 A DY LR E aéd K g A (i KRrgspeipisBotagoyisiwithin/troponin C (selectsd
Thomas Thestrypwvere mutated to changehe affinity and kinetics of the sensoas well ists
overall conformation Kigure 33B). Some of these hotspots represented locatidedievedto
supportthe strudure of troponin CFigure33C). Theamino acidst such sitestretched from one
h  KSt AE 2tdfasécoiB LIKSBaktiBnofzhiprotein,presumablygrantingit stability.
It was concluded that mutatinghese particularsites would have a significanimpact on the
structure and function of troponin C.

Other hotspots were chosdmased on their proximityo the coordinating residues of troponin C,

which control the binding of Gain the loop region Kigure 33D - E). While mutating the
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coordinating residues themselsavas suspected tdisablethe C&*binding function altogether,
it was assumed that mutating the positions in between those residues woulda@z" affinity

and kinetics of troponin C.

A

) (=]

Linker acceptor

SEEELSECFRIFDKDGNGFIDREEFGDI/IRLTGEQLTDEDVDEIFGDSDTDKNGRIDFDEFLKMVENVQ

Figure33: WwitchCndicator library

Scheme of thegeneral WwitchQsensor family structure, with positions of inttuced random linkers
indicated(A). Sequence of the ©be of troponin C (TnC)nutated hotspotsare highlighted incolor (B).
Structure of theClobe of troponin Cpostions mutated in order to change the stability of tipeotein are
highlighted in colofC) Troponin C with coordinating residues highlighted in magenta anéatedtspots
highlighted in greer{D). Closeup of the loop region of ERand 3;coordinatingresidues are highlighted
in magenta(E)
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3.2.2 Bacterial Plate Screening of Gwitch 8Sensor Libraries

3.2.2.1 1stRound of Screening: Random linkers

87

In order to further improve the newly developed C&REBensor,Twitch-1, additional random linkers

with a length ofbetween one and fouamino acids were introducetb flank troponin QFigure34). The

diversification ofup to 8 amino acid positionsyhichthen had the potential tdoecomeone of 20amino

acids(or a stop codoh together with the 16 possible combinations of linker lersgytiesulted in a huge

library of 4.1 E+0 sensor variants. Testing each variant vaedwiouslyimpossible Nevertheless we

assumed thahumerous linker combinations would prove successful and that covering a small fraction of

the library with our screening would therefole sufficient.

acceptor

[ pEEE  EEEmEe

acceptor

acceptor

-LILIL.LILILILI acceptor

Figure34: Twitch-1 Linker ibrary
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Linkers were introduced to flartkoponin C. A possible combinationsf linker lengths (one to four amino

acids) are depicted.

Altogether, we screenedapproximatelyl00 000 sensor variantsn plates of X{1 blue cellsOneplate

contained approximately 70000 colonies, each expressinity own unique sensor. Aspreviously

explained colonies were imaged onditing paper treated with ionomyan and polylysine (50ug/ml each)
as well as 100mM €aandtheir R and gR/Rwere assessed

1.142 promising variantsvere picked purified on asmallscale and testedn vitro. Out ofthesevariants

1.078 (~94 %) displayed g, Rnd 67 variants (¥6 0

RA&ALX I 8 SR

original sensor, Twitch. 63 variants (~8%6) had both a higheroR Yy R |

thereby failing tomeet any of the screening criteria. In additidkl5 variants (~%& 0

values of below 186, whit was considered nefunctional Figure35).
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Figure35: First Round offwitch(Bcreening: Randomirikers
Plot of all sensor variants pickeadd measuredn vitroduringthe first round of screenin{n = 1142) The
parental sensoffwitch-1 and our previously published sensor-XML are displayed as a reference.

Some of the best sensors identifitlirough linker screening wersubsequentlysequenced Table17),
revealing several patternd\though there were exceptions, most successful linkers were rather short,
consisting of only one or two amino acids. Tin&er attached to the @erminal end d troponin Chad a
slight tendencyto be longer tharits N-terminal counterpart Aspartic acid was fourre@markably ofterat

the Niterminal end implying that our library was either strongly biased towagcdstain amino acids, or
that this particularaminoacid proved extremely beneficial at this positiorNote that the first proline of

the Gterminal linker was encoded in it®rrespondingprimer andtherefore, does not necessarily reflect

a beneficial mutation.
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xN2.1 119 D PAL 704 1.26 25 91
2N1 390 DA PIY 622 1.29 67
B2 150 D PG 496 1.27 13 438
D_232 D PQ 497 1.31 14 452
D_ 1371 D PA 485 1.30 14 428
C2 450 D PA 480 1.33 17 431
2N186 DS PTL 467 1.27 16 238
B2 139 E PV 464 1.39 18 363
E2 497 D PM 463 1.57 27 316
B2 225 D PS 452 1.30 23 483
B_1132 G PAIP 444 1.15 15 295
2N1 322 EG PLT 443 1.24 17
B 1117 D PS 437 1.32 12 465
2.2758 EE PSP 425 1.39 31 163
4N1.1 460 SELL PLPLS 410 1.43 34 86
E2 122 D PLET 404 1.18 13 394
C247 E PD 403 1.19 9 673

