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Zusammenfassung

Modifikationen von Proteinen mit funktionellen Gruppen, die als -prasislationale
Modifikationen (PTMs) bezeichnet werden, beeinflussen die Struktur, Funktion, Stabilitat und
Lokalisation eines Proteins erheblickEs existieren e@rschiedenste Methoden rzu
Identifizierung und Untersuchung von PTMs. Jedoch beruhen die meisten auf
Proteinaufreinigungen, die den zellularen Kontext zerstoren. Die vorliegende Arbeit befasst
sich mit der Entwicklung und Anwendung neuartiger Ansatze zur Visualisierung
proteinspei#ischer PTMs in Saugetierzellen. DaleerdenAnaloga der PTM Substrate, die
zusatzlich eine chemische Gruppe tragen, in Zellen eingebracht. Diese chemischen Reporter
werden von zellularen Enzymen metabolisiert und an Proteine angehangt. In einem weiteren
Schritt werden die chemischen Gruppen Uber bioorthogonale Ligationsreaktionen
fluoreszenzmarkiertParallel dazwird das zu untersuchende Protein verknupft mit einem
grun fluoreszierenden Protein (GFP) in Zellen expremiert. Die Modifikation diPseteins

mit dem PTMAnalogon kann Uber das Auftreten von ForfResonanzenergietransfer
(FRET) von dem als Donor fungierenden GFP zu dem an den Reporter gehefteten
Akzeptorfarbstoff ermittelt werden. FRET wird am robustesten und genausten lber die
FluoreszendAbenszeit des Donorfluorophors bestimmt, welche durch FRET abnimmit.

Mit dieser Strategiewurde proteirspezifische Glgosylierung untersucht. Dazu wurde
zundchst das Verbleiben des ausgewéhlten chemischen Glykosylierungreporters
(AcsGIlcNCyoc) nach Aufahmein Zellen néher beleuchtet. Es wurde festgestellt, dass dieser
Reporter in eine spezielle Form der intrazellularen Protgioglylierung, die sogenannte
O-GIcNAcylierung, eingebaut wird. Indem diese Reporterstrategie mit-i@&Rierten
Proteinen undler Bildgebunguber Fluoreszenzlebenszeitefluprescence lifetime imaging
FLIM) kombiniert wurde, wurde der erste Ansatz zur Visualisierung des
Glykosylierungszustands einzelner Proteine in lebenden Zg#lschaffenDessen generelle
Anwendbarkeit wurde durchdie Bildgebung der Glykosylierungvon finf GFR
gekennzeichnete Proteine nachgewiesen. Studien mit der Kinase Aktl offenbarten die
Maoglichkeit de Methode rdumliche Unterschiede im Glykosylierungszustand eines Proteins
aufzulésen. Versuche zur Anwendung éd@satzeszur Losung biologischieFragestellungen
zeigten dessen Limitierungen auf, welche die Notwendigkeit der Nahe der PTM Stelle zum
GFP und die Glylsylierung der zu untersuchenden Proteine mit einer hohen Stéchiometrie
einschlie3en

Neben der Bildgebung protapezifischer Glykosylierung wurden chemische
Glykosylierungreporter auch zur Untersuchung von Glykanen in Wurzeln der liditaiete
Arabidopss thalianasowieMembranglykanen von Magenkrebszellen eingesetzt.

Ahnliche Visualisierungsstrategierwie fur die Glykosylierung wurden fur die PTMs
Acetylierung und Methylierungealisiert Im Falle der Proteinacetylierung wurde fiir den
gewahlten chemisen Reporter Natrium -Pentynoat die Prozessierung durch
Acetyltransferasen und Deacetylasen demonstriert. Dabei wurderP@ietyinoylgruppen an
Proteine angehéngt und mit azidfunktionalisierten Farbstoffen fluoreszenzmarkiert, was tber
Fluoreszenzmikroskpie sichtbargemachtwurde. Allerdings war deren Einbau in das
zellulare Acetylom zu schwach, sodass kein effizienter FRET Uber FLIM detektiert werden
konnte. Der chemische Reporter ProSeAM, welcher fir Methylierungsexperimente



ausgewahlt wurde, wurde elfireich mittels Elektroporation in Zellen eingebracht. Die
anschlieBende bioorthogonale Ligationsreaktion ermoglichte die Visualisierung der
Methylierung innerhalb von Zellen durch Fluoreszenzmikroskopie. Des Weiteren wurde ein
FLIM-FRET-basierter Ansatzur Bildgebung proteinspezifischer Methylierung in Zellen
erarbeitet. Die geschaffene, generell anwendbare Methode ermdglichte die Visualisierung des
Methylierungszustands von vier GHHasionsproteinen in zwei verschiedenen Zelllinien
sowie die Auflésung es raumlichen Methylierungsmusters eines einzelnen Proteins.



Abstract

Modifications of proteins with functional groups better known as posttranslational
modifications (PTMs) tremendouslyaffect a  p r o dtrectune,6fenction, stability, and
localization. Although various methods for the identification and investigation of protein
PTMs exist, most of them require the isolation of proteins and thus disturbcételar
context.The present thesis deals Wwihe development and application @ivel strategies for
imaging of proteinspecific PTMs inside mammalian cedl. Thereto,PTM substrateanalogs
carrying a chemical handke introduced in cellsfhese chemical reportease metabolized

and attached to rpteins by cellular enzymes. In a second step, chemical handles are
fluorescently labeled via bioorthogonal ligation reactions. In addition, the protein of interest is
expressed with a green fluorescent pro{@rP)}tag in cells. The modification of thigotein

with the PTM analog can be assessed by measuring the occurrence of Foérster resonance
energy transfer (FRET) from the donor GFP to riygorteranchored acceptor fluorophore.
FRET is most robustly and accurately detected via the fluorescence difefirthe donor
fluorophore, which decreasdse toFRET.

Using this strategy, proteispecific intracellular glycosylatiohas beerstudied. Firstly, the
metabolic fate of the chemical glycosylation reporter of choice,GRINCyoc) was
investigated. It washownto most likely end up in a special type of intracellular protein
glycosylation termedO-GIcNAcylation. By combining this chemical reporter with GFP
tagged proteins anitliorescence lifetime imagind-LIM) microscopy the first approach for
visualizing glycosylationstates of individual proteinsnside living cells was established. Its
general applicability was demonstrated by imadimgglycosylation of five different GFP
fusion proteins. Studies on the kinase Akgtealed theotentialof the established approach
toresol ve spati al dyliycbdylationstatecAtdesnpts tom apply thistrabegye i n 6 s
to biological investigations of selected proteins sédvtslimitations, whichinclude theneed

of the PM site to be in close proximity to the GRE&y and theglycosylation of proteis of
interestwith a high stoichiometry.

Besides imaging proteispecific glycosylation, chemical glycosylation reporters weitezed

to examineglycans in roots of the modplantArabidopsisthalianaand membrane glycans of
gastric cancer cells.

Proteinspecific imaging strategiesmilar to those for glycosylatiowere developed for the
PTMs acetylation and methylatiofiregarding protein acetylatiprthe selectedchemical
reporter sodium -pentynoate was shown to be processed by acetyltransferases and
deacetylasedts 4pentynoyl groups were attached to protans fluorescently labeled with
azidefunctionalized dyeswhich were visualized by fluorescence microscopyowever, its
incorpordon in the cellularacetylomewas too weak to allow for the detection efficient

FRET by FLIM. The chemical reporter chosen for protein methylation stugtesSeAN)

was successfully deliveredticells by electroporation. Subsequémborthogonal labeling
enabl ed in cell i maging of a whole <cell 6s
Moreover, a FLIMFRET-basedapproach for in cell imaging of protegpecific methylation

was created. This generally applicafiethodallowed for tle visualization of the methylation
state of four GFRusion proteins in two different cell linesd enabledesolvingthe spatial
methylation pattar of an individual protein
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1. Introduction

Next to lipids, nucleic acids, and carbohydrates, proteins are one of the four major classes of
organic macromolecule®roteins are responsible for almost all cellular taSkey serveas
enzymesfor catalyzng biochemical reactions, alsormonesfor trarsmitting signals, as
cytoskeleton for maintainng and chanimg a cell 6s shape, fars mol ec
transporing cargo, as contractile proteifs enablemovementsor as antibodies to recognize

and remove foreign molecules.

The information encoding preins is stored as deoxyribonucleic acid (DNA) in the cellular
nucleus. It is transcribed into messenger ribonucleic acid (MRNA) and additionally processed.
MRNA is the template for protein biosynthesis, which takes place at ribosomes in the
cytoplasm. Ths process is called translation. Thereby, an amino acid chain is formed
according t o (ThisechaimRpesénts the mimhary. structure of a protein and
can fold autocatalytically or with the help of chaperones into various secondary and tertiary
protein structures.

According tothe central dogma of molecular biolog@NA gives RNA gives proteirs™ it

was speculated thathe code of lifecould be read as soon #s human genomevas
decipheredlt was hoped that this code woyddovide all necessary informatidn elucidate

the molecular causes of diseases and easily thedapeutic approache® cure them.
However, only20,000 to 25,00@eneswere identified in the human genonfé.This small
valuewas surprisingasthe number of genes has been believed ta beasure of organismal
complexity, butalso 13,00019,00Q and30,000 geneshave been locateid the genomesf

the fruit fly Drosophila melanogasterthe nematodeCaenorhabditiselegans and the
grapeine, respectively®® The number of distinct covalent forms of proteins, collectively
referred to ashe proteomeis larger tharonemillion and thusexceeds thamount ofproteins
predicted by the coding capacity of th&lA by two orders of magnitudé. While alternative
splicing of MRNA contributeso the diversification of proteins ahe transcriptional levef!

the complexity of the human proteome is mainly genetayeattachments athemical groups

to protein termini or amino acid side chaffisTheseproteinalterationsare summarized with

the term postranslational modifications (PTMsWntil now, hundreds of different protein
PTMs have been identifigt which tremendously affect all properties of proteins and are
linked tonumerousiisease§’

Consequentlyknowing when andwhere whichprotein is present in celis not sufficientto

fully elucidate basicellular processeslThis requires a profound understanding of protein
interactions and protein PTMBor this pupose, mass spectrometag well asbiochemcal

and bioinformatianethodsareusuallyutilized. Althoughthesetechniquesave beewaluable

for the identification of thousands of modified proteins, exact modification sites, and
biological effects of these modificatiod$'? most work has beerperformed outsidehe
cellular context. Sinc®obert Hooké §irst detection of cells with an optical microscoipe
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1. Introduction

the early 17 century!**'¥ the field of lightand especially fluorescenaaicroscopy has
emerged rapidl{>*® Nowadays, microscopes enable imaging of cellular and subcellular
processeslhediscoveryof the green fluorescent protein from the jellyf&éguorea victoria
hasrevolutionized the application diliorescencemicroscopy inbiological studie$t’*® The
genetic fusion ofa  p r o DNAIwithd that of afluorescent protein allosvfor in cell
expression and investigation of fluorescently marked proteins. However, &E\gcondary
gene products and thus cannot be expressed with a fluorescent protein tag imocells.
fluorescently label and image PTMseveral methodstilizing chemical biology approaches
have been developdd the last two decadés! Whereas many of them all@a studying
PTMs onthe whole protemelevel, only few approachegaveinsights on modification states
of individual proteing>”!

The present thesis deals willeveloping and applyingovel strategiedor imaging protein
specific PTMs inside cellghat arebased on a combination of chemical biology and
microscopy It is structured as follows: l@apter2 covers the basics artde state ofthe art of
PTMs studied in this thesis, chemical reporter strategies, assbdiaterthogonal ligation
reactions, andhe microscopytechniques used-ollowing, known methods for the detection
of proteinspecific PTMs are summarized and lead to the formulation of the obgofitas
work in chapter3. In chapte, achieved results are presented, discusaed summarized for
each examined PTNhdividually. Finally, an outlook on further possible experiments on
presented topics and possible folloyw projectss given(chapter5). Materials and methods
employedwithin this thesis aréstedin chapter6.



2. State of Knowledge

2.1. PostTranslational Protein Modifications

Until now, more than 430 PTMs have been identiftfdFunctional goups attached to
proteins range in their size from small methyl groups to huge oligosacchilidesications

of proteins with PTMs can be covalent or noncovalent ameeften catalyzed by enzymes.
Whereas some PTMs are irreversjblor example mgristoylatiod®, many PTMs can be
removed by cellular enzymesendering them dynamic sud as phosphorylatio?. In
addition, PTMs can occur substoichiometric and masses$fieterogeneous structuréd.

PTMs increase the complexity dfie cellular proteomdoy severh orders of magnitude
comparedtothg e n o me & s ¢ oltfliTmeyg changephe bidcheynical and biophysical
properties of the targeted protein atitereby affect for instance the activity, function,
stability, structue, and localization of proteingand modulate proteiprotein interactions,
signaling cascades, DNA transcription, DNA repair, and cell diviéiott> Moreover, PTMs

are involved in the regulation of the circadian clock and transmit information on the cellular
environment, such athe presence ofutrients or stressof$ *! As a consequence of its
manifold effects, it barely astonishes that PTM disorders are assavith severe ailments
including di abet es, Al zhei mer 6s and Huntingt
cancer®'34

15 out of the 20 standard amino acids have been shown godbganslationally modified
(neglectingacetylation of Ntermini).l? Often, multiple residuesf a protein carry the same or
different PTMs. Several cases of competition among Pidvishe same or adjacent amino
acidshave been reported, which frequently yield opposing functions of the target protein.
Exampledor competing PTMs includphosphoryation andO-linked N-acetylglucosaminat
threonine41 of b-catenit® or acetylation and methylation bBtsine 382 ofthe tumorprotein
p53°%°!.

A gquantification of experimentally observélrMs revealed thahe most prevalent PTMs are
phosphorylation, acetylatioiN-linked glycosylation, amidation, hydroxylation, methylation,
O-linked glycosylation, and ubiquitinatidf’ Three of these modifications, namely
glycosylation, acetylation, and methylation, were studied within this thesis. Accordingly, their
mechanismsandfunctions are explained in more detail in the following chapters.

2.1.1. Protein Glycosylation

The attachment of sugar moietie® proteins is termed protein glycosylatiokarly
bioinformaticstudies suggested that approximately half of all proteins are glgoedy” A
recent analysis of experimental data demonstrated thahost every fifth protein is
glycosylated, but still lists glycosylation amontipe three most common PTNME.
Glycosylation is a multifaceted eand posttranslational modification of lipids a@nproteins.
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2. State of Knowledge

Eukaryotic glycans are made up frothe eight monosaccharide®-glucose (Glc),
D-galactose (Gal)D-mannose (Man), {fucose (Fuc) D-xylose N-acetylD-glucosamine
(GIcNAc), N-acetylD-galactosamine (GalNAc), anbl-acetytneuraminic acid (Neu5Ac)
(Figure 2.1).28 These sugars can be attached to different proteés and linked in various
ways, resulting in an enormous structural complexity.

OH OH OH OH
HO Q 0 H 0 0
HO OH HO OH OH() OH OH
OH OH HOOH

D-Glc D-Gal D-Man L-fucose
OH OH OH
HO HO OH COOH
HO 0 Q SN HO .
HO OH HO OH N OH HM’ OH

NH NH \\( HO OH

< o
O 0]

D-GlIcNAc D-GalNAc Neu5Ac D-xylose

Figure 2.1: Chemical structures of monosaccharides present in eukaryotic glycans.

The two main types of protein glycosylation adeglycans andO-glycans.N-glycans are
oligosaccharides linked via H-glycosidic bond to asparagine i&ses in the consensus
sequence motif (asparagin@ny amino acid besides prolin@erine/threoningf® The
common sugasstructure shared by aM-glycans § Ma-& UMa-8 Y Ma-dadicNAC

b ¥4 G| c N-Aspdragine, which can be enlarged in many Wiy®-glycans are linked to
hydroxy groups of serine and threonine residues and possess no common core structure.
Different O-glycan types are defined by the first sugar attached to proteins and incloge

type O-gl ycans, whi ch ar e ol i ¢ 0os&edh aGlakdiiersc , st
O-Gl ¢ N Alioked BG | c-linkedloO-Ma n ,  -linked O-RucH"!

N-glycans and muchtype O-glycans areaccomplished in the endoplagnreticulum and

Golgi apparatus. Proteins modified with these complex oligosaccharides are preseat

cell surface or secreted into the extracellular space. At the cell suNaead O-glycans
function in celicell adhesion, signal transduction, immune response, endocytosis, and
interaction with pathoger&:*?

Of special interestsiprotein O-GIcNAcylation, whichhas beerdiscovered in 1982 anldas
meanwhilebeenshown to benearly as gnamic as protein phosphorylatiéfi**) Compared

to phosphorylation, where many pem kinases are knowmtracellularO-GIcNAcylation is

solely catalyzed by one enzyn®@:GIcNAc transferase (OGH? It usesuridine diphosphate
(UDP)-GIcNAc as substrate and transfers GICNAc onto serine and threonine residues of
cytoplasmic, nuclear, and mitochondrial protéfté® In humans, onsingle gene encodes
three spliceversionsof OGT: the nucleocytoplasmic OGT (116 kDa), the mitochondrial OGT
(103 kDA), and the small OGT (78 kD'J All of them own a Nterminal domain with
different amounts ofetratricopeptide repeat matifa linker domain, and a -t@rminal
catalytic domainOGT is an essential enzyes its knockout in mice has been reported to be
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2.1 PostTranslational Protein Modifications

embryonically lethaP® Apart from intracellular O-GlcNAcylation, also secreted and
membrane proteins owing an epidermal growth faltker repeat domain havwecentlybeen
proven tobecomeO-GIcNAcylated by another enzyme, thadgymal growth factor domain
specific OGT"Y The enzyme renderingd-GIcNAcylation dynamic is O-GlcNAcase
(OGA) 52 OGA hydrolyzes theD-glycosidic bond while retaining the configuration at the
anomeric center of the monosacchafideBoth OGT and OGA are evolutionary well
conserved® Until now, thousands of proteifisom almost all functional protein classesve
been identifiedto becomeO-GlcNAcylated™ O-GIcNAcylation influences the stability,
structure, functin, and localization of proteinand has impacts on protemmotein
interactions  transcription, translation, cell division, and metabol&m > Moreover,
O-GIcNAcylation responses tautrients and oxidative stre$8%? As aresult of its many
tasks malfunctiors of protein O-GlcNAcylation have been reported to be associated with
sever e ail ment s i ncluding cancer, Al zhei me
neurodegenerative diseases)d diabetes type #°°®U A widespreadcrosstalk between
proteinO-GlcNAcylation and phosphorylatidmas been found*¢2¢3/Both modifications can
compete forcertain serine/threonine residues or influence one another at adjacent residues.
For example,the O-GIcNAcylation of RAC-U serine/threoningrotein kinase (Aktl)
following an insulin stimulus inhibits its phosphorylation at threonine , 30&reby
terminaing its kinase activitf”! In addition, proteinO-GIcNAcylation interacts with
ubiquitination, for instancein case ofp53°® and OGT overexpression influences the
methylation and acetylation patterns of hist&iies

In this thesisglycosylation studies mainly focused GrGICNAc, but chapted.1.7also deals
with theimaging ofcell surfacdocalizedGalNAc in mucintype O-glycans andNeu5Ac For

a more comprehensive understanding of the origin of thdéleee glycoconjugates,
biosyntheis pathway®f their precursorareoutlinedin the followingsection(Figure2.2).