Tablel7: Successful Linkerdinbinations
List ofsome of the best sensors identified in the linker screenintdudingtheir linkers and properties
(note that the first proline in linker 2 was encodedtmcorrespondingrimer).

89

Toinvestigatebias inour library(produced with the degenerate codon NINMO sensors were randomly

chosen and sequenced, and the occurrence of each amino aciguaasfied(Tablel18). A disequilibrium

was indeed identified in our librayyith a tendencyfor amino acidswith multiple codons or shorter

amino acidsto occur nore frequently, asexpected.That being saidthe overrepresented aspartic acid

our improved sensorslid not emerge particularly often, supporting the assumption thatasindeedan

advantageousnutation.
FIL|Y CIW|PIHQ|I|M|TIN|K|S|R|V|A|D|E| G| Stop
3/14(3|8|1]|20[{3(16(9(6 9|44 5122| 11| 12|21 3

Tablel8:; Occurrenceof Amino Acid with the Codon NNN

Occurrence ofindividualamino acids in random linkerproduced with the degenerate codon NNN
(encoding all 20 amino aci@sd the stop codopn
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3.2.2.2 2nd Round of Screening: Point Mutations

Twitch-1 and threepromisingmutants found in the initial linker screenirfgigure36) were subsequently

selected to serve as templates for a second library, which was generated utilizing site directed
mutagenesis.

w
w
o

1N1 185
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2N1 322 12N1 390 o Cav/Mg2+
- - - — 1M Mg2+
T 2.5 T 2.5 T 2.5
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g g 2
é 1.5 g 1.5 E 1.5
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R, =1.30 R, =1.24 R,=1.29
ARIR, . =14% ARIR, . =17% ARIR, . =67%
ARIR = 543% ARIR = 443% ARIR = 622%
Linkers: Linkers:
5 EG -3 PLT 5 DA -3’ PIY

Figure36: Sensors from theLinker Screening Used as Templates for the Secomahi
Emission spectra aralerview of characteristics fahree promising sensors identified in the initial linker
screeningchosen asamplatesfor the second libraryWalues were normalized to the isosbestic point.

Locations were mutated anscreenedindividually, which reducedthe number ofpotential mutantsin
this library. Fourtemplateswere mutated at16 locations which couldtransforminto one of 20amino
acids or a stop codomroducing a total ofL..344 possibilities. Per template and mutation, twmothree
plateseachcontainingapproximately 800 colonies were screenatlpwing us to asseghe majority of

the library.

1.076 promising candidates were picked, purified and tedteditro (Figure 37). 542 sensors (~50%)
exhibitedlower Ry values and 154 (~14%) exhibitetighern wk w  @hanfaldzniplates.70 variants
(~7%) hadhigherR, values andowern wk w @ t dzSa (, Krid sherdforefailediténverdthe G S &
screening criteriaOnly 38 mutants (~ 4%)roducedp wk w @ f dzS dandonére #heérefore /¥’
considered norfunctional.

Two of the most successful sensdiscovered irthis round of sceening were later named Twiteh and
Twitch-3 (Table20). They had mutations in positieK14 and V41 respectively. Other positidasilitating
considerable improvementsere G16, G1&19, R22 and F584ble19).
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Figure37: Second Rund of Wwitch(Screening: Point Mtations
Plot of all sensor variants pickedtire second round ofcreeningand measuredn vitro (n = 1076) The
four parentalsensors ara@lisplayedas a reference.

390 K14x2 161 1.21 922 K14W
390 K14x2 106 1.22 921 K14F
390 K14x2 115 1.22 831 K14N
390 K14x2 159 1.18 746 K14G
390 G16x2 43 1.18 735 G16F
390 G16x1 158 1.34 656 G16R
390 G16x2 209 1.24 656 G16T
390 G16x2 117 1.23 651 G16M
390 G18x2 78 1.23 685 G18Q
390 G18x1 65 1.16 670 G18E
390 G18x2 128 1.21 661 G18N
390 F19x2 25 1.20 735 F19M
390 F19x2 44 1.28 719 F19L
390 F19x2 39 1.20 692 F19A
390 f19x1 94 1.12 685 F19E
390 f19x1 29 1.22 651 F19H
390 R22x2 80 1.22 714 R22P
390 R22x2 109 1.17 694 R22F
390 R22x2 112 1.18 693 R22S
390 R22x2 89 1.14 678 R22T
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390 V41x2 26
390 f58x1 19

Table19: Beneficial Point Mitations

List of point mutations giving rise to some of the highgR/Rvalues According to this list, mutations in
the locations K14, G16, G18, F19, R22, V41 and F58 seemed to have especially high impact.