The precursofor protein O-GIcNAcylation is UDRGIcNAc, which is generated in six steps
from Glc. Thereby, Glc is phosphorylated at is6Cby glucokinase. GIc6P isomerase
converts GIc6P into Fru6P, which further reacts to GICN6P with the help of glutkimi6e
aminotransferase. IGN6P N-acetyltransferase adds an acetyl group to GleNAC6P. This
compound can also be generated from GIcNAc, which is a product from the hexosamine
salvage pathway, through phosphorylation by GIcNAc kinase. Fae ghosphate group of
GIcNAC6P is trasferred to its €1° via GIcNAc phosphomutase. The sugar is activated
through the addition of UDP by UDBalNAc/UDP-GIcNAc pyrophosphorylase yielding
UDP-GIcNAc, which serves as substrate for OGT. OGA rema@dmked GICNAc by
hydrolyzation yielding the &e hydroxy group of the serine or threonine residue and GICNAc.
As approximately two to five perne of intracellular glucose enap as UDPGICNAC after
metabolism via the hexosamine biosynthetic pathway, it is obvious that changes in the
glucose level aftir cellular amounts of UDBICNAc and thus affect protein
O-GlcNAcylation®” This further underlies the linkages of the presence of nutrients and
dynamic proteirD-GIcNAcylation.

All mucin-type O-glycans bear a GalNAc that linked to the hydroxy group of a serine or
threonine amino acid vianaO-glycosidic linkage. For this purpose, GalNAc frotine
hexosamine salvage pathway is phosphorylated at -itS 6y GalNAcl-kinase to give
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Figure 2.2: Biosynthesigpathways fotJDP-GalNAc, UDRGIcNAc, andCMP-Neu5Ac

GalNAc1P. This compound is activatday addition of UDP, which is mediated by
UDP-GalNAc/UDRGIcNAc pyrophosphorylase. UBBalNAc is transported into th&olgi
appratus, where it is attached to proteins by polypeptide GalNAc transferase. Afterwards,
various glycosyltransferases can add fewrtmonosaccharides to form different mutype
O-glycans’® The resulting O-glycoproteins are then localized to the plasma membrane or
secreed in the extracellular space.

Neu5Ac is one of over 50 monosaccharides belonging to the famiN-amfylneuraminic
acids, also termed sialic aci¥. These monosaccharides mainly occur at endé-gifycans,
O-glycans, and glycolipids and are important foll-cell interactions, signal transductions,
protein stabilization, immunoregulation, ion binding, and ion tran${idi.The precursor for
Neu5Ac is ManNAc, which is first hppsphorylated at its 6° by UDRGIcNACc-2-
epimerase/ManNAc kinase. In a next step, ManNAc6P is converted to NeuSAc9P by a
synthase. Its phosphate residue is removed by Neu5Ac9P phosphatase to give Neu5Ac, which
is transported into the nucleus, whargidine monophosphaté€CMP)Neu5Ac synthase
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2.1 PostTranslational Protein Modifications

activates Neu5Ac by linking it to CMP. Subsequently, CNIBUSAC is transported to the
Golgi apparatus and transferred to glycoproteins and glycolipids by sialyltransferases.
Metabolic pathways ofIcNAc, GalNAc, andManNAc are interconnectedJDP-galactose
4-epimerase converts UBBICNAc in UDRGalNAc as well as UD®sIc in UDRGal and

vice versd’? GIcNAc can enter the Neu5Ac biosynthetic pathway via two routes: It can be
directly transbrmed into ManNAc by the GIcNA2-epimerase or ManNAc can be obtained
from UDP-GIcNAc through catalysis by UDBIcNAc-2-epimerase/ManNAc kinase:’™
Further possible conversions have been summarized else{tvhere.

2.1.2. Protein Acetylation

The modification of proteins with acetyl groupsamong the most prevalent PTMs. The
substrate for protein acetylation is aceiyked coenzyme AdcetytCoA, Figure2.3A) 767"
which is presentn mitochondria the cytoplasm, andhe nucleusof a cell In mammals,
acetytCoA is produced in mitochondria from pyruvate, itself generated from glucose via
glycolysis, by the pyruvate dehydrogenase complex or from fatty acidb-dxydation
(Figure2.4). AcetylCoA can be converted into citrate via the citric acid cycle. Citrate can be
activelytransportednto the cytoplasm, wherésenes as substrate fadenosine triphosphate
(ATP) citrate lyase, which produces aceGoA. In the cytoplasm, acet@@oA can be
synthesized from acetate by aceBdA synthetase. Citrate freely diffuses in and out of the
nucleus, where it caalsobe convetedto acetylCoA by ATP citrate lyasE®

A ;

0O OH 0]
=\ O P P H\/WHV\ )K
N= o PSSP BN
Nit 0 L0 S
HgNY)%( S_l OH OI—‘ID o o
0

~

0™ “oH acetyl-CoA
+
NH3 acetyl-CoA Co-A
R N
acetyltransferase

acetyl-CoA Co-A

* acetyltransferase/ Y
non-enzymatic O

deacetylase

Figure 2.3: (A) Chemical structure of acet@loA. (B) Mechanism of irreversible -i¢rminal protein
acetylation. (C) Mechanism of reversible protein acetylation db#meino group of lysine residues.

The first proteins identified to be acetylated have been hisiont363!®! For a long time,
acetylation has been believed to be solely a histone modification. With the discovery of
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2. State of Knowledge

further acetylated proteins, such as tubtfintumor suppressor p83, and transcription
factor NFaB!®?, the field was opened to investigatimf nonhistone acetylation targetShe
first proteomics study on protein acetylation in 2006 has revetiladmany nuclear,
cytoplasmic, an@venmitochondial proteins are acetylatétf!

glucose fatty acids

\ acetate
pyruvate acetyl-CoA

T synthetase

/

) Y acetyl-CoA acetyl-CoA

Pyrvete. — vt Y RCoA | ATP citrate ATP citrate
lyase lyase

dehydrogenase \’
complex citrate citrate citrate

mitochondrium nucleus

cytoplasm

Figure 2.4: Biosynthesis pthways for acetyCoA. This drawing is based &#.

Protein acetylation can occur ktterminal U-amino groupsor at lysineJamino groupsof
proteins(Figure2.3B and C).Acetylation neutralies the positive charge of amino groups and
thereby inhibits further or other PTMs at these resifftfedpproximately 8690 % of all

human proteins are co and postranslationally acetylated at their -tarmini®>®® |n
mammals, six different Nerminal acetyltransferases have been fd¢fhdhis type of protein
acetylation is assumed to be irreversdohel serves many functiarfor instanceit influences
aproteinodos | ifeti raminteréctioh paitner§*®” Atetylatianl of Iysiae i o n ,
Gamino groups iswell conserved from bacteria toumans®! It is catalyzel by lysine
acetyltransferaseand can be reversed by lysine deacetylases, which render lsimeno
acetylation a dynamid®TM. 22 different lysine acetyltransferasdmve been listed for
humans, but no clear acetylation sequence motifs have been'ftfhth addition, eleven
Zn**-dependent lysine deacetylasesl seven NADdependent deacetylases (named sirtuins)
exist®™ Whereas sirtuins are present in the mitochondriaytoplasm and nucleus
Zn**-dependentieacetylases arsolely localized in the cytoplasm and nuclé{fs Proteins

that recognize and bind acetylated lysines often bear a so called bromodomain, which consists
of approximately 120 amino acids forming small helical structukessummary of
bromodomaircontaining proteins and their acetylated interacgiartnershas been published

by Filippakopoulos and Knapp” As a result of lysine acetylation, the positislearge of

amino groupsis eliminated and some steric hindranseintroduced which affects the
interaction of proteins with nucleic acidand with other proteinsin 1964, i has been
proposed that histone acetylation regulates gene expréSsideanwhile it has been pven

that acetylation and deacetylation finely regulate nucleosomal assembly of histones and DNA,
chromosomal condensatioand gene transcriptidt! For exampleacetylation of histone 4
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2.1 PostTranslational Protein Modifications

atlysine 16 influences the structure of nucleosomes and its interaction with external proteins,
both resulting in the activation of transciigt®>?*! Moreover,lysine acetylationis involved

in the regulation of thesubcellular localization of proteins, their enzymatic activity,
intracellular pHmetabolism, apoptosis, and stress respbig&®

Malfunctions of protein acetylation have been linked geveral cardiovascular and
neurodegenerative diseases as well as to cBAcAs an exampleacetylation at Nerminal
lysine residues of the huntingtin proteinsasiatedwi t h  Hunt i ngt ondés di seec¢
proteinds interaction with | i piesultsinlargeger s an
fibrillar aggregate§™

Besides enzymeatalyzed acetylation, lysinBamino groups arelso nonrenzymatically
acetylated®® This is especiallyimportantin mitochondria,where aslightly increasedoH
value(7.9) anda higheracetytCoA concentration favonon-enzymaticacetylation®” In line

with these observationa low stoichiometry of acetylation sites aadtrong correlation of
acetylation levels with acetfLoA levels have been found for mitochondrial and cytopiasm
proteins inS. cerevisia8® Thus, the presence of the deacetylases sirtuin 3 and 5 in
mitochondria s been suggested to regulate -eomymatic acetylation of proteiffd!
Recently, it has been reported that smzymatic acetylation of lysine residues by
acetylCoA frequently takes place viaSacetylaté thiol intermediate in close proximity to
the lysine'%

In addition toacetylation further acylatins of lysine Jamino groupshave been discovered
within the last decade.These compriselysine formylation!%®, propionylatioft®®,
butyrylatiorf!®®, crobnylatiorf!®, malonylatioft®®, succinylatioH°®, and glutarylatior*®”
(Figure 2.5). Similar to acetylation, proteinofmylation propionylation butyrylation and
crotonylation neutralize the positive charge of thamino group of a lysine residue. In
contrast, malonylatin, succinylationand glutarylation add a negative chargelysines
which altes the proteins surface chartgndscapeand consequentlyts interaction partners

So far, no lysine acyltransferasehave been detectedor most acylations However,
propionylation and butyrylatioof histoneshavebeen shown to beatalyzed by théistone
acetyltransferase p3@ihdthe CREB-binding proteir’®® Besides this, the weak deacetylase
sirtuin 5 which is present in mitochoridrand the cytoplasnhas been reported fmssess
ordes of magnitudeshigher activity towards malonyl, succinyl, and glutagsoups than
towards acetyl group&>!%" Details of thebiological functions of these modifications are
still unknown
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Figure 2.5: Chemical structures of formylated, acetylated, propionylated, butyrylated, crontonylated,
malonylated, succinylated, and glutarylatémimino groups of lysine side chains.

2.1.3. Protein Methylation

Protein méhylation is the miallest PTMknown, but it is of immense importanceThe
universal substratéor protein, DNA, RM\, and small molecule methylatios S-adenosy
L-methionine (SAMY'%®! which has beendiscovered in 1952 anis the second most
consumedenzyme substrateext toATP % SAM is only acceptedis methylation donor

in its (SS configuration. Epimerization under physiologicainditionsleadsto (R,S)-SAM,

which is notaccepted by methyltransferases ankibits them™*” The transfer o
methyl group isthermodynamicallypreferred asit is exothermid*® As a consequence of
SAMés high reactivity, it i s generally dir
biosynthesis. SAM is produced from methionine and ATP by the methionine
adenosyltransferaseFollowing the tansfer of its methyl group to nucleophiles by
methyltransferase§AdenosytL-homocysteine (SAH) is generajetdhichcan becleaved by

SAH hydrolase into adenosine ahdmocysteir. The lattercan beconverted to methionine

by either methionine synthasatilizing 5-methyltetrafolateor by betainehomocysteine
methyltransferaseThis metabolic SAM pathwayis illustratedin Figure 2.6.**>3 The
cleavage of SAHnust betightly regulatedsinceSAH inhibits methyltransferaseandin this
mannercontrolstheir activities™*!
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Figure 2.6: Metabolic pathway for SAM.

Protein methylation at lysinand arginineside chainss most commonbut alsoN-, C-, O-,

and Smethylationsat glutamine, glutamic acid, histidine, cysteine, asparagine, and aspartic
acid as well as Nerminal protein methylatiothave been reportét®'#1® The lysine
Bamino group can bmono, di-, or trimethylated(Figure 2.7A), while theguanidine group

of arginine can be monomethylatfedymmetrically dimethylated, or asymmetrically
dimethylated Figure2.7B).

Until now, nore thanfifty protein lysine methyltransferases have been detected, which
mono-, di-, or trimethylate lysiné}amino group$:*” Firstly, most lysine methyltransferases
have beershown to acton histones, but nowadays many flostone target proteins are
known**!  Besides lysine mthyltransferases, ten different protein  arginine
methyltransferases exist in humans, which catalyze the methylation of cytoplasmic and
nuclear protein??] They can be classified according to their methylarginine prodiess |
transferases catalyz*-monomethylation andaisymmetricN¥-N*"-dimethylation, class Il
N¥-monomethylation and symmetric NY-N*-dimethylation, and class Il only
N“-monomethylationN“-monomethylation is catalyzed by class IV methyltransferases, but
these have solely been found in yeast and are possibly present if*piafits.

For a bng time, it has been believed that protein methylation is irrevefSiBiMeanwhile,

two classes dfysine demethylases have been identified, which oxidize the methyl groups and
release formaldehyd®® Flavin-dependent amine oxidases demetigylanone and
dimethylated lysines, while iredependent oxygenases demethylate all three lysine
methylation state$?!! Mechanistic details otthe demethylatiorreactionsof lysines have

been summarized by Fischle and SchwarZ&. Arginine demethylases haw&so been
reported??*1%¥| Besidesdemethylation demethylinination of arginine residues by the human
enzyme PAD4 has been describ€d'?! Thereby, the methylate N*-amino group is
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Figure 2.7: Known(A) lysineand (B) argininenethylation sites

removed, which results imethylamine and aitrulline residue.Whether theresulting
citrulline-containing proteinare degradedr restoredby a hitherto uknown mechanism is

still not cleat'®® The ability of PAD! to demethyliminate arginine has also been
questioned*”!

Methylation fulfills crucial functions in allife forms. Protein lysine methylation has been
shown to influence chromatin remodeling, protein stability, and biomineraliz&rotein
arginine methylation affects mRNA splicing, signal transduction, cell proliferation, ciroma
remodelingthe cell cycle, DNA repairfranscription, protekprotein interactions, and protein
localization'®3*?®! Furthermore, rany diseases including prostate and breast cancer,
cardiovascular diseases, viral pathogenesis,ipreilsclerosis, and spinal muscular atrophy
have been linked to protein arginine methylattéhi’?®® In addition protein lysine
methylation has been reported to be involved in various types of cancer and bacterial

pathaenicity*?°!
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Protein methylationachieves further biological outcomda combination with other
PTMs™Y For instance, He interplayof methylation and phosphorylation regulasethe
transcriptional activity of NFBM and the crosstalk ofnethylation and acetylation
modulats gene expressioand activation op53 upon DNA damagf3*3H
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2.2. Chemical Reporters

Since thediscoveryof protein PTMs, research focused amswering the following ugstion:
Which proteins are whenvhere andhow modified and remodified by which enzymg?To
answer this questiora repertoire of biochemical techniques has been estahlighech
includes radioactive isotogabeled PTM substrates, antibedgsed apmrachesmanymass
spectrometrymethods protein arrays, and, solely for protein glycosylatioarbohydrate
binding proteins lectins).**133 3% while all these methods have been valuable for the
identification of modified proteins and their PTM sites, they suffer from certain shortcomings.
The generally used radisotopes®H and*‘C are weak radio emitters resrihg an efficient
detection of modified proteins difficUit! As antibodes recognize a certain epitope and
PTMs are often very small and present in different amino acid sequence surroundings, pan
specific antibodies are not available for every PTM, laborious to be prepared, and sometimes
lack specificity*%® Lectins are cytotoxic and are not cell permeable, which limits their
invivo application™®”! Additionally, lectins haveusually low target affinities™*813°
Moreover most of these techniques requitee isolation of proteins from celland thus
disturb the cellular contextvhich containdurther information, e.g. on the localization of the
protein in its modified stateEven imaging mass spectrometry, which combines mass
spectrometry with a surfacamspling process with resolutions down to 100 or the
application of antibodies for immunocytochemistry resdriise detection of PTMs to proteins

in fixed cells or tissue samples, therewith losing information on PTM dynamics.

An alternative approach overcoming some of the above mentioned limitations and allowing
for the detection of PTMs side living cells and even organisms relies on chemical
reporterd!*? 1% These are analogs of the corresponding PTM substrates beatimgatural
chemical handle, for example an az{de), alkyne(Alk), or alkene. Chemical reporters are
commonlyemployel in a twastep labeling approacfiihefirst step comprisetheir delivery

into cells,subsequent processing by cellular enzyraes attachment to proteside chains.

The cellular processing should preferably occur in the same way as it would be tl@r case
the native PTM substrate. In a second step, the chemical hanbkereporter can be labeled
with an exogenously deliverethg (e.g. biotin or a fluorophore) via a bioorthogonal ligation
reaction (seehapter2.3) for the enrichment, isolation, det®n, or visualization of the PTM

via mass spectrometry, fluorescence microscopy, or on Western blot membranes.
Furthermorepnestep labeling approaches based on chemical reporter strategies have been
developed.Thereby either the chemical reporter isodified with a larger tag suitable for
standard detection methddd or the small chemical handle itself is sensed via advanced
microspectroscdp technique$t*® %% such as cohen¢ antiStokes Ramascattering>*°

or stimulated Raman scatteritid. The keyto chemical reporter strategies lies in the
acceptance of the modified substrate by nagiveymes. If the chemical handle is too large to

fit the enzyme8 substrate pockeenzymes can be genetically enginedt¥As chemica
reporters can be introduced in cells and labeled at freely defined time points, newly
synthesized biomolecules can be easily separated from the -stag&lyPTM populatign
which enablesnonitoiing dynamic changes of PTMs in living cells and organiSmhs.

Suitable chemical reporters fothe three posttranslational modifications glycosylation,
acetylation, and methylatioare discussedbelow in detail. Apart from these chemical
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reportershave beemlesigned ath appliel to study protein manylatior*>*, crotonylatbrt**?,
propionylatio®®”,  butyrylatiod**”, N-myristoylatiod'*®, S-palmitoylatiod*>®, further
lipidationg**®®1! pARylatior'*"162163 AMPylatiort**¥, and phosphorylatidtf™.

2.2.1. Chemical Reporters for Protein Glycosylation

The wsage of chemical reporters fitre detection of protein glycosylation etterknown as
metabolic glycoengineering (MGE) or metabolaigosaccharide engineering (MOE).
Chemical glycosylation reporters are precursors ofntlb@osaccharide of interestodified

with a chemical handléManNAc, GalNAc, andGIcNAc derivativesare utilized as chemical
reporters to target sialic acids, mugype O-glycans, andO-GIcNAc, respectively:°®!
However, it has to be taken into accouhat natural sugars are interconverted into one
another, as explainaabove.These interconversions might also occur for unnatural sugars, but
the chemical handle attached might influence the acceptance by cellular enzymes. As
monosaccharide derivativeseapoorly cell permeable, peracetylated reporters asaally
employed'®"1®® peracetylation enables the diffusion of chemical glycosylagporters into
cells, where theyare expectedo be rapidly deacetylated by estera$8¥.In a next step,
modified monosaccharides are enzymatically processedl attached to proteins. Their
chemical handles can subsequently be labeled via ligation reactitnsuiable tags for
detection

The first chemical glycosylation reportenave beerpresented by Reutter et ah. the early
1990s.Based on their findings thak-modified ManNAc derivativeare metabolizednd end

up as sialic acids, thdyaveusedN-propanoyl-, N-butanoyl, omN-pentanoytaggedManNAc
derivativesand have detected their incorporation as sialic acidsvitro andin vivo*"%72

This pioneering work proved @hN-acyl modified ManNAc analogs are accepted by the&ells
enzymatic machinery and opened a new field in glycobiol®gg.group of Bertozzias been

the first to use ManNAc derivatives with chemical handles, which can be labeled after
incorporation intothe cellular glycome with ligation reactigndor the detection or
purification of glycosylation target§>’¥ Meanwnhile, reporters targeting Neu5Ac or
GalNAc with various chemical handles, includikegtone8™®, azide§°"1"® alkynei"®177]
terminal alkends®'"® strainedalkene&®9 183 nitrone&®¥, or diazegroups®, have been
deweloped andummarizedtlsewheré®!