1.13
1.12

811
683

V41P
F58T

3.2.2.3 3rd Round of Screening: Extended linkers and New Donor

Thebest sensordentifiedin the second round of screening, Twithfeatureda two amino acid linker
on the Nterminal, and a three amino acid linker on the -@rminal side of troponin Cas well aghe
additional mutationK14Fwithin EFhand 3(Figure38A). In this sensorthe donor ECFP was substituted
with the brightercyan fluorescent proteilCerulean3Figure38B). Even though Cerulean3 was based on
ECFPc¢ontainingonly a number ofminor mutations, it altered the fluorescent output of the sensor
significantly, leading to a loss of ‘Gamduced FRET change of almost 50%. Thereforecand linker
screening ornCer3Twitch-2 was conducted to restore the high FRET chahgéhis end, up to three amino

acids were attached to either side of the Twi2IC&* binding site.
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Figure38: Substitution of ECFP with Cerulean 3SensorTwitch-2
Emission spectraschemataand FRET value$ Twitch2 (A) and Twitch2 with donor ECFReplaced by
Cerulean3o form Cer3Twitch-2 (B). Values were normalized to the isosbestic point.
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In the third round of screeningapproximately30 000 variants were screened, and 520 promising
candidates wer@xaminedin vitro. 156 (~31%) hadlawer R, and 19 (~4%) hadrighern wk w NXB & LJ2 y & &
than theparental Cer3Twitch2. 37(7%) were considered nefunctional with a ratiachangeof less than
10%(Figure39). The best sensor ithis round of screening;ontainingtwo additional amino acids at its

N-, and one additional amino acid at itst€minal end was latemamed Twitckh2B [Table20).

AR/R
w
3
']

Figure39: Third Round offwitch(Bcreening: Extended Randorimkers
Plot of all sensor variants picked time third round of screeningnd measuredn vitro (n =502). The
parentalsensorCer3Twitch2 (with Cerulearin favorof ECFP as a donds displayed as a reference.

3.2.3 Follow -up Screening Steps

Since bacterial plate sgening(whilst quick) proved to baratherunrefinedmethod, and onlfacilitated
screening for two propertie@R [ Y R pawedwollow up stepsvere necesary to further characterize
the sensors

As previously mentionedall sensors selectatliringthe plate screening were subsequently puifion a
small scale, which allowed for the handlingupfto 48proteins at a timeThe disadvantagbowever,was
that traces ofcontaminating C# leadto slightdeviationsin measurementsgomparedto proteinswhich

underwent amore thorough purificationNevertheless, the measurement of small scale proteins was
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reliable enough to refinehe estimations regarding R Y R pgaineditfough bacterial screening
Moreover,sensorsvere probedfor an undesirableffinity for Mg?*.

Sensors whicHooked promisingin the small scale purificationvere subsequentlypurified more
thoroughly andin larger batchesTheir Rl Y R n w kreameas@ @&t confirm the previous results.
Furthermore the sensorfC&" affinity was determined in Cétitrations, and ther kinetics were obtained

by conducting stoppedflow measurements. The best sensors were eventually transfected into
mammalian cells to verify that the qualities found in bacteria anditro, could alsabe provided in the

cellsetting they weredesigned foFigure40).

mammalian cells

functions
@ 1 0 conferrable
. @ proteins: large purification high AR/R
& affinity
100 speed

proteins: small purification
Q high AR/R
i low R,
1 000 low AR/RMgz+

. plate screening
high AR/R

100 000 o

Figure40: Follow-up Screening Steps (th@Screening Pelineg)
Screening pipeline indicating the individual steps, the number of sensor variantwals#gpically dealt
with, and the properties whicleouldbe screened for.

3.2.3.1 Spectroscopy- Data Management

Despite the bacterial plate screeningconsiderably reducinghe number of variats to be further
investigated severalthousand different sensoraere still purified and testedn vitro. Consequently, all
correspondingdata filesrequired analysisin order to determine Rl Y R n w K .\To sifriplify dasda
acceleate this process, a progranplanned with, and written by Christopher Zarbpeke appendi®.2)

was usedwhich automatically analyzeentire folders of spectroscopidata and created plots for each
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sensor comprising all relevant data. Furthermoie Jandscape of all sensors teste@s generatedo

facilitate the identification of promising varian@Sigure41).
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Figure41: Example of a Data Sete@erated by Matlab
Plotof ameasuredprotein comprising all calculated dafA). Landscape of all sensors tested, with sensors
exhibitingspecificcharacteristicgin this caseR/R value©700%) indicated by aname tag(B).

3.2.3.2 Refined Sreening: Ca* Affini ty and Kinetics

A drawbackof the bacterial plate screening was that it omentified sensorswith high signal change
neglectingentirely other vital characteristics of a sensdor exampleits C&* affinity and kineticsSuch
characteristichowever,were considered wha designing the libranBy setting the criteria for the plate
screeningdessstringenty, we were able to yield diverse pool of sensois terms of secondargroperties,
which could subsequently bevaluatedin the refined screening steps vitroand in cells.
Figure42illustratesthe diversity of our libraryUsing the example of Caaffinity, it depictsthe parental
sensorTwitch-1 and five additional sensors. These sensors vebasen from bacterial plates for their
high signal changes, but exhibited a wide range &f &ffinities, making them applicable to diverse
range ofcell environments.

Table20 summarizes the properties of those memberstioe WwitchOseries,optimized viascreening,

again covering a range of qualities for different experimental conditions.
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Figure42: Diversity of C& Affinity Properties inSelectedSensors
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Parental sensor Twiteh and a slection of sensors identifiedasiscreeing, which exhibi#d a wide range
of C&" affinity properties, with the region most relevant fphysiologicaéxperimentsshaded in blue

Name FRET pair Mutations Linkers

Twitch-1 ECFP M65V P, P
cpCitl74

Twitch-2 ECFP K14FM65V DA, PIY
cpCitl74

Twitch-2B Cer3 K14FM65V  VADA, PIYH
cpVenu§P

Twitch-2C mTurquoise2 K14FM65V  VADA, PIYH
cpCitl74

Twitch-3 ECFP V41P M65V DA, PLA
cpCitl74

Twitch-3B ECFP V41P M65V DA, PLA
cpVenu§P
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0.80 80 2.08 1.50
2.80 209 121 181
5.10 104 153 211
2.60 - - -

1.50 321 1.30 2.05
2.98 185 1.53 2.55

Table20: Properties of Twitch 8nsors 13

Summaryof propertiesof those members of theWwitchQseries, which were improved via screening
(modified from(Thestrup et al., 2014)
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3.3 Improvementsto | +/ |

3.3.1 Creation of Circularly P ermutated Variants of [ +/ |

Circular permutations athe fluorescent proteinY” Y h were produced by Anselm Geigdierandonly
introduced transposons, which are mobile DNA sequenegth the ability to change heir relative
positions withinhost DNAGoryshin & Reznikoff, 1998)sing this methoche was abldo identify sites
within the proteinwhichcouldtolerate permutation andhe insertion offoreign (e.g. senso)NA.Most
circularly permutated (cp) variants of Y h Ereated in this mannerhowever, lost most of their
fluorescencen the processMoreover, theyexhibited slower maturation compared to tlegiginalY' Y h ¢
(referred © asY Y WT in the following. Out of the tree variantswith the highestremaining
fluorescencentensity Figure43B), two were chosen for furtherdevelopment. Theinew opening were
locatedin a loopopposing tle former N and G termini (Figure43A), namely atpositions47 (met) and 51
(gly) Thiswasintriguing, asusing them in a FRET sensoplaceof K&®-WT, would result in a drastic re
orientation ofthe chromophore, potentiallympacting itd=RET efficienciRegarding brightnesgpY Y h¢t
47retained~65% of the fluorescenciatensity ofY' Y hhWT, and cpY’ Y h¢b1 still retained~11%(Figure

430.

N
o
S

met-47  gly-51

fluorescence intensity 565 nm
(normalized)

mKO, WT cpmKO,- cpmKO,-
a7 51

Figure43: Structure and Relative Brightness ¥fY hdnd cpY Y h Variants

Protein structure ofY" Y WT, with the origind N- and Cterminus indicated withtblack ballsand sites
used to createp Y Y 47 and cpYy' Y h-51labelled in greyA). Brightness o Y h-WT and cp variants
expressed irkE.coli(B). Fluorescence intensityf cpY' Y 47 and cpy' Y h-51, relative tothe intensity of
MKQ;WT (excitation 55Inm, emission 565m) (C)
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3.3.2 Bacterial Plate Screeningof | +/ [