Chemical glycosylation reporters developed to target pr@@e@IcNAcylation are depicted

in Figure 2.8. The first reporter presesd by Bertozzi and ceorkersin 2003 has beea
peracetylate@IcNAc derivative bearing an azide at tNeacetyl side chaifAc,GIcNAZ).*8"!
They haveproventhatthis azidederivativeis well accepted by all enzymesquired toform
UDP-GIcNAz from GIcNAzin vitro, i.e. GICNAc kinase, GIcNA@hosphmutase, and UDP
GalNAc/UDP-GIcNAc pyrophosphorylase, as well as by OGT and OGA. Moreover, cells
treated with AgGIcNAz have beershown to incorporate it into nuclear and cytoplasmic
proteins.In 2011, the same groupasreported on the usage péracetylatedazidetagged
GalNAc (Ac,GalNAz) for the purification and identification of man-GlcNAcylated
proteins’? Bertozzi and caorkers have demonstrate that GalNAz is converted by
endogenous cellular enzymes into UBRAINAz, which can be epimerized to UEBcNAz

by UDP-galactoset-epimerase In comparison to A€ICNAz, AcuGalNAz turned out to
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2. State of Knowledge

mimic O-GIcNAc more faithfully, as its incorporation respondeci@angef OGT, OGA,
and O-GIcNAc levels.Yet, AcGalNAz also ends up in mucin ty@glycansi*®® The third
reporter was anperacetylatedN-pentyroyl-GIcNAc derivative (AgGIcNAIK).*®% Cells
treated with AgGIcNAIk attached it to many intracellular proteins allowing for the
identification of many novelpresumably O-GIcNAcylated proteins.The authorshave
assumd that GIcNAIk is a more specifi©-GIcNAc reporter than GIcNAzs the latterbut
not GIcNAIK, can be interconverted the GalNAederivative.To date peracetylate@IcCNAC
with a methylcyclopropenylmethylcarbamdtey at theN-acetyl side chain (AGIcNCyoc) is
the only reporter designed foO-GIcNAc allowing labeing with a fluorophorevia a
bioorthogonal ligation reaction inside living celld has been reported by two groups
independently:?°82 Ac,GIcNCyoc has been shown tmainly end up in intracellular
proteins, but to some extent alsajigcans on celmembrans.

Recently five additional chemical reporters f@-GIcNAc have beemeported.Peracetylated
6-azido6-dexoyGIcNAc (Acs6AzGIcNAC) and its alkynyl analog (ABAIKGICNAC) bypass
the standard hexosamine pathwaythas/ cannot bephosphorylated at thelydroxy group
and insteadare directly phosphorylated by phospi@cNAc mutase atthe 1-hydroxy
group*****Both sugars havbeen shown to solely end up in prot&rGIcNAcylation and
not, as reported for AGICNAz, Ac,GalNAz, and AgGalNAIK, in N-glycans or mucirtype
O-glycans.Thus, the authors claimed that:8AzGIcNAc and Ac6AIKGICNAC arethe most
selectiveO-GIcNAc reportes outperformingthe others. In addition, differences found in the
enzymatic processingf dhese chemical reportergvealed a certain metabolic flexibility
within the biosynthesis of carbohydrately 2016, Wang and cworkers preented
peracetylated 4leoxy GINAz (Acz4dGIcNAz) as potent and selectiv®-GIcNAC
reporter*® The lack of the sydroxy groupresults inlessincorporationof Acs4dGIcNAZ in
cell surfaceglycoconjugatés®™ and renders it resistamainsthydrolysis by OGA. Thus,
Ac3z4dGIcNAz accumulates a3-GIcNAc. Following bioorthogonal labeling of incorporated
4dGIcNAz, imaging, purification, and identification @-GIcNAcylated proteis has been
achieved.Two additional reporters, peracetylate@Zdo2-deoxyglucose (Ag2AzGlIc) and
peracetylated @zido6-deoxyglucose (Ag6AzGlIc), have been introduced by Prattdan
coworkerd!®*1®®! Ac,2AzGlc and Ag6AzGIc wereonly found to very low extents in cell

OAc AcO _0OAc OAc OAc
AcO 0 AcO AcO
Acgéwom ACQ&M ’égw ’éw
NH
N
\/go \/g M O

Ac,GIcNAZ Ac,GalNAz Ac,GIcNAIK Ac4GlcN Cyoc

OAc N3
AcO AcO AcO AcO 0
AcO Aco OAc Acoépkn ; /ég% Aco’ég%@m:
OAc
/&o o o

Ac36AzGIcNAC Ac;6AIkGIcNAC Ac3;4dGIcNAz Ac42AzGlc Ac,6AzGlc

Figure 2.8: Chemical structures of reporters designed to target prot&icNAcylation.
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surface glycans in levels comparable to those aGAaNAz and Ae6AzGIcNAc. Proteomics

data revealed the sug&GcNAc bg PGT cLiké AgsdGICNAL or por at
Ac42AzGlc and Ag6AzGlc cannot be removed by OGA.

Besides targetin@-GIcNAc, Neu5Ac, or GalNAc, chemical reporters have been developed

to study protein fucosylation and xylose, rhamnose, as wellaggbinose in plant cell

walls*°61%] chemical glycosylation reporters have not only been appligitro and in cell

culture, but alsdn vivo, for instancein micé'**, Caenorhabditiselegan&*®, zebra fish

embryo§“®, andArabidopsis thaliandA. thaliang*9¢:*9"1%]

2.2.2. Chemical Reporters for Protein Acetylation

The first chemical reporter fanonitoring protein acetylation was developed by Yang et al. in
20107 Their reporter is based on the native acetylation substrate -@mAylbut is
additionally tagged with a terminal alkyne for detection. Among several chain $degthd

in vitro (3-butynoyt, 4-pentynoyl, and 5hexynoytCoA), 4pentynoylCoA was well
accepted by the acetsdnsferase p300 and transfertedysine residue®f histone 3. For in
cell application followed by cell lysis and detection of alkynedified proteins on Western
blots or via mass spectratny, sodium 4oentynoate Kigure 2.9A) has beerselected.tlhas
been metabolically processed andttached to lysine residues of many proteins including
histones 2B, 3, and dnd has beeracceptedby acetytransferasessuch agp30Q However,
concentrations as high as &M needed to bemployed which might be due to weak
cellular uptake of the salt.

Three years later, an alkymeodified aspirin(Figure 2.9B) has beemresented for in cell
detection of aspirilependent protein acetylatiéfi” While this provides nice tool to study
effects of aspirin, this reporter is not suitable for studying protein acetylation in general.

A third probe wasublishedby the Pratt group in2014: 1-deay-N-pentyroylglucosamine
(Figure 2.9C).*®Y This molecule lacks the-fiydroxyl group, which is indispensable fis
processing by enzymesd incorporation into glyee, but insteachas beershown to end up,

at least partially, in the protein acetylation pathway. More than 60 known acetylated proteins
were detected with 1-deoxyN-pentyroylglucosamine Comparison with  sodium
4-pentynoate however, revealed a different odification pattern of labeled proteins on
Western blots and demonstmatbattheincorporation osodium 4pentynoatavasstronger.
Recently, sodium $entenoate and twof its esters have been used for monitoring protein
acetylation in cells andn vitro (Figure 2.9D).*°@ Nevertheless these &enemodified
reporters were less accepted and incorporated than soepemyhoate.

R =0ONa
R =0CH;
= O R =S(CH;),CH,

Figure 2.9: Chemical structures of the acetylation reporters (A) sodipartynoate, (B) aspirialkyne,
(C) 1-deoxyN-pentyroylglucosamine (D) sodium 4pentenoate, methyl -dentenoate, andpropyl
pent4-enethioate.
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These observations support the conclusion that sodipané/noate is théest known
chemical reporter for monitoring protein acetylation.

2.2.3. Chemical Reporters for Protein Methylation

Chemical reporters for monitoring methylatidrave beenbased on the structure dfie
common cofactolSAM. In the last two decades, a huge variety of chemical methylation
reporters has been develop@d 23

To establishthe firstmethylation reporters, the sulfonium and methionine of SfeMe been
replaced by an aziridiR®® Following its protonation, meaylation substrates can attack the
aziridinium ion and thereby attach themselves tahe reporter(Figure 2.10A). The DNA
methyltransferase fronThermus aquaticudhias beenshown to catalyze this reactian
vitro.?°®! Further aziridinbasedchemical methylatiorreporters have been developed, as
summaized elsewherE®”! They are for instance modified with azides or fluorophores
enabling the detection of modified substrdt®2°! However, these reportesse not suited
for cellular applications as methyltransferases cannot dissociate from substEaeter
conjugates and consequentlyhigh concentrationsare needetf'® This can also be an
advantageasa methyltransferase responsible for a certain modification can be easily purified
and identified if it is linked toits substrateNoteworthy aziridinbased reporters are highly
reactive This resultan their degradation anith non-specificalkylation evenin the absence

of methyltransferasd&*2°"!

The second class of chemical methylation reporters comprises SAM armagag a
chemtal handle instead of the methyl group at the sulfonium cemtech is transferred by
methyltransferases ttheir targetgFigure2.10B). It is known that SAM analogs with longer
alkyl chains are accepted by metighsferases, but reaction rates are much lower compared
to native SAM whichhas beemxplained by steric hindran&&” Early synthesizedhemical
methylation reportershave carried an allyl or propargyl grodff??*® The allylic or
propargylic carbortarbon bond irb-position of the sulfonium atom stabilizghe transition
state of theSy2 reaction andni this wayrecoversgood reaction ratdé’*?*223IMany more
SAM analogs with diverse groups for detection (alkynes, ketameszides)differently
acceptecby methytransferases andith alteredreaction rates have been publisHe§?*®!
Reporters withchemical handlesarger thanthe pent2-en4-ynyl groupg®*¥ have not been
accepted by native methisdnsferases and required genetically engineeretthytransferases

to recognize and transfer bulky SAM anal&g¥. Although smaller reporters such as
ProSAM Figure2.10C) are betr tolerated by methybansferases, they have hilé times
lower than one mhute under physiological conditionsyendering their application
difficult.**%2% Decomposition pathwayef SAM analogs include the racemization at the
sulfonium centerthe deprotonation at the-& followed by elimination of the adenine base
(depurination), and loss of methionine as homoserine laetiberea nucleophilic attack of the
U-carboxylateat the 2-carbon aton®*??Y In addition, the alkyl side chaican decompose.
For example, the propargyl group of ProSAM can hydratasesuprably via an allene
intermediatd??® A chemical reporter with increased stability and a-lifdftime of around

60 min undemphysiological conditions is the selenitmased ProSeANFigure2.10D).1220:222]
Selenium analogare moreelectrophilicthan sulfonium analogs arfdr this reasormore
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reacive towards a nucleophilic attack resulting in increased reaction T4t&8:% In
addition, selenium analogs possess a reduegdagidity compared to sulfonium analdgs’

Thus, they are more stable towards deprotonation at te®58” Moreover,Pr 0 Se AM6 s
propargyl group does not undergo hydratizatiBh.ProSeAM has been shown to heell
accepted by a wideaviety of native protein methyansferase$*??? but alsoby DNA and

RNA methytransferase$?>??4 This reportehas been employedr theisolation of modified
proteins from cell lysatesofiowed by mass spectrometignd for the identification of
substrates of certain methyltransferaisestro.*?>???!Besides ProSeAM, three further SeAM
anabgshave beemsynthesized carrying aldutynyl, 2azidoethyl, or 3azidopropyl group, but

all of themhave beettess ractive in an enzymatic methylation assay than ProSEANF®!
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“NH "NH
N X N =
N N
RZ “ R2 $
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! m&ﬁ methyl- ,\'1
substrate  \/ 0 transferase  substrate” o
OH OH OH OH
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A s methyi- oIS
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Figure 2.10: (A) Mechanism of the reaction of nucleophilic substrates with aziidsed chemical
reporters. R R?, R®=H/chemical handle/fluorophore. (B) Mechanism of the reaction of nucleophilic
substrates with SAMbased chemical reporters.=R-hemical handle(C) Chemical structure of ProSAM.
(D) Chemical structure of ProSeAM.

The application of methylation reporterslagely restrictedto experiments in cell lysates.
The lack of in cell experiments is mainly due to line cellular permeability of SAManalas
and the absence of a proper transggstemin mammalian cells. A unique SAM transporter
system exists inS. cerevisiag which has allowed the delivery of chemical methylation
reporters in yeaéfzﬂ So far, he only methylation reportehaving beerused in mammalian
cellsaremethionine analagy whichhave beenaken up by cells ankdave beeronvertednto
the corresponding SAM analsby engineered SAM synthetadt$:??®l
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2.2.4. Delivery of Chemical Reporters into Cells

As chemical reporters need to be processeccddular enzymes to become attached to
proteins, reporterdhave tobe deliveredinto cells. Ideally, the chemical reporter is cell
permeable and simply diffus@sthe cytoplasmHowever, nost chemical reporters are polar
and thus can hardly pass cellular membranes. As a consequence, polar groups, such as
alcohols, are often protected with acetgl acetoxymethyfroups making reporters more
hydrophobic and therefoteettercell permeablé->>1671%9 |t js assumed that cellular esterases
remove these protecting groups inside c&ifs.
If chemical reportergannot pass cell mendmes several methods exist to introdutteem
into cells
1 Electroporation. A external electrical field can be applied that leads to the temporary
formation of membrane pores through which reporters can difftfs&his technique
can be performed with adhereklls or cells in suspension and allows for
homogenous introductidf®® Electroporation conditions need to be adapted for each
reporter and cell line individually to ensuagroper deliverywith minimal effects on
cellular integrity
1 Microinjection. Thereby, the amount oéporterspresent in cells can be clearly
defined®*Y Correct microinjectionof many cellsrequires expertise ands time

consuming.
1 Triton X-100. Low concentrations othis detergentcan beusedto transiently
permeabilized <cellul ar me mbr an edructwe t hou

completely®®? Triton permeabilization deliversompoundshomogenously it cells,
but cells die rapidly within the next two houfEhis restricts its application in living
samples to shoterm studies.

1 Peptide carriex A short amphipathic peptidsan be employedvhichhas beeshown
to efficiently deliver peptides, proteins, and chemical reporteis dells™*%3 This
peptide is not toxic and leads tiee homogenous delivery of probes in cell, lituis
relatively exgnsive

1 Cell squeezingCells are rapidly and dynamically deformbd cell squeezing, which
enabésthe diffusion of macromatcules or nanomateriato cells?*¥ Whereas many
cells can be easily processed at once and are not affected in their viability, cell
squeezingg done with cells in suspensioneiiteit does no allow monitoring the
incorporation of chemical reporters into adherent cells by microsaudpsequently

1 LiposomesChemical reporters encapsulated in liposoweas betaken up by cells via
endocytosis. Recently, this liposorassisted bioorthogonatporter strategy has been
applied to deliver chemical glycosylation reporters in mouse $iairvivo and to
target different cell types by using ligafuhctionalized liposome&?32%5:2%!

As all aforementioned delivery methods exhibit different advantages iasadventages, the
appropriate method has to be chosen carefully accordintpe respective experimental
demands.
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2.3Bioorthogonal Ligation Reactions

2.3. Bioorthogonal Ligation Reactions

Chemical handles of reporters presented in theclaaptersneed tobe labeled with tags for

the purificaion and detection of targeted biomoleculesamples for pssible tags are biotin

or fluorophores. Labeling reactisbetween chemical reporters and tags shouldetbective,

fast, irreversiblegive ideallyno side productsnd proceed witlhigh yields. As the reaction

must occur inthe cellular environment, all reaction partners should be staipider
physiological conditions (ambient temperature, aqueous solution, pH 7 to 8). In addition,
reagentsshould not be present in cells naturally, should be-togit, and inert towards
biological compoundsThese properties are summarizeith t he ter m W@Abi oort hec
Within the last two decades, various bioorthogonal ligation reactions have been developed
and applied®"?*! Selected onearepresented withitthis chapter

The first labeling reactiorapplied has beerthe ketonehydrazineligation.*”®! Thereby, a
ketone or aldehyde reaatsth a hydraziddorming a stable hydrazongigure2.11A). As the

pH optimum for this reaction lies between 5 and 6, its application in lisamples is not
possiblé?*! In addition, the ketonbydrazineligation is limited in its usto cell surfaces:™

which are in contrast to the intracellular space, free of nativeelaldes and ketones.
Aldehydes and ketones caiso react with other groups presentside cells including
alcohols, amines and thiolBhus the ketonéhydrazideligation isin factnot bioorthogonal.
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~ + 2 —_— N
[biomolecule/% R/H ﬁ . )l\
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ketone/aldehyde hydrazine

o tag |
/"./-”_ T > N e H
(biomolecule )~ * 4+ RO —_— N O
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OPh,Px,

Ph,P o

azide phosphine

Figure 2.11: Reaction schemder (A) the ketonehydrazide ligation and (B) the Staudinger ligation.

The first i r digation reastioresiablished po bedné Staudinger ligation,

which uses an azide as chemical han@lee azides very small and doesaturallynot occur

in cells, making it perfectly suitable for cellular applications. The Staudinger ligation is based

on the classical Staudinger reductmfrazides with triphenylphosphines forming an-gkde

hydrolyzing into an amine and phosphine oXfd8.To avad this hydrolysis, Bertozzi and
coworkers positioned an ester gr doepabldhe one of
intramolecular conversion of the aykde to a stable amid@-igure 2.11B).*®” This reaction

can proceed in aqueous solution, at physiologica] ahtl at ambient temperatUté®’

However, phosphies are prone to oxidation and have low reactivitfé$* which is why

high concentrations of phosphines (>250 idedto beemployed.
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A further ligation reaction utilizing the small azide, Ipubceedingaster than the Staudinger
ligation is the @(l)-catalyzed azidalkyne cycloaddition (CuAg). It is often named
ficlick-reactior or ficlick-chemistry  a as#d onthe [3+2] cycloaddition of azides and
alkynes introduced by Huisgéf® Following his approach, high temperatures aeeded
renderingits application in cellular systems impossit#eich farsh reaction conditioran be
avoided byaddition ofCu(l) as catalyst**?*” In the CUAAC, the azide and alkyne react to a
triazole with 1,4 regioselectivitgFigure2.12A). Both the azideandthe alkyne can belaced

at the chemical reporter dhe tag as they are very smalCu(l) is usually produced in the
reaction mixturefrom CuSQ using the reducing agentgris(2-carboxyethyl)phosphine
(TCEP) or sodium ascorbate. ASu(l) is cytotoxicand thereforecannot be used faihe
labelingof living samplesligandschelatingCu(l) ions have beerdevelopedFigure2.12B).
Theyaccelera theCUAAC by maintainingthe Cu(l) oxidation stat@ndfurthermoreprotect
biomolecules from oxidative damagéommon Cu(l) ligands are the poorly water soluble
tris((1-benzyt1H-1,2,3triazok4-yl)methyl)amine (TBTA)?*®! and the water solubl&is(3-
hydroxypropyltriazolylmethyl)aming THPTA).[?*®) Compared to TBTA and THPTA, the
ligands 2-(4-((bis((2-(tert-butyl)-1H-1,2,3triazol4-yl)methyl)amino)methyblH-1,2,3
triazok1-yl)ethyl hydrogen sulfate(BTTES®? and 2-(4-((bis((1-(tertbutyl)}-1H-1,2,3
triazok4-yl)methyl)amino)methyB1H-1,2, 3triazo+1-yl)acetic acid (BTTAA)™M? enhance
reaction rates markedlyMoreover, aminoguanidine has been described to be a suitable
additive in CUAACs to prevent the formation of byproducts of ascorbate oxidation.