3.3.3 ScreeningRound1zi +/ [

DNA ibraries of Y'Y h mutants were createdsia error-prone P® usingthe templatesY' Y hWT, cp
Y'Y 47 and cpY Y h51. The resulting DNA fragmentgere sub-cloned into pPRSETBia standard
ligation with T4 ligasd-luorescent proteinexpressed in XL1 blue cellsrescreened on bacterial plates
The three criteria screened for wefast maturation increaseddrightness and reduced excitabiliay 488
nm. The latter criteion was choserue tothe intentionto useY Y hds an acceptor in a FR&nhsor In
combinationwith a greenor yellowfluorescentprotein as adonor, the longéshouldek in the excitation

spectrum ofY' Y h, Blepicted inFigure44, wouldlead to cross excitation.
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Figure44: Excitation and Emissiorp8ctra of Y Y h ¢
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Maturation speedof a variantwasassessethy conducting the firsscreeningapproximately 2e24 hours
after transformation using 8205 FA fluorescence stereomicroscope (LeiBajhcp Y Y h47 and cp
Y'Y h-51onlybecame fluorescerdftera minimum o#8 hours soevery mutanthat gainedfluorescence
within 24 hours represented a considerable improvemekitsecond screening was usually carried out
approximately 48 hours after transforman to identify mutants, which matured slowly, bakhibited
increasedbrightness.Some mutants were even bright enough to be manually detected using a stereo
microscope.

To discernsubtle increases in brightness (especiatlyer the bright parentaly Y hWT) and reduced
excitabilityat 488 @n attribute difficult to identify, a @oISNAP ES2 CCD camera was witdan LS/30

standalone xenon arc lamp (Lambda) and a210ptical filter changer (Lambda). The following filters
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were utilizedfor excitation:HQ470 @0), HQ 50020) andHQ 546§12), and for emissionHQ 53530) and
HQ 5% (40).

A Pythonscreeningprogram was planned, angritten by Christopher Zarbockvhichcomparedeach
mutantto a sample otontrol colonies expressing Y hWT screenedalongwith each plate Prior toan
experiment the experimentemarked the regionin which controlcolonieswere locded. Threepictures
were taken of theplate at different excitation and emission wavelengths. The first picture was taken at
an excitation of 500nm andan emission 0535nm (Figure45A), since almosall coloniesare detectable
at these wavelengths. A second picture was taken at an excitation afifidéhdan emission of 58&6m
(Figure45B), anda third at anexcitation of 470nm and an emission 885 nm (Figure45C). The former
establishedhe brightness and the latteprobed for excitability at 48&m.

Finally the prograncompared the dat&ollectedfor each colony to th& Y h\WT colonies and identified

those mutants, which exhited higherperformance.

A 500 nm excitation B 546nm excitation C 470nm excitation

wt mKO,

all colonies light up improved colonies light up improved colonies DON'T light up

Figure45: Rinciple of Y'Y h &reening

Most colonies could be detected when imaged at ex BAfem 535nm (A). Improved brightness of a
protein could be determined at ex 548n/em 585nm (B). Theundesirableexcitability of a proteirat 488
nm wastested at ex 47Gim/em 585nm (C)

A total ofapproximately200 platescontaining100-400 colonieseachwere screenedSlightly more than
100colonieswere picked andheir fluorescent proteingurified and testedn vitro.

Among the first locations withity’ Y h found to have a considerable impach ¢he brightness of the
protein were D141, H172 and G196ite directed mutagenesigas attemptedto find the most suitable

amino acids at these lodans, but ascreering of the resulting librarfailed toyield any interesting results.
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3.3.4 Screening Round 2-1 +/ Jn aFRETSensor

Sincethe ultimate aim was to use an improved versionYolY hif a FRET sensax second round of
screening was conductesiith a library of cpy” Y hvariants mutated via error prone PCR and clornietb
a vector containinga donor anda C&* binding domain Eigure 46). Clover was used as a donor and

troponin C of the sensor Twitehwas used as a £binding domainCloning was achieved throu@h.iCE.

Figure46: Cloning Strateg for Y'Y h Sreerning Round 2

Scheme of the construct used for the second roun® of h screening A vectorcontainingCloveras a
donor,and troporin C (TnC) afwitch-3 as a CAbinding proteinwas linearized at a previously introduced
EcdRVrestriction site Mutated Y'Y hvariantswere clonad into the position of the acceptor

Approximately 60 plates containing500 colonies each (notethe higher efficiency of SLICE cloning
compared to standard ligations using T4 ligasehapter3.3.3 were screened58 mutants were picked

and characterizeth vitro.

3.3.5 Summary of Promising M utations

Table21 contains a summary &ll mutaions identified in improvedversionsof Y'Y h, €pY' Y h47 and
cpYYhgm GKNRBdAAK2dzi GKS AONBSYyAy3ds Y& KEGRY KR 2
Theresulting sequence is depicted alignmentwith the parentalY' Y h\WT, as well as its progenitey
includingthe original Kusabira Orange (KO addition,the cyan protein MiC{derived from a stony coral
(Karasawa et al., 20045 displayed asit wasfound to sharea surprisingnumber ofmutationswith our
newly discovered proteins areaswhich to our knowledgghavenot been investigated befor@éndicated

in magenta)

2y S
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Unique nutations, occurring only oncéhroughout the screeningare indicated in yellow. Since most
variantscontainedmultiple mutations we could only speculate as tehich of them wereresponsible for
the improvement Mutations identified in more than onesuccessfulariant (making it more likely that
they were beneficiglare indicated in magentahetwo mutationshighlighted in turquoise only occurred
once but in avery brightvariant which exhikited fast maturation. Since this variant didot bear any
additional mutationsat leastone of themhad to be responsible for these characteristics.

The compariso® ¥ G KS & Y daitEmK®,% ¥ dZBdMBS2revealedthat most prosperoussites
identified in our screeninghad not beenconsideredin any of the Kusabira Orange varianioreover,
none ofthem were located athear sitesmportant for themaintenance of thanonomeric structure of
the protein(indicated in blug. One mutationhowever,was found aposition G196 one of the locations

knownto influenceprotein aggregation (indicated in green), therefore potentially triggering its onset.
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KO MVSVIKPEMKMYFMDGSVNGHEFTVEGEGTGKPYEGHQEMTLRGGHAMPEFDLVSHTEEY GIRP
mKO MVSVIKPEM MDGSVNGHEREGEGTBPYEGHQEMTLRVTKAGPMPEFDLVSHIFCYGHRP
mK O s| MVSVIKPEM MDGSVNGHEREGEGTEBPYEGHQEMTLRVTEAGPM DLVSHUFCYG1RV
mKO2 | MVSVIKPEM MDGSVNGHEREGEGTEPYEGHQEMTLRVTEAGPM DLVSHIFCYGHRV
mut TVsVII PEMRRYYMDGSVNGHEEAGEG GRPYEGHQEMTLRVTEBGPM DLVSHUFCYG1RV
MiCy --- GIAQEMRKYRMEGSVNGHEREGVG GNPYEGKQMSELVIIKEGKPLPFSFDILSTAFQYGNRCG

KO FTKYPEEIPDYFKQAFPEGLSWERSLQFEPBAVSAHISLRGEFEHKSKFVGVNFPADBMOQNQSS
mKO FTKYPEEIPDYFKQAFPEGLSWEHBREDG@&ASVSAHISLRGN FMHKSKHEIGVNFPAD QN
mK O 8| FTKYPEEIPDYFKQAFPEGLSWE DGEASVSAHISLRGN FMHKSKRIGVNFPAD QN
mKO2 FTKYPEEIPDYFKQAFPEGLSWEﬁDG'A.VSAHISLRGI\TF HKSKRIGVNFPAD QN
mut FTKYPEEIPDYFKQAFPEGLSWERBEDGGASVSAHISLRGN FjH SKRIGVNLPADGEMQN
MiCy FTKYPADMPDYFKQAFPDGMSYERSFLFEDGGVATASWSIGHEGISIYHGVNFPADGYPMKKQTI

KO DWEPSTEKITTCDGVLKGDWINKLAGGGNHKC®HFTYKAAKKILKMPQHFIGHRLVRREGNITEL
mKO DWEPSTEKI DGVLKGDVTWLKLIGGGNHKCQFKTTYKAAKKIL | SHRLVRKTEGNITEL

mK O s DWEPSTEKIBSDGVLKGDVTYLKLEGGGNHKCQFKTTYKAAK EM | GHRLVRREGNITEQ

mKO2 | DWEPSTEKIBSDGVLKGDVTELKLEGGGNHKAMWTTYKAAKIL EM | GHRLVRKTEGNITR
mut EPSTEIT BSDA LKGDVTMLNLGRG QFKTTYKAAERIL EM | BHRU RKTVGNITHL
MiCy DKSFEKMSVAKEVLRGDVIQLEGG RFHSTYKTEKPAMAMPRSHVVEHQIVRDLGQTAK