A
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Gomdecte) ™+ = ——~ o )

(biomolecule 7~
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P S _ N—{tag |
(biomolecule ) + N —_— -
= 3 blomolecule,/k/
alkyne azide
5 HO.\—\ N —X(
@V—\N*N N—I\! N—N N—N
\ \

TBTA THPTA BTTES BTTAA
Figure 2.12: (A) Reaction schemfor the CUAAC. (B) Chemical structures gélected Cu(lligands.

To overcome the requirement dafytotoxic Cu(l) in azide-alkyne cycloadditions, the
strainpromoted azidalkyne cytoaddition (SPAAC) of azides and strained cycloalkynes can
be applied (Figure 2.13A).1°°?) Reagentsfor this reactionare not cytotoxic, butSPAACs
proceedslower than CUAAG in generaf®® The first strained alkyne employéas beerthe
cyclooctyne(OCT).2*3 Until now, more than tewlifferent cyclooctynes for SPAAC have
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been reporteff> including dibenzocyclooctye (DIBO)®, bicyclo[6.1.0]nor4-yne
(BCN)®*®! and biarylazacyclooctynonéBARAC)?*® (Figure 2.13B). Among them,DIBO

and BARAC react fastest in SPAAC, but have an increased hydrophobi@tyto their
aromatic characteresulting in their nosspecific attachment to other biomolecufé&%"!
Cyclooctynes are prone to reactthvithiols!*®® Thus, the application of SPAAC qeires
capping thiols with acylating agents or ligits usage to extracellular spaces that are free of
thiols

A N
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s (o ™)
azide cyclooctyne
@ a0 (O ac
N
OR H YV H O R
RO”
OCT DIBO BCN BARAC

Figure 2.13: (A) Reaction schemi®r SPAAC. (B) Chemical structures of selected cyclooctynes.

Owing to itsfastkinetics and excellent biocompatibiljtthe inverseelectrondemandDiels-
Alder (DAinv) reaction firstly reportel in 1956!°°% has set a new standard in bioorthogonal
ligation chemistry?®"?%% The DAinv reaction is a [4+2] cycloadditiaof a 1,2,4,5tetrazine
(Tz) and an alkene formingnantermediate state, which reacts in a r&rels-Alder reaction

to a4,5-dihydropyrdazine Figure2.14).%%Y The latter emerges as different isomers and can
be oxidized to a pyridazine. The DAInv reactidmes not need toxic catalysénd is
irreversibledue to release of nitrog&i? Thus, it is perfectly suited for live cell applications.
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Figure 2.14: Reaction scheme for the DAInv reaction.

In a Diels-Alder reaction with normal electron demand, the highest occupied molecular orbital
(HOMO) of the diene (tetrazine) overlaps with the lowest unoccupied molecular orbital
(LUMO) of the dienophile (alkene)n contrastthe HOMO of the dieophile ovelaps with
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the LUMO of the dienein a DAinv reaction (Figure 2.15).°? Residues of diene and
dienophile determine ®ether the reaction of an alkene with a tetrazine takes place with
normal or inverse electron demare achieve a DAinveaction, the diene should be electron
poor and the dienophile electron rich. Hence, the DAInv reaction is accelerattdte by
presenceof electron withdrawing groups at the diene and electron donating groups at the
dienophile®?2%3 The reactivities of differently substituted tetrazines have been summarized
by Chen and WIf*? Suitable alkenes for the DAinv reaction amerbanene!83264
trans-cyclooctend?®, trans-biocyclo[6.1.0]nonendS®, cyclopropend&?® 182266268 - gnq
terminal alkeneS'® Whereas alkenesith strained rings readasterthan unstrained oneas

their ring strain is rele@sl within the reaction®**?®® smalleralkenesare bettettoleratedby
cellular enzymeS°?"”Besides alkenes, also several strained alkynes, such as GTNor
have been shown to react with tetrazines in a DAinv realffof{™
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Figure 2.15: Orbital schemgfor Diels-Alder reactios with (A) normal and (B) inverse electron demand.
ED = electron donating substituent, EW = electron withdrawing substiased orf’’%.
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In several casedabeling of two chemical reporters required For this purpose, two
bioorthogonal ligation reactions need to proceed without disturbing one another. Dual
labeling wasachieved bycombining the ktonehydrazideligation with the Staudinger
ligation*’, the CuAAC with the SPAAC (although labeling was performed
sequentiallyf 32" the SPAAC with the DAInv reactio:”®*® as well as two orthogonal
selectiely enhanced DAinv reactidh€. For the combination of SPAAC and DAinv
reaction astrained alkyne noteacting with tetrazines, such as DIBO, must be selécféd.
Probesfluorescing only upon completion of the ligation reacti@ve been developed for the
Staudinger ligatioh’"?’® the CuAAC!f®?79281 the SPAAC?2?%3 and the DAinv
reactioff® ?®". Since only reacted molecules contribute to the #soence and unreacted
labels do not, the fluorescence signal to background ratio is dramatically increased.
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Consequentlythe usage of turmen probes circumvents the need of washing steps after
labeling, which might affect cellular viabilities and remof@sinstance mitotic cells.

The choiceof thefi r i bidotthogonal ligation reaction needs to consider various parameters
including the selectivity and speed of reactions, but also possible cytotoxic effects of reaction
partnersfor applicationsin vivo or in cell culturé?®® Additionally, sizes of chemical handles

and tags should be as small as possible to be tolerated by native enzymes. Otherwise,
engineered enzymes can bepdoyed'?'® More importantly, the availability of PTMnalogs

with defined chemical handles and corresponding tagiaalimiting.
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2.4. FLIM -FRET Microscopy

2.4.1. Fluorescence

Early observatinsof compounds in solution théithange ultraviolet light into visibleblue

light have been made W§larke, Brewster, and Hersct&f! In 1852 Stokesreportedsimilar
experiments anchamed this effectfluorescencé®®?°® Fluorescence is one of several
luminescence processes, whereby the transition of a molecule from the electronically excited
state tothe electronic ground state is connectath the emission of light. Luminescence
processes differ in tlreexcitationpathways resulting in the occupation of the electronically
excited state, which includemong otherghemical reactiosi(chemiluminescer), ionizing
radiation fadioluminescenqgegor the absorption of photons (photoluminescence).

The transitions omolecules between electronic states are commonly illustrated in a Jablonski
diagram Figure 2.16).°1 According to the Boltzmann distribution, almost all molecules
resideat room temperature in thelectronic and vibrational ground staf&bsorption of a
photon transfers a molecule into the electronically excited state. This precesy fast and
occurs orthetime-scale offemtosecondswWhich vibrational state of the electronically excited
state becomes populated dependshenenergy of the photon atige overlap of vibrational
wave functionof the electronic ground and excited stdtke larger the overlap of the wave
functions, the more likely is the population of a certain vibrational state. This kreusn as
FranckCondon principle.Once a molecule is in the electronically excited state, several
radiative or nofradiativerelaxation pathways are possible, which compete with one another.
Internal conversion describes a process of radidéis® relaxation via several vibrational
modes based on an energy loss through collisions with other molecules. As internal
conversion to theilrational ground state of tHest electronically excited state occurs an
picosecondtime-scale, all otherrelaxation processes start from there and amestly
independent of the excitation pathwhyK as ha 6 s r ul &)the traRditionoof @ s c e n
molecule from the electronically excited state to the electronic groundastedenpanied by

the emission of a photon amdcurs on the nanosecotithe-scale. Due tdhe fast internal
conversion to the vibrational ground state of the electronically exdiésl she energy of the
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1 @@ — radiative processes
1 -2 EEE T > non-radiative processes
5 i
o 51 ; \\-\Q 045)
o . P —
&) — LN
8 7: 5 T T1
= o= ' !
e ci ‘2 O 8 |
= = i
S %I g g S :mtersystem
S =10 o R rcrossing
' © ag |
1 |
—— — v3
1 11 I I v= 1
S, 1 Py X I R

Figure 2.16: Jabloski diagram.
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2.4FLIM-FRET Microscopy

emitted fluorescence photon is generally lower than that of the absorbed photon resulting in a
red-shifted wavelength as compared to the excitat®h 0 k e 6s s hi f t ) . Il n most
and fluorescence emission spectra @ieror symmetric, as vibrational wave functions of
electronic ground and excited state are similar. Besides internal conversion and fluorescence,
nonradiative intersystem cresg to a triplet state depopulates the electronically excited
singlet state. The molecule can return from the triplet state in the electronic singlet ground
state, which is connectealith the emission of phosphorescence. As this procegsires a
change in spimultiplicity and is consequentfprmally not allowed, phosphorescence occurs

on timescalesf microseconds to second®!

Both radiative (r) and nonrradiative (nr) processes lead to the depopulation of the
electronically excited statwith differentrate constantk,, (including internal onversion and
intersystem crossing) arnd. The numbeN of moleculesn the excited state at a time point

can be calculated according to

60 0 M ?° 8 (2.1)

Thereby,Np is the initial number of moleculggesent in the excited state. The tioreil the
number of moleculesn the excited state has dropped ttee 1/efraction of Ny is the
fluorescence lifetimé) which can be calculated from the reciprocal of the sum aleate
constantsnvolved in the depopulation of the excited state

L~ ~ (22

The fluorescence lifetime is an intrinsic property of a fluorophbli@vever, it also depends
onthef | u o r ognvironment) & temperature, pH, viscosity, or refractive index can affect
fluorescence lifetime$®® Since the number of dbrophores in the excited state is
proportional to the fluorescence intendifyhe timedependent fluorescence intendifty can

be written as

" 0T 8 (2.3
If severalfluorophores arepresent in a sample arfluorophore exist in different states, the
fluorescencentensityfollows amultiexponentiablecay

(09 HXM 8 (2.4)

In this equation, the preexponential factdraccounts for the fractional contribution of a
component with the fluorescence lifetirjgo the timeresolved decal?® The fluorescence
guantum vyieldd is directly linked tothe fluorescence lifetime and defined by the ratio of
photons emitted by flarescence and absorbed photons:
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@) . (2.5)

The fluorescence intensity can be reduced due to vapimegsses called quenching. It opens
a further depopulation pathwdgr a molecule in the electronically excited state. Quenching
results in an additional rate const&gt which leads to a reduction of both the fluorescence
lifetime and the fluorescenceiantum yielda .*° Forster resonance energy transfer (FRET)
is one possible quenching process and discussed in chapter\Rithi this thesis, FRET
was assessed via fluorescence lifetime measurenmsggsgction 2.4.5) tamage PTMs of
proteins, as explained in chapter 3.

2.4.2. FluorescentProteins

Organic fluorophorepossess a-electron system capable of absorbing light of a certain
wavelength Both the size of thée-electron system and nearby functional groufisiencethe
wavelength rangeof absorption For biological applications, genetically encoded
fluorophores, so called fluorescent proteins, have gained immense importance in the last two
decadesThe first fluorescent protejmequorin, has beeasolatedfrom the jellyfishAequorea
victoria by Shimonura et aft”! This proteinhas beemamed green fluorescentopein (GFP).

It has a molecular weight @38kDa and formsa b-barrel structure with an interids-helix.

The chromophore of GFP is autocatalytically formed inttnelix from the three amino acids
serine65, tyrosine66, and glycines7 (Figure2.17).12°9 2% This hasenabledhe expression of

the GFP gene in cells and whole organisms tanattach i genetically to proteing®6-2%830]

Native GFP has a major absorption maximum at r885and a minoione at 475nm. Its
fluorescence emission peak lies at B04. Through mutationghangingamino acidslose to

the chromophore, GFP derivatives with altered spectral and physical properties have been
generated® For example, tb two point mutations F64L and S65fesulted in enhanced

GFP (EGFP). Itabsorption maximunms shiftedto 488nm. In addition,EGFP possessean

tyrosine
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Figure 2.17: Spontaneous formation of the chromophofr&FP.
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2.4FLIM-FRET Microscopy

improved protein maturation efficiencyand a more stabilized hydrogenbonding network
compared to native GF#?3% Hence, mosplasnids encoding fluorescent protefimsion
proteinsavailable from nonprofit plasmid repositories carry EGHBanwhile, a whole color
pallet of genetically encodable fluorophores derived from native fluorescent proteins from
jellyfish or anthozoa corals witvarious physical, photochemical, and biological properties
has been establish&&" !

2.4.3. FluorescenceMicroscopy

Hundreds of years ago, first microscopes for thagnified imagingof structures or
compounds not visible by human sybkave been developeddicroscopy relies on the
generation of contrast, which can be achief@dexamplefrom differences inabsorption,
phase, or polarizatidf®™ Microscopes are tools employed in biology, material science, and
medicine. The best achievable resolution, defined as the disfalpesveen two structures

required to distinguish them, can be calculatedA b be 6 s di f fracti on | i mit:
T f (2.6)
e DHI

The distancel depends orthe wavelength of lighte; the refractive indexn of the medium
through which the light travels, and half the opening angle of the objddtiVee product

¢ D ETis also known as numerical aperture. Meanwhile, several modern microscopic
techniquesiovercome the resolution limit given by diffraction and can be utilized to resolve
structures in the nanometer rarfij& 3!

Fluorescence microscopes use the fluorescence signal for the generation of contrast. The
excitation light from a lamp, diode, or laser is passed via mirrors to an objective, which
focusses it onto the sample. In epifluorescence microscopy, the emitted fluorescence is
coll ected with the same otbhefleoedcensesgnalcbe t o t h
easily separated frothe excitation light by dichroic mirrors and filters before being detected.

As nearly no background is present, the detection of fluorescence is very sensitive.

Two main types of fluorescence microscopesst wide-field and cofocal scanning
microscopegFigure 2.18).*>3* wide-field microscoes allow the illumination ofa large

area atonce which can beimaged with anarea detector, such as a chacgapleddevice

(CCD) camerd®” This allowsthe temporalresolution offast processes, but also requires
high powers of excitation lighAs wide-field microscope$ardly suppressut-of-focus light

their axial resolution isveak. The development of the confocal microscope has overcome this
obstacld®®3 |n this technique excitation light is focused diffractielimited onto the
sample. Thus, only a st volume of the sample is illuminated at once. Additionally, a
pinhole is placed in front of the detector to suppressobtdcus light. The excitation light is
scanned over the sample and fluorescence from each piaetjisredwith point detectors
separately Whereas confocal scanning microsesachievea much better axial resolution

than wide-field microscopes and enable thd@ienensional imaging, they suffer fropoor
temporal resolution.
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Figure 2.18: Schematic drawing of (A) a wideld and (B) a confocal fluorescence microscdpased

On[320’321]

2.4.4. Forster Resonance Energy Transfer

FRETIs a ladiatiorless energy transfer from a donor fluorophorthaelectronically excited
state to a acceptor fluorophore ithe electronic ground stateia dipole-dipole coupling
(Figure2.19) andhasfirst beendescribed by Forstéf?? 324!
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Figure 2.19: Jablonski diagram with FRET from the donor to the accédftorophore
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2.4FLIM-FRET Microscopy

The efficiency of FRETErrer Strongly depends on the distancedf donor and acceptor
fluorophoreand can be calculated according to

'Y @2.7)

0O 8
Yoo

Ry is the Forster radius and defined as the distangeat which the FRET efficiency of a
certaindonoracceptor pair equals 50 %. The Forster radigsvisnas

wnndtpo JA .

pc O & @8

where i p is the quantum yield of the donor in absence of the accegftdhe orientation
factor,NAAvV 0 g a d r o dnghe refuantibeandex of the medium, ad(@ the wavelength
dependent overlap integral of the donor 6s
latter is calculated from the normalized fluorescence intensity of the défeprand the
extinction coefficient of the acceptor () \aa

0 O_-__AS8 (2.9)

The orientation factos” describes the relative orientation of donor and acceptositian
dipole moments in space.dan be calculated from the angle between both transition dipoles
dr and the angles between each dipole and the separation ett@endonor and acceptor

dpb / da (Figure2.20) with the following equation:

I AT-© ocAI-OAT-O6 (2.10)

gy

N
_- B 7T

Figure 2.20: Schematic representation of anghletween donor and acceptor transition dipole moments
used to calculate’.

Based on these equatiomistee preconditions for efficient FRET can be formulated. Firstly,
the distance between donor and acceptor fluorophore must be very small. As ahutelnf t
it should be betweenr#m and 10hm. An increase of to two timesR, already results in
FRET efficiencies of only 1.% (Figure2.21). Secondlythe emission spectrum of the donor
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2. State of Knowledge

must overlap with the AxHRETpig aodipdlas interactoon, that i o
third precondition is the proper orientation of tinansition dipole momeastof donor and
acceptor fluorophorewhich can hardly be influenced? can range from 0 to 4or donof

acceptor pairs with random orientation and high mobility, an average Vatue® is
2/3[325.326]

1.0,

Errer

donor acceptor S
0.0 T e

r'Ry

Figure 2.21: Dependency of the FRET efficiendyrer On the sixth power of the donacceptor
distance.

Due to its strong distanadependency, FRET is an ideal tool to investigate processes based
on changes of intraor intermolecular distanc&S***"' For example, conformational changes

of singlebiomolecules can be monitored by attaching two fluorophores forming a FRET pai

at different sites of a molecuf&® In cellular biology, FRET is often used to assehe
interaction of two partners, e.g. a protein and lipid, a protein and DNA, or two different
proteins As such samples contain several donor and acceptor fluorophores Faivdter

radius is not known for every FRET pair, exact distarare seldomcalculated fronthese

FRET experiments However,FRET measuremenigeld valuable information on the close
proximity of donor and acceptetagged molecules allowinfpr conclusians on molecular
interactiond®?® As FRET only occurs if both molecules are closer thaghly 10 nm, it

allows much higher spatidbcalizationthan studiepurely based othe diffraction of light.If

protein interactions are studied, fluorescent pretiesion proteins are often used.

Several techniquewith different advantages and disadvantapase been estibhed to
measure FREP20326330332 Thay are based on fluorescence intensitisisotropies,or
lifetimes. The usage of fluorescence lifetsnie detect FRET is separately discussed in the

next chapterBot h t he decr e as e naeintensity and the incoeasé m thé | u c
acceptorbds fluorescence intensity acdsompan
efficiency. Traditionally, FRETis detected by measuring the acceptor fluorescéswesitized
emission)after donor excitatio®>*! A quantitative analysis of such experimemnésjuires

several controls to correct for artita arising from spectraéleedthroughdue to excitation of

the acceptor at the donorodés excitation wav:e
emissionwavelengths. As a consequence, excitation and emission spectra of donor and
acceptor should not be too close to @am®ther. Conversely, this reduces the Foérster radius
and thus the sensitivity dfie FRET measurement. To solve this discrepasoyne correction
procedures have been establish&t*? They are based on the exaation of samples
containing only dongronly acceptaror both fluorophorexombined withdifferent filter
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2.4FLIM-FRET Microscopy

settings. Sensitized emission can be perforaeduvette experiment, but alsea spectral
imaging**3*®! Besides the detecti of the acceptér6§ | uor escence, the donor
intensity can be assessed, as it decredgsesoFRET. This is the most direct approach to

quantify FRET®*YAs only the donords emishmighienoi s det e
obstructive and FRET pairs with a larger spectral overlap and accordingly higher Forster radii

can be usedMoreover, experiments with an excess of acceptor fluorophores can be
performed. @e facile implementation oh FRET measuremeriiased onhe fluorescence

intensity of the donor iacceptor photobleachifd!! Thereby, imageof both the donor and

the acceptoremission are taken before and after photochemically destroyiacceptor

fluorophoes. If FRET occurred before bleaching,h e  d @uorescescé intensityvill

increase afterwards. FRET efficiencies can be calculated from the avceragdiuorescence

intensities beforéya and afted, bleaching the acceptor via

O
(@) P 68 (211)

For FRET experiments with equal amounts of donor and acceptor fluorophores, such as
intramolecular applications, the measured FRET efficiency corresponds aotttedFRET

efficiency. If the stoichiometry of both fluorophores changes, for instance in the case of
intermolecularinteractionstudies the FRET efficiency derived from the measurement is the

apparent FRET efficienclrretapp, which 1is the productErgf t he f
and the fraction of interacting donor fluorophot£&*!

0
0 F P | DO (2.12)

Acceptor photobleaching is usually performed with fixed samples, as data acquisition takes
some minutes. Movements of fluorophores in living samples would influence the result.
Additionally, bleaching destroys the acceptor fluorophore and in this way prevents repeated
measurements.

Furthermore, FRET can be detected by measuring fluorescence agysfatitowing the
excitation of samples with linearly polarized lig#f** This leads to the selective excitation

of fluorophores, whose absorption transition dipole mos@mtapproximatelyparallel to the
electric field vector of the excitation lightlence,immediately after excitatioralso the
polarization of thefluorescence emission is parallel to the excitatight.”*? Rotations of
fluorophores can decrease the fluorescence anisotropy, but are ratherif slavge
fluorophores such atuorescent proteinare used*? If FRET occursthe excitation energy

of the donor can be transferred to a slightly differently oriented acceptor fluorophore. The
fluorescence emission can thus occur at a different angle resulting in fluorescence
depolarization.This approach can be applied to study FRE#wben two identical (homo
FRET) or different fluorophored*' 343l
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2.4.5. Fluorescenced.ifetime maging Microscopy

The measur ement of t he donor 6bethd rhostoobustarmde n c €

accurate way to determine FRE3293303%1t circumvents several drawbacks of other

FRET detection schemes. As the fluorescence lifetime is an intrinsic property of a
fluorophore, it is theoreticall independent of variations in fluorophore concentrations,
illumination intensity, light pathlength, scattering, and to some extent even
photobleaching®¥ Similar to equatior2.12, apparent FRET efficiencies can be calculated
from fluorescence lifetimes of samplesth donor and acceptor fluorophorés and such

with only donor fluorophorek according to

"
O 5 p F |0 8 (2.13)

Fluorescence lifetimémaging (FLIM) microcopy allows for the spatially resolved detection
of FRET. Thereby, the image contrast is generdtech fluorescence lifetimes. FLIM
techniquescan begroupedinto time- or frequencydomain photon counting or analog, and
pointscanning or widdield approache¥=2%53%¢ Aimost all technical combinations are
used*

In the time-domain samples are excited with a sharp laser pulse and fluorescence is detected
overtime (Figure2.22A). Fluorescence lifetimes can be derived from the exponential decay
of the fluorescence intensity using equat®# Time-domain FLIM can be performed with a
confocal scanning awide-field microscopeConfocaltime-doman FLIM is better known as
time-correlated single photon countin@CSPC)**"! Thereby, fuorescence lifetimes are
recorded pixel by pixelSamples are excited with pulsed lasers #relarrival time okingle
photonsis detectedin relation to the excitation pudswith point detectors Subsequently,
histograms of the arrival times agingle photons are createidr each pixel Fluorescence
decay can be fitted toexponential functios in order to derive fluorescence lifetime
componentsTCSPCis considered as goktandard in FLIM**® Sinceall available phains
are detected, it has an optimal sigtwmhoise ratio, good reproducibility and spatial
resolution, linear recording characteristics, amaén be used taesolve complex decay
profiles[293:346:349351] Lg\wever, pulsed lasers are needed and the acquisiticathisr slow
(generally some minutes per image), as each phatbreach pixelhas to be measured
individually?*® Wide-field time-domain FLIM microscopy is faster than conventional
TCSPG as it allows for the parallel acquisition of all pixEf§! Samples are excited with
laser pulsesand siap shots of the fluorescence decay acquiredwith a CCD camera
coupled to a gated imagntensifier, whose detection windowt&mporallyshifted in relation

to the excitation after each pulé&>°¥! As the whole frame is illuminated simultaneously,
higher laser powers are needed. In additwide-field time-domain FLIM is less sensitive
than TCSPC, ashe photon efficiency idower andits temporal resolution is limited to
approximately 8(ps!35%:3%4
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Figure 2.22: Fluorescence lifetime measurens(#f) in the timedomain and (B) in the frequency domain.
The intensities of excitain light (dark grey and emitted fluorescence (light gray) are drawn over time. (B)
is reprinted &dapted) with permission from Doll et&f! Copyright (2018) Elsevier Inc.

For frequencydomainmeasurementgluorophores are excited with a sinusoidalyensity
modulated continuous wavesle r at a MHEigufeR.228).UAs & eorysequence,
the fluorescence emission is mdéated in its intensity atthe same frequency, butith a
decreased modulation depth anda shiftedphases compared to the excitation ligHBoth
the relative demodulation (equati@nil4) and thephase shif{equation2.15 can be used to
derive fluorescence modulatidn and phasé lifetimes

a 6 Tw
: o 2.14
a a o) () (214
« e e (2.15)

In these equationem stands for emission light anek for excitation light.For a mone
exponentialdecay,fluorescencanodulation and phaddetimes are equal and given by the
following equations:

(2.16)

P A s (2.17)

For more complex decaysfluorescence phase lifetimes are shorter than fluorescence
modulation lifetime$?**%®! Lifetime components of multiexponential decays can be analyzed
by measuring at several modulation frequen@fgs.The optimal modulation frequency
depends on the fluorescence lifetime of the donor fluoropkbaed can be calculated
according teequation2.185%!

p Vo o (2.18)
C

P
‘ 1
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For EGFP, whose fluorescence lifetimeas been reported to range from 2id to
2.6ns!3%83% gptimal modulation frequeies lie between 70MHz and 90 MHz. A detailed
theoreticaldescription of frequenegiomainFLIM can be found in literaturg?®-353:360.361]
Frequencydomain FLIMcan bedetected with gaimodulated camera®ll owing wide-field
excitation or gairmodulated point detectorafter scanning>*®3%? The latter approdc is
faser than TCSPE®' | t s optimi zation led to the
possesses an improved photon efficiefi®y However, the widdield frequencydomain
approach is preferred for re@ine fluorescence lifetime imaging applicatid#s Following

wide-field excitation, emitted fluescence is detected with a CQ@@amera coupled to an

image intensifier which is modulated at the same frequency as the excitationf?figha
series of images is acquired, while the detection window is shifted in pitasespect to the
excitation lightfrom 0° to 360°. Thefluorescencesignal is accumulatefor 1ms to 100ms
per image This approacttan easily be implemented aatlows for fast FLIM as all pixels
are illuminated simultaneouslyata analysican be performed graphitalwith so-called

phasor plot§®®® The poor axial resolution arising from the wifield setup can be improved

by combining frequencyglomain FLIM with other microscopic approaches, suctspisining
disk**®*7or lightsheet microscopy®!.

As a side note it shédibe mentioned that apart frofiRET, FLIM microscopyhas been used
to investigate the local environment of fluoroployeelding information on the refractive

deve

index of the medium, viscosity, temperature, oxygen and ion concentrations, and local pH

values?®
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2.5. Detection of Protein-Specific PTMs

Ters of thousandsof protein PTM sites have been identified raising questions on the
influence of a cert ai ortisipMposenmethodp probi@agdmM n 6 s
at the single protein levelre indispensabldn general proteinspecific PTMs are assessed
via biochemical approaches applying antib@dyichment protein purification in combination
with immunoblotting or mass spectrometr§**® However these methods disrupt the cellular
context. In order to unravel the function of PTMssignaling cascadesnd decipher when
and where a certain PTM occusirategiedo visualize the PTMtate of a specific protein
inside cells are of fundamental impamce® They would allow obtaining information on
how PTMs regulate the subcellular lbzation of proteinswith ideally temporal resolution

In principle, fuorescent antibodiesr Fabfragmentsdirected against a protein only in its
posttranslationally modified statcan be employed to this erffuch antibodies havieeen

used to visualize proteispecific phosphorylatidif® 33! methylatiof*”*, acetylatiok’, and
lipidation®"®. Yet, antibodiesare not availele for every protein and PTM, as their
preparation is challenging and laborious. For this reason, two gemeral approaches have
been developedvhich rely on the investigation of the proximity between the PTM and the
protein of interest (POI).

The firg approach is theroximity ligation assayRigure 2.23A),*"1 which requirestwo
antibodies:one detecting the PTM and one against the specific POI. These antibodies are
tagged with DNA strandsvhich are ligated together when present in close proximity. The
circular DNA formed in this manner is amplified using fluorescent nucleo@dablingthe
visualization of the proximity ligation product. Following this strategy, presgecific
glycosylatio®83"®  phosphorylatiofi®® 3 and lipidatiof>**** have been studied.
Disadvantages of this method are the need of specific antifodige POI and the PTMhe
laborious procedure, a low spatial resolutiandthe fact that it cannot be uséd vivo.*®
Especially the generation of papecific PTM antibodies is diffult, sincemany PTMs are
very small but need to be selectively detected in different amino acid sequence
surrounding$™!

A B

*

g i
]

*

50

A
< QQ—%- PTM label
_ PTM
> < ~ POl label

Figure 2.23: Proximity-dependent imaging of protegpecific PTMs via (A)a proximity ligation assaypr
(B) FRET.

The second methodelies on FRET and requires both the PTM and the POI to be
fluorescently labeled with different fluorophores forming a FRET (aigure 2.23B). As
FRET strongly depnds on the distance between donor and acceptor fluorophore,
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intramolecular interactions are favored over intermolecular Bffé§he POlcan be tagged
with a fluorescent protein, a protespecific and fluorophoréunctionalized antibody, or any
kind of proteinspecific taff*® that can be modified with a fluorophorsuch as SNAP
Halo-, LAP-tags,aptamersor unnatural amino acids. The PTM can either be labeled with
fluorophorefunctionalized antibodies ochemical reporterslabeled with fluorophores via
bioorthogonal ligation reaction®8y combining tagged POIls whitmetabolic reporters for
protein glycosylation, visualiag proteinspecific glycosylation of celnembrane proteins
has been achievé” 3% In addition, FREThas beerused toinvestigateproteinspecific
phosphorylatioi®**%! and wly(ADP-ribosyl)atiod**”. The major difficulty of the FRET
based approach is the detection of FRiEThe presence of a large exces®®M labels. This
can be overcome by usinge fluaescence lifetime of the donor fluorophaas readouyt
which enables robust and accurate detection of FRE¥ For this purpose, thprotein is
tagged with the FRET donor and the PTM label bears the FRET acceptor.

Moreover genetically encodedensordiave been use study PTMs of selected proteins in
living cells. In the case of FRET senspm& construct comprising two fluorescenbigins
forming a FRET pair, a peptide sequence known to betpostlationally modified, and a
sensingproteindomain binding to the PTNhodified peptide is genetically encoded in cells.
Once the peptide is modifiethe sensing domain binds the PTMpeptide resulting in a
conformational change of thehole sensor construct, which brings the two fluorescent
proteins in close proximity and enables FRETFurthermore sensors based on
bioluminescencegimerizationdependent fluorescent proteins, or splitoflescence proteins
have been developé® PTM snsorshave beerestablished to visualiZer instanceprotein
O-GIcNAcylation of casein kinase §172%! acetylation of histones 3 and 4°%°4%0
methylation of histone §°74%% and phosphorylatiomf many proteins including protein
kinaseAM® aurora B kinad¥™, and Akt1*%. While these sensorarevaluabletools for in

cell imaging of proteirspecific PTMs, theydetect only a predefined PTM site on a short
peptide of the POI. Sensors need to be prepared for each POI and each PTM site individually.
Besides thisit is questionable whisérthe PTM of the peptide in the context of a many tens
of kDa large sensor construct behaves in the same way as in its native protein surrounding
More recently,two additionalapproaches have been presented for pr&eatific imaging of
glycosylation One of thenrelieson surfaceenhanced Raman scatteringhich occursf both

an aptamemodified gold nanoparticletargeting the POI and a functionalized gold
nanoparticle attached to azithgged glycans installed by MGE are present in close
proximity*°® The othermethod allows for the simultaneousdetection of two different
monosaccharides on a single glycopratéins based orduplexed lummescence resonance
energy transfer from luminescence upconversion nanoparticles binding to the POI via
aptamers to acceptor fluorophores ligated to chemical glycosylation repildrawever,
both approachewere confined toapplications on cell surfaces due to the usage of azide
alkyne cycloadditions.
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ProteinPTMs are essential, as they inthee biologicale.g. function or interaction partners),
chemical (e.g. involvement in biochemical reactions), and physical (e.g. structure and
localization) properties of proteins and are associated with multiple di@488ghus, it is

of fundamental importance to investigate PTMs of individual proteins in their native gontext
the cell. The aforementioned approaches for studying prepsnific PTMs are limited in

their usage, as they are either designed for a certain pRi®&hpair andare not generally
applicable (such as FRET sensors) or restricted to applications|@uidates or fixed cells

due to poor celllar permeability or toxicity of reagentssed(such as proximity ligation
assays or most existing FREBbAsed approaches).

Themainaim of this thesis was the developmehti moregenerally applicable approaébr
imaging proteirspecific PTMs inside, preferably living, cells. For this purpose, the POI
should be expressed with an EGFP tag. Chemical reporters targeting the desired PTM should
be introduced in cells and after their incorporation by the @etizynmatic machinery labeled

via a suitable bioorthogonal ligation reaction. The proximity of EGFP at the POI and the
modificationranchored fluorophore should be detected by FREJufe 3.1). To this end, an
existing frequencylomain widefield FLIM microscope should be employed, which enables a
fast and accurate acquisition of fluorescence lifetime data from single living*€2lis.

The modification to be studied was intracellular pro®@usIcNAcylation. To establish this
method the known chemical reporter A8lcNCyoc should be used. So far, it is the only
known repoter for monitoring intracellular protein glycosylation capable of being
bioorthogonally labeled inside living cells. This can be achieved via a DAinv reaction with
tetrazinefunctionalized fluorophores. As it was solely proposed thatGARNCyoc ends up
asO-GIcNAc, its cellular incorporation should be investigated in a first step. Thereatfter, the
proteinspecific approach should be establishedtlier glycosyltransferase OGT, which was
chosen asnodel proteinT h e  me gehesabap@icability and meaniingness should be
demonstrated by visualizing the glycosylation state of further proteins in living cells.
Furthermore, the developed imaging strategy should be applied to study the glycosylation of
individual proteins in cells and optimally resolve spalifferences in glycosylation patterns.
Suggested proteins were the microtubagsociated kinesilike protein Kifl8A and the
mul ti funct icatenia.l protein b
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bioorthogonal
ligation reaction

Figure 3.1: Experimental strategy for protespecific imaging of PTMs by combining chemical reporter
strategies withFRET.

Besides studyingroteinspecificintracellular protein glycosylation, a similar strategy should

be established tamage other PTMs namely protein acetylation and methylation. As
described in chapterg.1.2 and 2.1.3 these PTMs have huge biological impacts and are
associated with severe diseases. For both modifications, several chemical reporters have been
described in literature (see chapt@®.2 and 2.2.3, but none of them has been used to
visualize acetylation omethylation of the whole proteome r a proteinrspecific manner
inside cells with microscopic approaches. To this end, suitable methods for the delivery of the
respective chemical reporters into cells should be identified and conditions for the required
bioorthogonal ligation reaction should be optimized. Afterwards, these PTMs should be
imaged proteom&ide with fluorescence microcopy. For protsipecific applications,
plasmids encodingEGFP-fusions of selected proteins should be cloned. The combination
EGFPtagged proteins, chemical reporter strategies, and FERET microscopy should then
allow for proteinspecific imaging of acetylation and methylatiwithin single cells.
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4. Results and Discussion

4.1. Protein Glycosylation

This chapter comprisedifferent projectsdealing withthe imaging of protein glycosylation.
Firstly, studies orthe incorporation of thehemical reporter A€IcNCyoc into the cellular
glycome aredescribed(chapter4.1.1). After this, the development of an approach for
visualizing proteirspecific glycosylation inside living cells and its application to various
proteins of interest are presented (chaptefs2to 4.1.95. Finally, attempts towards the
investigation of proteit®-GIcNAcylation inA. thalianaandthe visualization of the sialyin
antigenon membranesf cancer cells arexplainedn chapterst.1.6and4.1.7.

Resultsincludedin chapter#l.1.1and4.1.2have been publishdif>%!