KO VEDAVAHC

mKO VEDAVARB

mK O s VEDAVAB

mKO2 | VEDAVAIS

mut VEDAVARHSTGGMDELYKGGTGGS
MyCy | FKVKLEEHAEAHVNPLKVK

Table21: Summary é Potentially Beneficial Mutationsdentified inY' Y h ¢

Alignment ofa merged sequence of gibtentially beneficiaimutations discoveredn improvedY Y h ¢
variantso Y I YS R & Y dzi & Y R),2vid YN delivr ahd all its progenitors, as well #ise cyan
protein MyCyColorcode: red; folding mutations, blug mutations necessary for disruption of the dimer,
greenc inhibition of aggregation, grey Y'Y WhKO2mutations (faster maturation), orangeadditional
mKQ mutation, yellow¢ new mutations foundonly once magentag new mutationsappearing several
times, turquoiseg¢ new mutations foundnly once butin a significantly improved mutant

3.3.1 Combination of Promising M utations

Insights gained from the screening were used to design a variatlaf Y-¥1lkcdmbining the most
prospeous mutations. The following nine mutations were chosen:
1 D141G, N171YH172L, K173R, G196D and E209utheg were discovered in a number of
succesfulariants, supporting the assumption that they wenstrumental intheir improvement.
1 T31l and KA0l, asthey were the only two mutations identified in a very bright mutant with fast
maturation, and finally;
1 MI11T, asthis muation was thought to decrease thsecond excitation peak of Y h, the
importance of whichwill be discussedichapter3.3.2.3

The resulting variant will be referred to g mKO3in the following.
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3.3.2 Characterization of | + / -fased New Fluorescent Proteins

CGuidelines suggested b&i and colleaguefAi et al., 2014yvere used to characterize the newersionsof
Y'Y h. To thisend, Ull absorbance, excitation and emission speetexe recorded and quantum yield,

extinction coefficient, pH dependencas well a®ligomeric structurevere determined

3.3.2.1 Emission and Excitation

Full excitation and emission spectra were recorded gisiCary Eclipse Fluorescence Spectrometer
(Varian) set toa data interval of hm andan excitation and emission slit widtsf 5 nm. Emision spectra
were recorded at amxcitationof 551 nm, and exitation spectrawere recorded at aremissionof 565
nm. An overlay othe spectrarevealedno significant shifts, indicating that the emission and excitation
profiles of these newY Y hvariants had not beealtered (Figure47?). In the shoulder ofthe excitation
spectrum (depicted inFigure44), which we intended to eliminatea slight variationwas detected at
approximately 50tim. An overlay withY' Y hhWTdid reveahowever,that none of the mutants exhibited

a decreased excitability in this regiandsome actualldisplayeda minorincrease.
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Figure47: Excitation and Emission Spectra of N&WY h Variants

Overlay of emission spectra (excitatian551 nm) (A) and excitation spectra (emissicat 565nm) (B) of

new Y Y hVariants incomparison to the originat Y hWTwhich isplotted as a broketlack line.The

dzy RS&AANI 0f S a&aKz2dzZ RSNE Ay (GKS SEOAGEGAZ2Y &LISOG NHzY
arrow. Spectra were normaled to their respective maxima

One mutant howeverto be referred to aswT-7, which hadappeared especially lght in the screening

exhibited ecitation and emission spectrantirely different from the parental Y Y RWT. With an

excitation maximum ab00 nm and an emission maximum 808 nm, this mutant had actuallyurned
green(Figure48).

. 1.2 e \WT-7 €X
3
B 4 | e=——WT-7em
©
E ===t MKO, ex
o 2
£ 0.8 4
P mmwt MKO, em
‘@
§ 0.6 -
£
S04 -
3
g /
2 0.2
S V4
&= -
0 = - ' .
400 450 500 550 600

wavelength (nm)

Figure48: Excitation and Emissionpgctra of Y'Y h-WT and W¥7
Excitation(broken line)and emission(solid line)spectra of the green mutant WT and the orange
parentalY' Y hWT. Spectra were normé&ed to their respective maxima
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3.3.2.2 Absorbance

Absorbancespectra were measured using anfinite® M200 PR@late reader (Tecan)As withthe
previous measurementsnost of thespectraresembled one anothemwith onlyminorvariatiorsin height

and width of theaforementionedshoulderat around 500nm (Figure49).

absorbance (normalized)

wavelength (nm)

Figure49: Absorbance Spectra of Ne¥ Y h Variants

Overlay of absorbance spectra of n&wy hvariants and comparison toarentalY' Y h\WT, plotted as a
broken black lineSpectra were norméaed to their respective maxima

Two absorbance spectraowever, differed entirely fromthe others, namly those of the previously
mentioned green W17, anda mutantto bereferred to as21S34. The latterexhibitedtwo equally high
peaksithe expectedy’ Y hgeakat 551nm and an additiongbeakat 500nm. The second peakas almost
identical tothat of WT-7, making21S34 a perfectintermediate between the green arttle orangeversion
or stateof Y'Y h(Figure50).
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Figure50: AbsorbanceSectra ofY' Y h-WT, WT-7, and 21S_34
Absorbance spectra of ne¥ Y hvariants W¥7 and 21S_34 in comparison to tparental Y Y h-\WT,
plotted as a broken black lin8pectra were normé#ed to their respective maxima

3.3.2.3 Analysis of the Second Excitation and Emission Peak

In the course of this projectistinct additional excitation and emission pedls 500nm and 508nm
respectively were noted fold S @S NI f Y YThéreforegtivarightsviere probed for the presence
of a second peak. To this end, theyrerexcitedat 490nm, which allowed simultaneous recording of both
emission peaksHigure51). Interestingly almost ally' Y hVariants featured a second peak, withY h ¢
WTQ Ideing amongst thenost significantA mutantto bereferred to as 21_43and our cp mK®(chapter

3.3.0), were the onlytwo not to exhibita second peak at all.

1.2

fluorescence intensity (normalized)

A\ —2128
NS 2143
21_125
N 217325
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Figure51: Emission Spectra of NeW Y h Variants Ecited at 490 nm
Overlay of emission spectra (excitatiat490 nm) of all mutants of" Y hifi comparison to thgparental
Y Y WT, depicted as a broken black lifgpectra were norméed to their respective maxima
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Figure52A depicts theshape andposition of the twoexcitation and emission peaks ¥fY h-WT. To
compare the intensities of the two emission peaksy h-WT was excited first at 508m and then at 551
nm, underotherwiseidenticalsettings(Figure52B). Measurementgevealed that the second pediad a

fluorescence intensity constitutinb6.4%of the main peak

As long asr" Y hwas exited close toits main excitation maximurtat 551 nm), thisecondpeak would

not be problematiclf however, Y'Y hwas to be used as BRETacceptorin combination with agreen

donor (as intended)this second peak would overlap with the dorexcitation and emission distorting

FRETThe sameavould occur ifY Y hwasto be used in multicoloimagingexperiments.
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Figure52: The Two Excitation and Emissionedks of Y'Y h &nd Green FluorescerPeakRelative to
Orange FluorescerPeak

The twoExcitation and emission peaRst¥ Y-Whdre depicted, mmalized to their respective maxima
(A). Y'Y WT emission spectnaith excitationat 500nm and 55Inm, under otherwise identical settings

(B).

3.3.2.4 Mutations Causing/Eliminating the Second P eak

With the mutants WT7, 21_43 and 21_34Sve had an entirely green, an entirely orange and an
intermediate \ersion ofY' Y h dvailable. An attempt was made pin downthe mutations causing this
color shift We assumed that the green version ¥6fY hwasthe green deaeend product which could
potentiallydevelopduringchromophore formatior(Strack et &, 2010) We thereforeassessedutations

in these variantswhich were located irtloseproximity to the chromophoreand couldpotentially alter

the interaction of the maturing chromophore with its environment. Indeed, each of the mutants exhibited
one mutaion which appearedlose enougtio allow interaction with the chromophord={gure53). These

positions wereM11T in the orange, M41V in the green a@a10L n the mixed mutan{nomenclature
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based onY' Y hWT).Our assumptionwas confirmedwhen the mutation M11Twas includedn the cp
mKQB construct, resulting inthe only mutant besides 21_4®t to exhibitany traces of the greed Y h ¢

dead endproduct.

Figure53: Locations Relevant for the Green and Orange Fluorescemtawits of Y Y h ¢

Protein structure ofY" Y hwith chromophore depicted in orangand positionghought tointerfere with
chromophore formation highlighted in colopifk ¢ E212 known to be important for chromophore
formation (Kikuchi et al., 2008)ellow¢ M11T, found in orange mutant, blue M41V, found in green
mutant, turquoisec Q210L.found in mixed mutant)

3.3.2.5 Quantum Yield, Extinction Coefficient, pH Stability and Oligomeric

Sructure

For some of the most promising Y hvariants the quantum yield was etermined usingparentalY' Y h-¢
WTas a referenceForthosevariants exhibiting the highest quantum yieltise extinction coefficient was
alsodetermined and ther brightness was calculatg@able22). In measuringprotein concentrationgo
determinethe extinction coefficient, proteins were denatureda Guanidin HCAnd heat. This process
revealedthat the mutants 21_43 and cp mi@ere highly resistant to headenaturation compared to

Y'Y hWT.































































































































