4.1.1. Ac,GIlcNCyoc

The chemical reporter fochoice for studying intracellular protein glycosylation was
Ac,GIcNCyod™ ¥ (Figure 4.1A). The chemical handle ofc,GIcNCyocis a carbamate
linked methylcyclopropene, which reacts faster than terminal alkenes, isonitriles, or amide
linked cyclopropenes in DAinv reactions with tetrazift€s?®62% Spate et al.could
demonstrate thdtuman embryonic kidneyHEK) 293T cells andcervical cancecells taken

from Henrietta LacksHelLa S3 treated with50 uM Ac,GIcNCyoc displayed only weak
membrane fluorescenedter labeling withTz-biotin and streptavidislexa Fluor 6478 |n
contrast, lysates afuchAc,GIcNCyoctreated cells labeled with T@otin and streptavidin
Alexa Fluor 647 showed strong signalBased on these resylis has beersuggestedhat
Ac,GlcNCyoc ends up 8-GlcNAc 180182

Thus the first aim was to investigate whether&&cNCyoc is indeed incorporated as
O-GIcNAc. Cyanine (Cy) 3Tz (Figure4.1B) wasselectedfor DAInv reactionsto avoid the
necessity of two reagents for labeling&tcNCyoc. This dyehas already been utilized to
mark peracetylated methylcyclopropetegged ManNAc AcsManNCyoq.'814% At the
beginning DAInv reacton parameters were optimized. To this end, HEK293T cells were
treated with 10QuM Ac4GIcNCyoc orperacetylatedN-acetylglucosamineAcsGIcNAC) as
control for 20h and Iyed. Proteins modified with the chemical reporter were labeled with
different concentrations of CyBz for differentperiods oftime and separated with sodium
dodecylsulfategpolyacrylamide gelelectrophoresis (SIPAAGE). The degree of AGICNCyoc
incorporaton was determined by reading out fluorescence of Cy3 from Western blots.
Fluorescence signals of ABIcNCyoctreated cells were much stronger than those of
Ac,GlcNAc-treatedonesfor all Cy3-Tz concentrations testdgrigure 4.1C+D). This states

that AgGIcNCyoc is indeed metabolized in cells and attached to proteins. Fluorescence
intensities did not vary much among different €8 concentrations and adws led to the
same level of fluorescence background detected fgGIKbBIAc-treated samples. The DAinv
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4. Results and Discussion

reaction between the Cyalerivative and Cy3d z proceeded very fast, as fluorescence signals
were already present after an incubation time ahirh However, Cy3 signals increased with
longer incubation times, while the background fluorescence gGbIAc-treated samples
did not change markedly. Useful DAinv reaction parameters fgGR&Cyoc and Cy3lz
werefoundto be 10uM Cy3-Tz and a reaction timef 90 min, which were used fdurther
lysate experiments.
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Figure 4.1: DAIinv reaction of AgGIcNCyoc and Cy3rz. Chemical structures of (A3c,GlcNCyocand
(B) Cy3-Tz are shown. (C+D) HEK293T cells were treated with LBDAc,GIcNCyocor Ac,GIcNAc for
20h, lysed, and labeled (C) with different concentrations of-Tx3or 90 min or (D) with 10 uyM Cy3-Tz
for differentdurationsat 25°C. Proteinsamplesvere separatedy SDSPAGE and fluorescence of Cy3
was read out from Western blo®Reprinted (adapted) with permission from Doll ef‘“gi.Copyright
(2016)WILEY Z&/CH Verlag GmbH & Co. KGaA, Weinheim
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4.1 Protein Glycosylation

As it was aimed to perforrglycosylation studiewithin living cells, possible cytotoxic effects
of AcsGIcNCyoc were investigated. HEK293T cells were treated wigh to 200uM
Ac,GlcNCyocfor 20h or 48h. Dimethyl sulfoxide PMSO) was used as solvent control and
Ac,GIcNACc to account for effects not arising from the chemical harmllé from increased
intracellular GICNAc levelsViabilities were quantified with AlamarBlue assays. Whetbas
treatment of cells with DMSO did not affect themtegrity, increasing concentrations of
Ac,GIcNAc andAc4GlcNCyocas well adongerincubation timesmpairedcells Figure4.2).
For 100uM AcsGIcNAc andAcsGIcNCyog viabilities dropped t@4 % and52 % after 20 h
and t035% and13 % after 48n, respectivelyThus concentrations ofAcsGIcNCyocshould
not exceed 1OuM and the incubation time should be as short as pogssildeler to receive
meaningful results

120+ 20h
[ DMSO

1004 /= T . T I T T D AC4G|CNAC
T 80- B Ac,GlcNCyoc
Z 60-
®
S 404

204

0

0 25 50 75 100 150 200
Concentration [uM)]
1201 48h
T T T [ DMSO

1004 /5 T B B @@ Ac,GlcNAC
X 801 I Ac,GlcNCyoc
Z 60-
)
S 404

204

0

0 25 50 75 100 150 200

Concentration [uM]

Figure 4.2: Ac,GIcNAc and AgGIcNCyoc affect cellular viabilities. HEK293T cells were treated with
different concentrations of AGICNAc or AgGIcNCyoc for (A) 20h or (B) 48h. DMSO was used as
solvert control and added toi 0.2 V-%. Viabilities wereassessed with AlamBilue assag. Columns
correspond to average values from three independent experimigmtfour replicates each and error bars
to standard errors of the means (SENR®)printed (adapted) with permission fr@nll et al’*°® Copyright
(2016) WILEYZ/CH Verlag GmbH & Co. KGaA, Weinheim arioll et al**® Copyright (2018) Elsevier
Inc.

Next, the temporal and concentratidependent incorporation ofAc,GIcCNCyoc was
examined. HEK293T cells were either treated with (BD of the monosaccharide for
different time spans or with different concentrationsAcfGIcNCyocfor 20h. Cells were
lysed and Cyoderivativeswerelabeled with Cy3Tz. Althougha weakincorporation of the
chemical reportecould already be detected aftem®n, much strongefluorescence signals
were found for proteins from cells treated wittsGIcNCyoc for 19h (Figure 4.3A).
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4. Results and Discussion

Prolonged incubation resulted in slightly decreased Cy3 signals, which mightdseilt of
theincreased cytotoxicity oAc,GIcNCyoc.For following experiments, itvas de@edto use
incubation times of approximately 20As expectedhighest concentrations 8t,GIcNCyoc
resulted in strongest incorporationAx,;GlIcNCyoc However, alsdower concentrations such
as 25uM or 50uM displayed Cy3 signals significantly larger than background signals of
samples not treated witc,GIcNCyoc but still incubated with Cy3rz. Apart from
HEK293T cells,Ac,GIcNCyocwas found to be well incorporated in HeLa dnanan nomn
small cell lung carcinom@&H1290) cells Figure 4.3B+C). Maximal Cy3 fluorescencevas
observedwith 100puM AcsGlcNCyocfor both cell linesafter roughly 1%. The decrease of
Ac,GIcNCyocincorporation for incubation times longer thanHL@asstrongerfor these two
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Figure 4.3: Time- and concentraticdependent incorporation @fc,GIcNCyoc into the cellular glycome
of (A) HEK293T, (B) HelLa, and (C) H1299 celBluorescence readouts of Western blots of-@yBked
lysates from ells treated for different times wittDOpuM Ac,GIcNCyoc or withdifferent concentrations of
Ac,GlcNCyocfor 20h aredisplayed.Reprinted &dapted) with permission from Doll et Copyright
(2018) Elsevier Inc.
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4.1 Protein Glycosylation

cell lines thanfor HEK293T cells. AlthoughHeLa and H1299 cells nicely incorporated
AcsGIcNCyog HEK293T cells were chosen for setting up the glycosylation imaging
approach, as they grow rapidly, are easy to handle, can be transfected via calcium phosphate
co-precipitation in bulk, antiavealreadybeenshown to accephcsGlcNCyoc!*8?

Having determined optimal incorporation and labeling parameterdAdgGICNCyog its
metabolic fate was investigated. Once pnése cells,Ac,GIcNCyocis assumed to be rapidly
deacetylated by unspecifically actimgterase$®® Thereafter, it needs to be processed by
several enzymes in order to be convertedJDP-GIcNCyoc, which could therserve as
substrate for OGTTo prove that the processing and incorporatioA@GIcNCyocdepends

on the activity of cellular enzymes, native and tastatured HEK293T cell lysates were
treated with 10uM Ac,GIcNCyoc for 5h or 20h at 37°C. After performing the DAinv
reaction with Cy3Tz and separating proteins via SPBGE, fluorescence of Cy3 was read
out from Western blotsHeat treatment denatures proteins and renders enzymes inactive
although some residual emee activity can remaili'® Several heating procedures were
tried, but most of them failed as proteins precipitated as large insoluble aggreégaity,
lysateswere incubatecht 98 °C for three times 1@nin followed by subsequent cooling and
centrifugation of sampledative lysates treated withc,GIcNCyocfor 5 h shoved little Cy3
fluorescence, whichvas still higher than background fluorescence of the lysate sample not
treated withAc,GIcNCyoc at all Figure 4.4). The 20 h samplelisplayed a much greater
signal However no labeling of Cyodlerivatives with Cy3lz wasdetectedn heatdenatured
lysates. This lg to the conclusios that Ac,GIcNCyoc is incorporated into the cellular
glycomein vitro and that this procestepends on the activity ehzyme.

100 pM Ac,GlcNCyoc [h] - 5 205 20
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Figure 4.4: Enzymedependenincorporation of AgGIcNCyoc.HEK293T cell lysates were hedenatured
for three times 1@nin at 98°C. Native () or denatured (+) lysates were treated with ABD
Ac,GIcNCyocat 37°C for 5h or 20h and labeled with Cy3z. Fluorescence of Cy8nd Ponceau S as
loading control were read out from Western blots.
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Even thoughGIcNAc derivatives end up &-GIcNAc very likely, several interconversions
among GIcNAc, GalNAc, and ManNAc are possible, as elucidated in chagdtdr In
addition it has been reported that the pemyingroup of AGGIcNAIk can be transferred to
lysine side chains resulting in the generatibrstable amide bond®Y A similar transfer of
the carbamaténked methylcyclopropene to lysine residues would yield a -btsae
product. To test, whethesuch a trasfer to lysine residues might occur #c,GIcNCyog
b-elimination was performedrThis relies on the removal oD-linked glycansattached to
serine or threonine residues, but wdtN-linked glycans or carbamatesnder mild basic
conditions (pH 125 For this purpose, lysates of HEK293T cells treated WithGIcNAC
or Ac,GIcNCyocwere labeled with T-biotin (Figure4.5A). The pHvaluewas subsequently
raisedto 12for b-eliminationor left at 7.8 for contdosamples. Cy3z could not be used, as
the dye itself appeared to be affected by bases. In addition, also the cyclopropene moiety
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Figure 4.5: b-elimination of incorporated Cyoc derivatsrdA) Chemicalstructure of Taiotin. (B+C)
HEK293T cells were treated with 1Q®1 Ac,GlcNAc, Ac,GIcNCyoc, AgGalNCyoc, or AgManNCyoc

for 20h, lysed, and incubated with 185@M Tz-biotin for 90min. For theb-elimination,the pH of lysates
(~7.8) wasincreasedo 12 byaddition of NaOHEqual volumes of water were added to control samples.
All samples were incubated at 3Z for 90min. Antibodies against biotin an@-GIcNAc were used to
examine the success of thelimination. Ponceau S was used as loading comegrinted (adapted) with
permission from Doll et df°® Copyright (2016 WILEY Z/CH Verlag GmbH & Co. KGaA, Weinheim
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4.1 Protein Glycosylation

was destroyed undethese alkaline conditionsuch thatthe DAinv reaction with Tzbiotin

had to occur before tHeelimination. Immunoblotting again€-GIcNAc proved the success
of the b-elimination, as no antibody staining was preserghnl2 samplegFigure4.5B). In
addition, also the signals of Cyanchored biotin almost completely disappeared at pH 12
stating that incorporated Cyoc derivatives are most likely thaionsrine and threonine
residues of proteins via d@xlinkage. As controlsb-elimination eperiments were performed
with lysates fromAc,GalNCyoc and AcsManNCyoctreated cells. Whereas biotin signals
arising from incorporateécsGalNCyoc vanisked completelyafter base treatmenthose of
AcsManNCyoctreated samples disappedpnly partly Figure4.5C). These observations are
in line with recat findings proposing that AGalNCyoc is most likely incorporated into
mucintype O-glycans andicsManNCyocinto sialoglycan$:2¥ 182 which can bed-linked to
serine and threonine &klinked to asparagine residu¢¥!

Based on the observatidimat Ac,GIcNCyocis incorporated enzymatically and@slinked to
proteins, the invelement of the glycosyltransferase OGT in the attachment of GIcNCyoc to
proteins was studied.o this end, HEK293T cells were transfected with a plasmid encoding
EGFROGT or an empty vector before adding 100 Ac4GIcNCyoc or DMSO After 20 h,
cells were lged and labeled with CyBz. Immunoblotting against EGFP verified the
overexpression of EGF®GT, which resulted in strongly increas@dsGIcNAc levels Figure
4.6A). Importantly, the incorporation of AGIcNCyoc increased compared to empty vector
transfected samples. Moreover, the highly potent OGT inhibitgs$@GIcNAcwas employed
(Figure 4.6B).**? |ts presence resulted in reduced incorporation ofGAZNCyoc in
HEK293T cell lysatesKigure 4.6C). In summary, both experiments indichtbat OGTis
involved in the incorporation dc,GIcNCyocor GIcNCyocin the cellular glycome

Recently the synthesis and application of a new promising OGT inhibitor, termed -QSMI
(Figure 4.7A), has been reported by OHiteoz et af*® Compared to AGSGIcNAC,
OSMI-1 inhibits O-GlcNAcylation less, but morselectively,as Ac.5SGICNAc has been
shown to block glycosytansferases responsible for the synthesis of miyp@ O-glycans
too.**3! Aiming to further substantiatthe obtained data, the small molecule inhibitor was
synthesized in four steps according to the published procBdiifeirstly, possible cytotoxic
effects of OSMI1 were determined with AlamarBlue viability assays. As shown in
Figure 4.7B, OSMI-1 stronglyreduced cellular viabilities from 28V onwards. Already at
50 uM, viabilities were below 506. These observations are in accordance with toxicity data
obtained for OSMil-treated Chinese hamster ovary (CHO) céif8. Nevertheless an
OSMI-1 concentration of 5AM was found to be necessary to reduce cell@aBIcNAC
levels notably. HEK293T cells treated with g1 OSMI-1 and 10QuM Ac4GIcNAc or
25uM, 50 uM, 75uM, or 100uM Ac4GlcNCyoc displayed les®-GlcNAcylation than cells
not treated with OSML as detected with a@®-GIcNAc-specific antibody Kigure 4.7C).
Surprisingly, Cy3 signals increased in the presence of @ISMignificantly, which
demonstrates that even more,&tcNCyoc is incorporated, if the inhibitor OSMIis used.
These results aneot in line with other studies demonstrgtithefunctionality of OSMt1 in
severaliological studied****'") possible explanations could be thatGlcNCyocis (1) not

a substrate of OGT, which would question the Gd&pendenéxperiments presentedbove,

(2) a substrate of OGT and another yet unknown enzyme, or (3) effects of D&®Ia result
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Figure 4.6: Dependence of thencorporation of AcsGIcNCyoc on OGT.(A) HEK293T cells were
transfected with a plasmid encodiB§sFROGT or an empty vectoef.). After 30h, cells were treated

with 100uM Ac,GIcNCyoc (+)or 0.1V-% DMSO ¢) as solvent control for 20. Cells were lysed and
samples labeled with CyBz. Fluorescence of Cy3 was read out from the Western blot. Antibodies against
O-GIcNAc and GFP were used to prove the overexpression of (B)I.Chemical struatre of
Ac,5SGIcNAc. (C) Lysates of HEK293T cells were incubated with 2/0Ac,GIcNAc or AgGIcNCyoc
and200uM Ac,5SGIcNAc (+) or DMSO+) as solvent control at 3T for 20h. The DAinv reaction with
Cy3-Tz was performed prior to SBBAGE, Western blottig, and fluorescence readout. Equal loading was
confirmed by blotting againgttubulin. Reprinted (adapted) with permission from Doll ¢%f.Copyright
(2016) WILEYA/CH Verlag GmbH & Co. KGaA, Weinheim.

of combined toxicities of the AGICcNCyoc and the inhibitor. To unravel these
inconsistencies, studies with other OGT inhibitors, such as the recently presented inhibitors
LO1 and APNTAPBT,*841 glongside within vitro experiments with purified OGT and
UDP-GIcNCyoc could be performedAs the synthesis o) DP-GIcNCyocis complex and
challengingand was not in the focus of this thesis, it should be addressed in further.studies
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Figure 4.7: Effectsof the OGT inhibitor OSMIL on the incgooration of Ac4,GIcNCyocin the cellular
glycome (A) Chemical structure of OSMI. (B) Viabilities of HEK293T cells treated with different
concentrations of OSML or 00.2V-% DMSO for 20h were determined with AlamarBlue assay
Columns represent meamlues of three independent experiments with four replicates each and error bars
SEMs. (C) HEK293T cells were treated with 1M Ac,GIcNAc or different concentrations of
Ac,GIcNCyoc in thepresence o60uM OSMI-1 (+) or DMSO (-). Cells were lysednd labeled with
Cy3-Tz. Fluorescence of Cy3 was read out from the Western blot. Immunostaining was performed with
antibodies againgd-G| ¢ N A ¢ -tubutind U

Finally, the involvement of OGA in the removal @&c,GIcNCyoc from proteins was
assessed. Until now, OGIA& the only glycosidase known to rema®eGIcNAc. Many OGA
inhibitors have beenrpsented within the last years. Among th@mmiametG (Figure4.8A) is
one of the moseffective and selectivenest*?*#?® |t did not affect the viability of HEK293T
cells, as proven with AlamarBlue assa¥ysg(re 4.8B). Treatment of HEK293T cells with
Thiamet G resulted in an increased level of cell@&IcNAc, which demonstratedhe
functionality of ths OGA inhibitor (Figure 4.8C). To studythe removal of Ac4GIcNCyog
pulsechase experimentsimilar to those reported bfratt and colleagué€*4 were
performed.For this purposeHEK293r cells were treated with 1M Ac,GIcNCyoc for

20 h. Subsequentlythe cell culturemedium was replaced withew onesupplemented with
100puM Ac,GIcNAc and 1QuM Thiamet G. Control samples did not receive the inhibitor.
After indicated time points, cellsere lysed, the DAinv reaction with Cy¥ wasperformed,
and samples were analyzZegd SDSPAGE and Western blotting. Cy3 fluorescence of control
and Thiamet Greated samples decreased with increasing thgri(e 4.8D). If OGA would

be involved in theremoval of Cyoederivatives attached torgteins, Cy3 signals of
ThiametG-treated samples should decrease slower than those of control sangleser,
fluorescence of control and inhibittneated samples decreased similarly over tifinels the
reducedCy3 fluorescence is most likehot due to OGA, but rathéne degradation of Cyec
modified proteins over timelo confirm this result, HEK293Tells were transfected with

-49-
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plasmid encoding OGACellular OGA andO-GIcNAc level did not decreasstating that the
overexpression of OGAvas not successfylFigure 4.8E). Alterations in the transfection
procedure didalsonot lead to the desired result. If one would ltkefurther investigate a
possible role of OGA in the removal of the incorporated &jervative, work could be
continued with pufied OGA and other OGA inhibitord/ithin this thesis, AgGIcNCyoc
should be employed to image the glycosylation state of individual proteins inDngdi¢othe
attachment of the bulky CyBz to Cyoecresidues via a DAInv reaction, it is unlikely that
dynamic changes, which would require the involvement of OGA, could be monitored.
Therefore studies on OGA weneot continued.
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Figure 4.8: Involvement ofOGA in thedegradation oincorporatedslcNCyoc. (A) Chemical structure of
Thiamet G (B) Viabilities of HEK293T cells treated with different conceatibns of Thiamet G or
0-0.2V-% DMSOfor 20h were determinedith AlamarBlue assay Columns represent mean values of
three independent experiments with four replicates each and error bars SEMs. (C) HEK293T cells were
treated with 1QuM Thiamet G for 20, lysed, and cellula®-GIcNAc levels were detected with amti-
O-GIcNAc antibody. Ponceau S was used as loading co(MpHEK293T cells were treated with 100/
Ac4GIcNCyoc for 20h, washed twice wittDul beccods phosp(DEBE anth rebif er e d
medium supplemented withtOOuM Ac,GIlcNAc and10uM Thiamet G was adde@ontrol samples did

not receive the inhibitoiCells were lysed at different time points and labeled with-Tx3Fluorescence

was read out from the Western bintorder todetectthe chemical reportestill attachedo proteins. An

antb o dy a gtubulim was usedo confirm equalloading of samples (E) HEK29T cells were
transfected with an empty vecta\(.) or a plasmid encoding OGA. After #8 cells were lysed. Cellular

OGA andO-GIcNAc levels were detected with suitable antiesd

Taken together,the results obtained in this chapter indicate th&t,GIcNCyoc is
enzymatically incorporated d&3-GIcCNAc. This process is, at least to some extent, catalyzed
by OGT. An involvement of OGA in the removal of incorporated Cgedvativeswas not
detected.
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4.1 Protein Glycosylation

4.1.2. Protein-Specific Imaging of Glycosylation

The development of an approach footeinspecific imaging ofintracellularglycosylation

was based on previous reports on the detection of prgpeicific glycosylation of membrane
proteins®7 38 Al of them used CUAAC chemistry which preventsapplications in living
cells. The selected experimentrategyis shownin Figure 4.9 and relies on nctoxic
Diels-Alder chemistry The chemical reporteAc,GIcNCyocwas used, whicldiffuses into
cells expressing an EGRRgged PQIOnce present in cellshe monosaccharide is assumed
to be rapidly deacetylated by nepecifically acting esterases. Subsequently, it is metabolized
by cellular enzymes and attached nwany proteins. In a second step, a fluorophere
functionalized tetrazine derivate can react with the cycloprop®ietyin a DAInv reaction.

If the POI itself is modified with GIcNCyocEGFP gets in close proximity to the
glycosylatioranchored acceptor fluorophore. Thioximity canbe detected by measuring
FRET, which can be read out even in presence of a large excess of acceptor fluorophores via
the fluorescence lifetime of the donor EGFP.

N/N

PN
\V/\O © uptake and
Ac4GIcNCyoc metabohsm

Figure 4.9: Experimental stratgy for in cell imaging of proteispecific glycosylationReprinted (adapted)
with permission fromDoll et al*®® Copyright (2016)WILEYZ/CH Verlag GmbH & Co. KGaA,
Weinheim

In order to enable the DAinv reaction inside living cells, the tetrazine functionalized
fluorophore needs to be cell permeable. Ty3entered cells neither by diffusion nor could it
be homogenously introduced by dteporation(Figure 4.10A+B). Microinjection allowed

for thedelivery of Cy3Tz into cells, but itis impossibleto microinject many dés in a short

time period. Thus, the commercially available fluorophore tetramethylrhodamine (TAMRA)
Tz was used(Figure 4.10C). In contrast to Cydz, it simply diffused into cells
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Figure 4.10: Fluorophores for the DAinv reactiorfA) Chemical structureof Cy3-Tz. (B) Confocal
fluorescence, brightfield, and merged images of (1) HEK293T cells incubated wit! By3-Tz at 37°C
for 45min, (2) CHO cells electropaied in presence of 50M Cy3-Tz, or (3) HEK293T cells
microinjected with a solution d0uM Cy3-Tz in phoghate buffered salind®?BS are displayed. (C)
Chemical structure oTAMRA-Tz. (D) Representative confocal fluorescence, brightfield, and merged
images of HEK293T cells incubated without or witA5pyM TAMRA-Tz at 37°C for 60min and
subsequentlyfixed are depicted. (E) HEK293T cells were treated with 1QM Ac,GIcNCyoc or
Ac4GIcNAc for 20h, lysed, and labeled with 10 Cy3-Tz (C) or 10uM TAMRA-Tz (T) for 90min.
Fluorescence of the respective fluorophore was read out from memtEauoes.loading of samples was
verified with immunoblotting againdittubulin. Reprinted (adapted) with permission from Doll et %,
Copyright (2016)WILEY Z2/CH Verlag GmbH & Co. KGaA, Weinheim

(Figure4.10D). Lysates of AgGIcNCyoctreated HEK293Tcells showed similar patterros
fluorescent bands on Western blots for both fluorophores, althoughdbeledluorescence
of TAMRA-Tz was less intens@-igure 4.10E). Moreover, the fluorescendsackgroundof
lysatesfrom Ac,GIlcNAc-treated HEK293T cells labeled with Gz or TAMRA-Tz was
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4.1 Protein Glycosylation

slightly stronger fothe latter dyeHence, it was decided to dorue using Cy3rz for lysate
experiments and to employ TAMRAz only for live cell imaging.

Next, possible cytotoxic effects of TAMRAz were elucidated. To this end, HEK293T cells
were treated with up to 3tM TAMRA-Tz at 37°C for 60min. DMSO was useds solvent
control. Viabilities were obtained with ATP assaygich demonstrated that TAMRAZ is
not cytotoxic within the concentration range testeigire4.11). SandardAlamarBluebased
viability assayxould not be performed fawo reasons. Firstly, the reaut of an AlamarBlue
assay is based othe fluorescenceof resorufin, which spectrally overlaps with the
fluorescence emission of TAMRA. Im&ATP assaychemiluminescences generated without
the needor excitation Thus, itshould not be disturbed lifie presence of the fluorophore
TAMRA. Secondly,the AlamarBlue assajollows the treatment with the compound of
interestandtakesapproximately 90nin. If one is interested in time spans as short asi0
additional 90min would alter the result. In contrast, cells are lysethatbeginning of an
ATP assay, which allows drawing conclusions on defined incubation times.

1201
] DMSO

1004/ @ & [ me 1 s Ty @ TAMRA-Tz

Viability [%]
5 8 8

N
i

0 1 5 10 15 20 25 30
Concentration [uM]

Figure 4.11: Effect of TAMRA-Tz on cellular viabilities HEK293T cells were treated with up to g®
TAMRA-Tz or 0.2 \-% DMSOat 37°C for 60min. Cellular viabilities were assessed with an Adg3ay.
Columns represg mean values and error bars SEMExperiments were performed three times in
quadruplicatesReprinted with permission from Doll et &1¥! Copyright (2016)WILEY Z/CH Verlag
GmbH & Co. KGaA, Weinheim

The model protein used to establish the prespiecific approach wase glycosyltransferase
OGT. It is present in the cytoplasm ath@ nucleus and is known O-GIcNAcylate itself at
serine3 andserine4 ?**®! Further glycosylatiorsites and typebave not been reported for
OGT. Firstly, the modification of OGT using ABIcNCyoc needed to be ensurétr this
purpose HEK293T cells were transfected with plasmids encoding EGEF or EGFP. The
latter served ason-glycosylatedcontrol One day after transfection, cells were treated with
100uM Ac4GlcNCyocor Ac,GIcNAc for 20h. Cells were lysed and EGFP as well as EGFP
OGT were isolated by immunoprecipitation with a@&P antibodies. Samples wdabeled
with Cy3-Tz and subjected to SBISAGE and Western blotting. A strong fluorescence band
was detectedfor EGFROGT samples treated with AGIcNCyoc at 130kDa, which
corresponds to the size of the fusion protein E@FFT (Figure 4.12A). No fluorescence
band was present for the &&IcNAc-treated EGFROGT sample demonstrating the selective
labeling of the Cyoderivative attached to EGFPGT by the DAinv reaction As
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4. Results and Discussion

Ac,GlcNCyoctreated EGFP samples dispdayno Cy3 fluorescence, it can be concluded that
solely OGT and not its fusion partner EGRRs modified with the chemical reporter.
Consequently, EGFP can be used as negative control in all further experiments.

Having demonstratedhe utilization of AgGICNCyoc for monitoring the glycosylation state

of individual proteins isolated from cell lysatéise next step was to transfer this technique to
the imaging ofliving cells by using FLIM-FRET microscopy.Most FLIM-FRET am
acceptor photobleaching experiments presented in this chapter were performed and evaluated
together with Dr. Annette S. Indlekofer (group of Prof. @umbusch,University of
Konstan.?* EGFROGT- or EGFR expressing cells were treated with |B@ or 100pM
Ac,GIcNCyoc or AGGIcNAc for 20h. Then, cells were labeled willAMRA-Tz for 60 min.
FLIM-FRET microscopy was performed immediately. Representative fluoresdiésiome
images arshown inFigure4.12B. In all fluorescence lifetime images displayed in this thesis,
the pixel color corresponds to the flusscence lifetime and the pixérightness to the
detected fluorescence intensity. Footlb concentrationsused fluorescence lifetimes of
EGFROGT in AgGIcNCyoctreated cellswere much shorter than those measured for
Ac,GIcNAc-treated cellsindicating successful FRETReductions in fluorescence lifetimes
were also detectefor EGFP, but toa lesgr extent As EGFP was not modified with
Ac,GIcNCyoc, shorter fluorescence lifetimes for EGFP must be due to unspecific FRET to
TAMRA-Tz attached to nearby Cymcodified proteins. Interestingly, fluorescence lifetimes

of EGFROGT and EGFP itself ardifferent even in AgGIcNAc-treated cells)ikely as a

result of two effects. Firstly, fluorescence lifetimes are sensitive to the local environment of a
fluorophore, since they asffected by viscosity, oxygen and ion concentratiptesnperature,

and pH values!?®*%%! The fusion of EGFP and OGT could lead to such a changed local
environment.Secondly,the unspecific labeling of proteins withRAMRA-Tz gives rise to
background FRET that is present in bothy@lcNAc- and AgGIcNCyoctreated samples

This background could be different in close proximity to EGFP or EGER. To determine
solely FRET arisingfrom TAMRA linked toAc,GIcNCyoc, average fluorescence lifetimes of
Ac,GlcNCyoctreatedand AgGIcNAc-treated cells were used to calculate FRET efficiencies.
Within cellular samples, fluorophores are not present in a one to one stoichiometry and
fluorescence lifetimes are averaged and include values of modified and unmodified proteins.
Thus, all FRET efficiencies presented in this thesis are apparent values. FRET efficiencies
were determined to be 26 and 30% for EGFROGT and6 % and 10% for EGFP at sugar
concentrations of 5AM and 100uM, respectively Figure 4.12C). Since EGFP is not
modified with AqGIcNCyoc,FRET efficiencieof EGFROGT were comparewvith those of
EGFP. Significant differences were foun@herefore the here presented approach can be
used to detect the glycosylation of a specific protein in living cells by intramolecular FRET
over intermolecular FRET to nearby glycosylated protdirisas to be mentioned thBRET

from an EGFRtagged protein to itglycosylated interaction partner in close proximity cannot

be excluded.
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plasmids encodingeEGFROGT a EGFP. (A) Cells were treated with 1AM Ac,GIcNAc (-) or
Ac,GIcNCyoc (+) for 2th, lysed, EGFROGT and EGFP were immunoprecipitated, and labeled with
10uM Cy3-Tz at 25°C for 90min. Fluorescence of Cy3 was read out from Westerrs tdohvestigatethe
modifications state of immunoprecipitated proteins. Amountslatfed proteins were determined witim a
ant-GFP antibody. (B) Cells were treated with 8@ or 100uM Ac,GIcNAc or AgGIcNCyoc for 20h
and labeled wittl25 uM TAMRA-Tz at 37°C for 60min. RepresentativBuorescencenodulationlifetime
images of EGFROGT and EGFP expressintiving cells are displayed. Scale bars correspond tpni0
(C) FRET efficiencies were calculated from fluorescemeedulation lifetimes averaged ovethree
independent experiments with five cells edoh Ac,GIcNCyoc concentrations of M and 100uM.
Statistical significance was assessed wittwa-way analysis of variancesANOVA) and a Bonferroni
posttest. The dgee of significance is *** p<O@L. Reprinted (adapted) with permission from Doll et
al %8 Copyright (2016WILEY Z/CH Verlag GmbH & Co. KGaA, Weinheim

The presence of the acceptor fluoroph®PdVIRA in cells is necessary for the generation of
glycosylationspecific FRET, butits unspecific attachmentto proteins also resuls in
background FRET. Thus, an optimal concentration of TAMRAallowing for the @tection

of proteinspecific FRET over background FREJeeds to bechosen HEK293T cells
expressing EGFP or EGRPGT were treated with 1M Ac4GlcNCyoc and incubated with
different concentrations of TAMRAz for 60min. With increa;qg TAMRA-Tz
concentréon, fluorescence lifetimes of both EGFP and EGHET decrease (Figure4.13).
From 5uM TAMRA -Tz onwards, calculated FRET efficiencigsre significantly higher for
EGFROGT comparedo EGFP. Highest EGFRGT FRET efficiencies were achievedth
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4. Results and Discussion

15uM to 30pM TAMRA-Tz. As FRET efficiencies of EGFP and EGERST did not vary
too much within this concentration range,| 8 wereusedfor the following experiments.
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Figure 4.13: Influence of an increasing TAMRAz concentation on FRET efficiencies. HEK293T cells
were transfected with expression vectors encoding EGFP or ©&HP and treated with 1Q6M
Ac4GIcNCyoc for 20h. The DAinv reaction in living cells was performed with differeancentrations of
TAMRA-Tz for 60min. (A) Representative fluorescence modulation lifetime images are depicted. Scale
bars correspond to 10n. (B) Fluorescence modulation lifetimes were averaged over four cells and are
presented as columns. Error bars represent SEMs. (C) FRET efficiere<alculated from averaged
fluorescence modulation lifetimes. Error bars are SEMs. Degrees of statistical significances were
determined with a onray ANOVA and a Bonferroni posttest and are (nst significanf p>0.05,

* p<0.05, and *** p<0.00. Reprinted &dapted) with permission from Doll et3f! Copyright (2018)
Elsevier Inc.

To substantiatehe FLIM-FRET dataof OGT, FRET measurements werepeated with
acceptor photobleaching. For this purpose, EGFREGFROGT-transfected HEK23T cells
were treated with 10AM Ac4GIcNCyoc or DMSO for 2B. Subsequently, cells were fixed
to avoid the diffusion of fluorescently tagged probesalts thatwould affect measurements.
After permeabilization, cells were labeled with i Cy3-Tz for 60min. Apparent FRET
efficiencies obtained from acceptootobleaching experiments were in good agreement with
values from FLIMFRET experimentsHigure4.14). Thus, both methods can be employed to
image proteirspecific glycosylation in living or fixed cells.

To assess the general applicability of the estaddistpproach and verify that overexpression
of EGFROGT, which slightlyincreasedheincorporation of AgGIcNCyoc Figure4.6A), is

not responsible and mandatory for the detection of FRET efficiencies higher tharothose
EGFP, five additional EGFRision proteins besides OGTwere examinedyvinculin, the
calcium/@almodulindependent protein kinase type (€AMK4), the tumor suppressor p53,
the forkhead box protein O@Foxol),and the kinase Aktl. The only reported glycosylation
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Figure 4.14: Acceptor photobleachingxperiments validate FLINFRET data. HEK293T cells were
transfected with vectors encoding EGFP or E@RPT and treated with 100M Ac,GlcNCyoc (+) or

0.1V-% DMSO (-) for 1820h. Cells were fixedpermeabilizedand labeled with 1M Cy3-Tz for

60 min before performing acceptor photobleaching. (A) Representative confocal fluorescence images of
donor and acceptor fluorophores before and after bleaching the acceptor are depicted. FRET efficiencies
were colorcoded and are shown in the lowest panel. Scale bars correspond pm.1(B) FRET
efficiencies were calculated for EGFP and EGPBT from three independent experiments with five cells
each. Columns show mean values and error bars SEMs. Statistical signifiesmeessessed with a
oneway ANOVA and a TukeyKramer pattest andire** p<0.001. Reprinted(adapted)vith permission

from Doll et al'*®® Copyright (2016 WILEY Z/CH Verlag GmbH & Co. KGaA, Weinheim

FRET
efficiency

form for all these proteings O-GIcNAcylation. Their cellular localizatis) sizes, known
O-GIcNAc sites, and functions are summarizedTable 4.1. Initially, all EGFRfusion
proteins were immunoprecipitated from HEK293T cells, which had been transfatiethev
corresponding constru@nd treated with AgGIcNCyoc or AGGIcNAc, andwere labeled
with 10uM Cy3-Tz. All proteins except EGFRvinculin, displayed Cy3 fluorescence bands
on Western blotsconforming their modification with the glycosylation reporteFigure
4.15A). Although vinculin has been reported to ©eGIcNAcylated® % no modification
with GIcNCyoc could bedetected.This might be dueat a very low extent of vinculin
O-GIcNAcylation or the usage of an artificial monosaccharide, wtiogts noneedto behave

as the native substratdext, FLIM microscopy of samples treated with| 8@ or 100uM of
monosaccharides and incubated wibpM TAMRA-Tz was performedRepresentate
fluorescence lifetimémages shoedthe presence of EGFRnculin and FoxodEGFP in the
cytoplasm, CAMK4EGFP and AktIEGFP in the whole cell, and p53 solely in the nucleus
(Figure4.15B). The transcription factor Foxo1l is known to shuttle between the cytoplasm and
the nucleu$?” Indeed,also cells with nucleaaccumulatedFoxol werefound, but they
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4. Results and Discussion

Table 4.1: Information on localizatios, sizes, O-GIcNAc sites, and functianof EGFRfusion proteins,
whose glycosylation statewere examined within this thesis. The localization can be nuclear (N),
cytoplasmic (C), or membranous (MJroteins are either-dérminally (NT) or Gterminally (CT) tagged
with EGFP. Reprinted (adapted) with permission from Doll é®&ICopyright (2016) WILEYA/CH
Verlag GmbH & Co. KGaA, Weinheim.

Number EGEP
Protein | Localization | of amino | O-GIcNAc sites ta Function
acids g
O-linked N-acetylglucosamine
T N+CH24l 104 42 NT
oG c 046 (S3, S4§ (GlcNAc) transferad®!
. . (428] sites cytoplasmic actirbinding
Vinculin | C 1134 unknowd®®426! NT proteir*?
member of thealciumcalmodulin
rsmssn siar, | | epeneeproen st
CAMK4 | C+N#30! 473 S189, S344/S345| CT ; reguia -
431) transcription activators iiTmmune
S356) : :
response, inflammation, and
memory consolidatidft?
p53 43l 393 S149854341 cT tumor suppressor;Arg]guIator of cell
cycle and apoptosfé
(T317, S550, transcription factor; main target of
T648, S6541%" insulin signaling; regulates
+ [436] ' ’ ’
Foxol | (N+)C 655 S3333%8 cT metabolic homeostasis in responst
T646" to oxidative stred¥
S126, 5120, || bt ol
Aktl | c+N+M“ | 480 T305, S312§*2, glucose T !
g7 CT proliferation, apoptosis,
transcription, and cell migrati6f*

exhibitedmuchhigher fluorescence intensitids. order to allow for comparisonsnly cells
with cytoplasmic FOxo'EEGFP were measured. Notably, decreases of fluorescence lifetimes
were visible for p53, Foxol, and Aktl, which were ewtronger, if concentrations of
100uM were used. FRET efficiencies were calculated for all E@&Sibn proteins andboth
sugar concentrations from averaged fluorescence lifetimidsse of p53EGFR Foxot
EGFR and AkttEGFP were significantly larger thathe FRET efficiencyof the control
EGFPR, which was also the case for measurements withcigssoxic 50uM Ac,GIcNCyoc
(Figure4.15C). Despite the fact that CAMKEGFP was found to b&tronglymodified with
Ac,GIcNCyoc, no significant FRETTciencies were detected for this proteirhis might be
due to the fact that it®-GIcNAc sites are located #te N-terminus or in the middle of the
protein** As the EGFRag was attached at thet€minus and efficient FRET requires a
close proximity of both the donor EGFP and the glycosyladiochored acceptor fluoroptey
glycosylation sites mightave beeitoo far away to be imageda this approach.

Whereas fluorescence lifetimealues of all other proteins were homogenous throughout
single cellandicating that the glycosylation of these proteins does not depetheiooellular
localization those of AktlEGFP appeared to benuch shorter in the nucleus than in the
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Figure 4.15: Imaging proteirspecific glycosylation of further proteins. HEK293T cells were transfected
with plasmids encodingariousEGFRfusion proteins(A) Cells were treated with 1M Ac,GIcNAc ()
or Ac,GIcNCyoc (+) for 2th andlysed EGFRfusion proteins wer immunoprecipitated anithe DAinv
reaction was carried out withOpM Cy3-Tz. Fluorescence of Cy3 was read out from Western blots to
assesthe modification state of immunoprecipitated protelfgual loading of immunoprecipitated proteins
was confirmed vth immunoblotting against GFP. (B) Cells were treated with f®1 or 100uM
Ac4GIlcNAc or AgGIcNCyoc for 20h and labeled witl25uM TAMRA-Tz. Representative fluorescence
modulation lifetime images arshown Scale bars correspond to . (C) Fluorescene modulation
lifetimes averaged over three independent experiments with five cells each were used to €Rétilate
efficiencies for AgGIcNCyoc concentrations of M and 100uM. Statistical significance compared to
EGFP were determineslith a twvoway ANOVA and a Bonferroni posttefdegres of significance are ns
p>0.05 * p<0.05, ** p<0.01, and*** p<0.001. Reprinted (adapted) with permission from Doll ef%.
Copyright (2016 WILEY 4/CH Verlag GmbH & Co. KGaA, Weinheim

-59-



4. Results and Discussion

50 uM Ac4GIcNAc Ac4GIcNCyoc  Lifetime
EGFP-Akt1 25ns
- + E
<
90 kDa E’ Cy3 fluorescence a
[T
(O]
90 kDa El anti-GFP w
Akt1-EGFP
- + a
(O]
90 kDa EI Cy3 fluorescence w
T
90 kDa El anti-GFP <
0.5ns
C 30 . 100 uM  Ac4GIcNAc Ac4GIcNCyoc  Lifetime
B EGFP 2.5ns
9 l EGFP-Akt1 z
6‘ 204 . ns [ Akt1-EGFP i
S [
.6 o
b= ns w
(0]
— 101
‘ lﬂ
w o
[T
0- ]
50 100 Y
¢ [uM] T
<
D 0.5ns
© )
2.59 ,/Qr‘b //Q'b‘ 2.5+
5 ) ) [ Cytoplasm 5 ® [ Cytoplasm
© 1 [ ] Bl Nucleus & N o EE Nucleus
= = Q Q-
§ 2 201 é 2201 <
8 E g2 M
53 53
8 5 1.54 8 5 1.5
o o
(o] (o]
3 =)
L [T
1.0 1.04
50 100 50 100
Ac,4GIcNAC [uM] Ac4GlcNCyoc [puM]

Figure 4.16: Comparisorof N- and Gterminally EGFPtagged AkL. HEK29T cells were transfected with
plasmids encoding EGFRktl or Aktl-EGFP. (A) Cells were treated with 1M Ac,GIcNAc or
Ac4GIcNCyoc for 20h, lysed, EGFRAktl and AkttEGFPwere isolated by immunoprecipitation, and the
DAinv reaction with 1QuM Cy3-Tz was perforrad. Fluorescence wasad out fom Western blots to
assess the modification state of Aktl proteins. Equal loading was confirmed by immunoblotting against
EGFP. (B) Cells were treated with 50 uM or 100 uM,BlcNCyoc, labeled with 2aM TAMRA-Tz, and

used for FLIMFRET microscop. Representative fluorescence modulation lifetimes images are depicted.
Scale bars correspond to (. (C) FRET efficiencies were calculated from fluorescence modulation
lifetimes averaged over three independent experiments with five cells each. Catpnesent mean FRET
efficiencies and error bars SEMs. Statistical significazarapared to EGFP was assessed with aviayp
ANOVA and a Bonferroni posttest. Degrees of significancesse0.05 * p<0.05, and *** p<0.0Q. (D)
Fluorescence modulation lifenes weremeasuredn the cytoplasm and nucleus of AKEIGFP expressing

cells separatehj.ocalizations of cytoplasm and nuclei were determined based on the fluorescence intensity
and fluorescence lifetime of AKEGFP. Column$elong tomeans and erroraosto SEMs. Rvalues were
calculated with tweailed ttests of unpaired observatiofeprinted (adapted) with permission from Doll

et all*®® Copyright (2016) WILEYA/CH Verlag GmbH & Co. KGaA, Weinheim and Doll et!3F’
Copyright (2018) Elsevier Inc.
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cytoplasm. The Merminally tagged EGFRAktl was also found to be modified with
Ac,GIcNCyoc, but did noexhibit FRET efficiencies significantly differerfrom those of
EGFP Figure4.16A-C). Most probably, donor and acceptor fluorophores are again too far
apart fromeach other. In addition, its fluorescence lifetimes did not vary as much as those of
Aktl-EGFP within single cells. Fluorescence lifetime$ nuclear and cytoplasmic
Aktl-EGFP were determined and analyzsparately Those of nuclear AKEEGFP were
indeed shorted than cytoplasmic lifetimes in,BlcNCyoctreated cells Kigure 4.16D).
Although differences in nuclear and cytoplasmic fluorescence lifetimes were obvious in
several cells, not all cellshowed differerces in lifetimes, which might explain why
fluorescence lifetimes were not sificantly different. Nevertheless, these findinggly that

Aktl is strongerO-GIcNAcylated if present in the nucleus, which is in line with reports
suggesting ®-GkMNAcymtionif its Aucléal ldcalizatiof

FLIM-FRET measurements of vinculin, CAMK4, p53, Foxol, and Aktl clearly demonktrate
the general applicability of the established approachh not only allows imagingthe
glycosylation state of a selected protein inside living cells, but also to determine spatial
differences in the glycosylation of a protein. The two fusion proteins B@GfRlin and
CAMK4-EGFP did not own FRET efficiencies significantly greater than thosasured for
EGFP and thus further indicate that unspecific and intermolecular FRET do not hinder
measurements of protegpecific glycosylation by FLIMFRET microscopy/*°®

In summarythe firstfunctional and general applicable appro&mhimaging proteirspecific
glycosylationinside living cellswasestablished. In the followingt wasemployed to study

the O-GIcNAcylation of the proteins Kif18A}synuclein andb-cateninin more detail.

4.1.3. O-GIcNAcylation of Kif18A

The human kinesi8 Kif18A is amicrotutule-associated motor ptein**® It accumulates at

plus ends of microtubules in mitosis and acts as microtubule depolyrf&?4s%.
Furthermore,Kif18A suppresseshromosome oscillatory movements, which occur upon
congressiorof chromosomesround the spindle equator in metaphase and decline towards
anaphas&****% Such oscillation®f chromosomes attached to microtubuleskifeetochores

protect chromosomes against damagd entanglementbut need to be terminated in order

to enablethe progression of mitosié>**?HeLa cellslacking Kif18A have been shown to be
unable to enter mitosis, because its depletion preventscoaect chromosome
congressioff:*¢#4°4%0 Moreover, eleved expression of Kifl8A has been found to be
associatedvith an increased risk for multiple myeloma aedhanced cell proliferation in

other cancer typd&> 4%¢l

It has been suggested thatlbthe function and the localization of Kifl&keregulated by its

PTMs, such as phos$prylation andO-GlcNAcylation!**” Phosphorylation o$erine 674 and

serine 684by cyclinedependent kinase I early metaphaséas beendemonstratedo
promote chromosome odeilions, while itsdeplosphorylaibn in late metaphasbky protein
phosphatase 1 results in metaphase plate thinning and suppressed chromosome
oscillations®*? | n  addi t i o®GlcNAcylatioh 8hasd beendetected with an
O-GlcNAc-specific antibody in bone marrow stromal céldl Recently, also sumoylation of
Kifl8A has been shown to regulate the activity of Kif18A during mitotic progre&sfn.
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Protein phosphorylation ar@GIcNAcylation are known to compete for the same or adjacent
serine and threonine residues in a dynamic mafr& This could also be the case for
Kif18A. Within this thesis, the modification of Kif18A wit®-GIcNAc should bedetected
using AgGIcNCyoc.

To be able to perform FLIMFRET experiments lateHelLa cells stably expressing EGFP or
EGFRKIf18A under a tetracyclinenducible promotor wereised Firstly, theincorporation
of Ac,GIcNCyoc inEGFP and EGHKIif18A Hela celllines was investigated in a timand
concentratiordependent manner. Cy3 signals resulting from @jervatives attached to
proteins were highest for incubation times of i22and concentratic of ~10QuM
Ac,GIcNCyoc Figure 4.17). These data are igood agreement with similar experiments
performedn HEK293T, HelLa S3, and H129®lIs Figure4.3).

EGFP EGFP-Kif18A
100 uM Ac,GIcNCyoc[h] 0 35 6522 305455 0 3565 22 305455
170 kDa —
130 kDa — i \ |
- 4 [ = |
100 kDa —| {11 5 ! : a :
70 kDa — B | = - =
b i - 4 Cy3
55 kDa ——| - | = | * | fluorescence
| &)
- = =
s0kpa — s« e B8 &S - q '
£3 &3 =3 :
35kDa
55 KDA ——| s s s s s o (s s s s e == 2Nti-01-tUbUIN

EGFP EGFP-Kif18A

20 h Ac,GIcNCyoc [uM] 0 25 50 75 100 150 0 25 50 75 100 150
170 kDa —
130 kDa —

100 kDa —

1 1 : |
- - -
70 kDa — &‘ a =)
1 Cy3
55 kDa — R - | fluorescence
=l |
sk0a— © BN -

= 5 . = 53 =4
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55 kDa ﬂﬁ----‘.--_--‘l anti-a-tubulin

Figure 4.17: Incorporation ofAc,GIcNCyoc in stable HelLa cell lines. HelLa cells capablexqfressing
EGFP or EGFFKIif18A were (A) treated with 100M Ac,GlcNCyocfor different periods of time or (B)
treated with different concentrations A€,GIcNCyoc for 20h. Fluorescence readouts of Western blots
from lysates ofAc,GIcNCyoctreated cells laeled with Cy3Tz are shown. Equal loading was assessed by
immunoblotting againdi-tubulin.

As different expression levels were expected for both proteins, tetracycline concentrations had
to be adjusted in order to achiewearlyequalamountsof EGFP ad EGFRKIf18A in HelLa

cells. Both the expression of EGHFf18A and EGFP could be induced by tetracycline
(Figure 4.18A). Whereas high tetracycline moentrations led to only small quantities of
EGFRKIf18A, tenfold lower concentrations resulted in a stroegpression of EGFEP
Comparableprotein levels were achieved with tetracycline concentrations jo§ & and
0.01pgml™ for EGFRKIif18A and EGFP,respectively.Cellular levels of EGFRKif18A
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could befurtherincreased bgynchronizingcell cycles. Kif18A is degraded imnterphase, but
larger amounts of this protein are present in mitosis, where Kif18A is fundjicetive [**°!
EGFRKIif18A Hela cells were treated with iy ml™ tetracycline and synchronizein
S-phase with thymidine. Approximatelgh to 10h after releasing cells from thymidine
arrest, they enter mitosi€® Samples were taken at different time points after thymidine
release. Indeedamountsof EGFRKIif18A detected with ananttGFP antibody increased
uponthymidine releaseRigure4.18B).

EGFP-Kif18A
Concentration )
of Tet [ug/m] 0 10 15 20 25 Time after Release [h] - 5 6 7 8 9
130 kDa —' - | anti-GFP 130 kDa b 2 - | anticrp
56 kDa 4‘-— —— _.l anti-a-tubulin 55 kDa —|- P —— -‘ anti-a-tubulin
EGFP
Concentration 4 ™4 441 0,005 0,01 0,05 0,1
of Tet [pg/ml]
35kDa —] #9 M| anicrp
55 kDa O Ty G — e —] anti-a-tubulin

Figure 4.18: Optimizingthe expressin of EGFP and EGFRIif18A. (A) Lysates of HelLa cells treated for
12 h with different concentrations of tetracycline (Tet) were analygech SDSPAGE by immunoblotting
against GFP(B) EGFRKIif18A Hela cells treated with ig ml™ tetracycline and synchronized inpBase
with 2 mM thymidine were released and lysed at indicated time points. Cellular amounts oKHGER
were detected with a GFP antibo@yotting against}tubulin served as loading control.

Lysates IPs

EGFP- EGFP-
EGFP  KiflBA  EGFP  Kif18A

100 pM Ac,GIcNCyoc + - + - + -+

170 kDa —
130 kDa —

100 kDa —
70 kDa —
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‘N

T UIEEEIE
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'

55 kDa —|h R—— | anti-a-tubulin

130 kDa —] pr——
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130 kDa — - e w| anti-Kif18A

Figure 4.19: Maodification of KifL8A with GIcNCyoc. Tetracyclingreated EGFP and EGH{f18A Hela

cells were synchronized in prometaphase by successive treatment with thymidine and nocodazole.

Additionally, cells were treated Wi 100uM Ac,GIcNCyoc (+) or 0.1V-% DMSO ¢€) for 20h. The Cy3
fluorescence readout fromblotof lysates and immunoprecipitates performed to isolate EGFP and-EGFP
Kif18A is depicted. Antibodies detectingtubulin, GFP derivatives, and Kif18¢erified equal loading of
samples.
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To study the modification of Kif18A witlihc,GIcNCyocin mitosis, HelLa cells treated with
tetracycline were blocked in-ghase with 2ZnM thymidine for 20h and, following a release
of 2h, arrested in prometaphase with Qutbml* nocodazole for 16. During the second
blocking step, 10iM Ac,GlcNCyocwere added to the medium for metabolic glycolabeling.
After collecting mitotic cells, cells were incubated in fresh medium fan0to allow them

to enterin metaphase. Upon celfdis and immunoprecipitation of EGFP and EG&R8A,

the DAInv reaction was performed with GJ2. Only one strong fluorescence band is visible
for all immunoprecipitation samples and belongs to EBRIP8A-expressing cells treated
with Ac,GIcNCyoc Figure4.19). Its size at approximately 1¥MDa as well as immunoblots
against GFP and Kifl8A clearly demonstrated that this band corresponds teKHEGER
modified with Cyoeanchored Cy3. Hence, the glycosylation of Kif18A with GIcNCyoc was
successfully detected. This result substantiates the previous report@GiaslAcylation of
Kif18A.157

Towards characterizing th®©-GIcNAcylation of Kifl8A, next steps would comprise
following the O-GIcNAcylation of Kifl8A over the cell cycle, imaging it by FLHARET

mi croscopy i n c el |OsGIcNAC ditesnby mésy specgomédtri, imlit&iAgd s
them, and analyzing the phenotypes of these mutahts. projectwas andwill further be
continued by Lisa Haibewithin her mastey thesis and PhD thesis in the group of Prof. Dr.
Wittmann,University ofKonstanZ*®”

4.1.4. O-GIcNAcylation of a-synuclein

The small proteif)synuclein has been found to be enriched ingyreaptic neurons in the
central nervous systelft"! There, Usynucleinis involvedin remodeling and trafficking of
vesicles?®? U-Synuclein mainlyexists as intrinsically disorderedonomer in the cytoplasm,

but, when bound to membrane#t, forms a largeUhelix that can cause membrane
bending!*®*“¢® Moreover, Usynuclein cararrange intoxic b-sheet aggregatesvhich have
been identified in synucl ei f®HhManyi different s uc |
PTMs, including phosphorylation, ubiquitination, and nitration, have been reported for
Usynuclein®® In addition, nineD-GIcNAc sites T33, T44, T54, T59, T64, T72, T75, T81,
ard S87 have been detectddr rodent and humatisynuclein’®¥4"? To study the effect of
O-GlcNAcylation on Usynucl ei nos propert ihaw synthBized t t a
Usynuclein proteins carryin@-GIcNAc at either threonine72 or serine87. Using these
proteins, they havéound thatO-GlcNAcylation of both residues inhilithe formation of
aggregate, but des not affect the membrane binding and bendicttaracteristicsof
Usynuclein®®” 4" Recently, thenhibition of the aggregate formation has also been shown
for enzymaticallyO-GlcNAcylated U-synucleini*’

All of thesestudies onO-GlcNAcylated U-synuclein have been performéd vitro. To
investigatethis biological and medically interesting PTM &fsynuclein in the context of
living cells, theestablished approach for proteipecific imagingof glycosylation should be
employed. This project was carried auicooperatiorwith Petra Chovancova from the group

of Prof. Dr. Leist, University of KonstanzThe final aim was imaginghe O-GIcNAcylation

of EGFRtaggedU-synuclein in neuronal cell®levertheless, work wasartedwith HEK293T

cells, as the approaetasestablished for this cell line.
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In a first step the modification of EGFRagged Usynuclein with AgGIcNCyoc was
investigated. To this end, HEK293T celeretransiently transfectewith plasmids encoding
EGFP orUsynucleinEGFP treated with 10QuM AcsGlcNCyoc or AGGIcNAc for 20h, and
lysed. Lysates and immunoprecipitates of EGFP lgisgnucleinREGFP were labeled with
Cy3-Tz. Whereas the fluorescence readout of a Western blibt iwsate samples clearly
demonstrated the incorporation of GIcNCyoc into the cellular glycome and its labeling with
Cy3-Tz via the DAinv reaction, no fluorescence band was visirlea Western blot of
immunoprecipitationsamples Kigure 4.20). In addition, no O-GIcNAcylation could be
detected with an an®-GIcNAc antibody.Repetitions of ltiis experiment always led to the
same result. Thus, Wwas conduded thatU-synucleinREGFP ismodified with GIcNCyocor
native O-GIcNAc to a very low extent or not at all. Studies, in whiiGIcNAcylation sites

of Ussynuclein have been determinédyve beerbased on an enrichment ©fGIcNAcylated
proteins and peptideslowever the approachdeveloped hereombines chemical reporter
strategies anGFPfusion proteinsand averages over all proteins of interest. Consequently,
no statements can be made on the modification state of a ponadin of proteinsUpon
affinity purification and enriching samples, Petra Chovanad®raonstratethat less than %

of nativeUsynucleinis O-GlcNAcylated in HEK293T cell¥” Thus, it is not surprisithat

the detection of the modification otksynuclein with AgGICNCyoc or its native
O-GlcNAcylation with an antO-GIcNAc antibody was not successful.
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Figure 4.20: Modification of Usynuclein with GIcNCyoc. HEK293T cells transfected with plasmids
encoding EGFP di-synuclein(SNAC)YEGFP were treated with 1Q0M Ac,GIcNCyoc (+) or AGGIcNAC

(-) and lysed after 208. EGFP and SNAEGFP were isolated by immunoprecipitatidrysates and
immunoprecipitates were labeled with G¥2 and analyzed on Western IsloFluorescence readouts of
(A) lysate samples and (B) immunoprecipitates are displayed. EGFR-&id\NAc were detected with
antibodies.
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Concurrentlywith the development of the DAinghemistrybased imaging approach for
proteinspecific glycosylationpresented in this thesi€henand coworkergeported on a
similar strategy*® As they usd Ac,GalNAz, which was fluorescently labeled via a
cytotoxic CUAAC, theapplicationof their method was restricted to fixed cells. investigate,
whether Us y n u ¢ |0eGicNA&yation could be detected following theirapproach
Ac,GalNAz was employedrigure 4.21A). It did not affect cellular viabilities and was well
incorporated in the cellulaglycome Figure 4.21B+C). The backgroundluorescence

Figure 4.21: Metabolic labeling of botSNAC-EGFP andEGFPwith Ac,GalNAz (A) Chemical structure

of AcsGalNAz. (B) Viabilities of HEK293T cells treated with different concentrationsAofGalNAz or
Ac,GIcNAc for 20h were assessed with AlamarBlue assays. Columns belong to meanocadudsted

from three independent experiments with four replicates. &actr bars are SEM$§C+D) HEK293T cells
transiently expressing EGFP or SNAGFP were treated with 1Q0M Ac,GalNAz (+) or AGGIcNAc (-)

for 20h. Subsequently, cells were lysed and EGFP and SEBEP isolated by immunoprecipitation.
Cy3-labeled lysateand immunoprecipitates were analyzed on Western blots. Fluorescence reado)ts of (
lysate samples andD} immunoprecipitates angresentedimmunoblotting was performed with at@FP

and antO-GIcNAc antibodies.
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