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"The important thing is not to stop questioning."
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SUMMARY

Summary

In this work covalent protein modification was used to analyse the function and
conformational states of the Interleukin-4 receptor alpha (IL-4Ra) at the plasma
membrane of living cells. The IL-4Ra subunit is a member of the class I cytokine receptor
family which is linked to the JAK/STAT pathway and various other important signalling
processes related to haematopoiesis and immunity. To explore molecular
rearrangements during ligand-induced receptor activation, covalent site-specific
fluorescence labelling was established by genetic code expansion (GCE) in combination
with biorthogonal click chemistry. The unnatural amino acid Ne-(bicyclo[6.1.0]non-4-yn-
9-yl-methoxy)carbonyl-L-lysine (BCNK) was incorporated into the extracellular domain
(ECD) of IL-4Ra to function as a site-specific reactive group for covalent coupling of
fluorescent tetrazine-dye constructs. Site-specificity, stability, and efficiency of the
inverse electron-demand Diels-Alder cycloaddition (IEDDAC) reaction was evaluated by
calibrated confocal microscopy, an approach that allows to extract concentrations from
confocal cross-sections. Calibration is based on additional fluorescence correlation
spectroscopy (FCS) measurements of standard dyes for which a quantitative relation to

the conjugated dyes at the cell surface is established.

Varying the parameter space of the click labelling conditions showed that quantitative
receptor labelling was not feasible with this molecular system. Side reactions with free
thiols, slower coupling kinetics at the cell surface as compared to bulk solution, as well
as unknown determinant of the protein surface led to significantly reduced labelling
efficiencies. However, the degree of labelling achieved by optimized labelling conditions
turned out to represent a robust, reproducible and very sensitive readout. Once these
molecular determinants for the reaction would be understood, such a procedure could

be used to gain insight into the conformational states at the surface of living cells.

Functional tests addressing ligand binding revealed further complications of the
approach. While incorporation of BCNK at the binding epitope abolished ligand binding
as expected, incorporation sites distant of the epitope were also affected. Our data

suggest that BCNK incorporation, which occurs prior to protein folding, affects the tertiary
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structure of the receptor and, thus, labelling-sites must be screened for functionality
before experiment. In addition to calibrated imaging, we employed an environment
sensitive dye for performing fluorescence lifetime imaging microscopy (FLIM) in the
absence and presence of ligand Interleukin-4 (IL-4). The data are in surprising
agreement with a previously proposed rearrangement of the two FNIII domains in the
receptor ECD. Lifetime changes of labelling-sites located in the linker region between
D1- and D2-domains were significant and opposite suggesting a swap movement during
activation. Furthermore, the only location of D2 where increased flexibility was gained is
a central position of the highly conserved WSXWS motif in the activation loop. Thus, the
data highlight the dynamic role of the activation loop for receptor activation in a fashion

that cannot be inferred from crystal structures.

Spatiotemporal activation of cell signalling pathways is important for precise signalling.
A single click labelling pulse followed by a time-dependent chase of labelled IL-4Ra with
calibrated imaging allowed to determine the residence time at the cell surface. The
results show that the receptor tail is crucial for internalization. To address the question
whether JAK/STAT pathway triggering requires internalized receptors we performed
experiments with a covalently biotinylated IL-4 ligand, coupled to a phase separated
supported lipid bilayer (SLB). The results show that the type 1 IL-4R complex
(IL.-4Rov/IL-4/IL-2Ry) can indeed be assembled at the cell surface. However, a selective
activation of the JAK/STAT pathway by the native type 2 IL-4R complex
(IL.-4Rov/IL-4/IL-13Ra1) could not be concluded, as with this setup trace amounts of
ligand stayed in the supernatant. In summary, covalent protein modifications on the IL-4R
system displayed various insights into the JAK/STAT pathway activation, such as ECD
rearrangements, membrane residence time, as well as subcellular localization and

trafficking behaviour.
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INTRODUCTION

I Introduction

1 Cytokine signalling

Since the development of multicellular organisms, communication between cells has
been crucial for survival. Cytokines are important signalling molecules for intercellular
communication in the bodies of higher organisms.['l They regulate vital developmental
processes on different time scales, like haematopoiesis, inflammation and immune
responses. As disorders of cytokine receptor signalling is associated with a broad
spectrum of severe diseases, great medical interest persists. New developments in
biochemistry lead to a broad spectrum of powerful tools, which allow manipulation and
analysis of cytokine receptors at the single cell level with unprecedented detail and

resolution.25]

1.1 Cytokines and the JAK/STAT pathway activation

More than 50 cytokines are known, which are involved in the JAK/STAT pathway.!"l The
activated pathway induces proliferation, differentiation, growth or apoptosis.®® To activate
the JAK/STAT pathway, cytokines first bind to their specific receptor on the surface of
the target cell (Figure 1.1.1A). Cytokines are rather small single chain polypeptides of
about 150 - 200 amino acids (AAs) and various tertiary structures.l®! The concentration
levels of cytokines are very low and even in a picomolar range (10-1° - 102 m).[7- 8 The
binding of the cytokine ligand leads to an activation cascade by which a member of Janus
kinase (JAK) family is first activated. JAKs (JAK1, JAK2, JAKS3 and Tyrosine kinase 2
(TYK2)) are about 1000 AA in size and consist of four conserved domains: An N-terminal
four-point-one, ezrin, radixin, moesin (FERM) domain, an Src homology 2 (SH2) domain,
a pseudokinase domain (PKD, catalytically defective) and the C-terminal kinase domain

(KD) (Figure 1.1.1B).[6.91 All four JAKs recognize two primary sequence motifs that locate
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10 - 40 AA C-terminal of the transmembrane domain (TMD) in the receptor's cytoplasmic

tail. Proximal to the TMD and therefore close to the inner leaflet of the plasma membrane,

A 1L-4 induced JAK/STAT pathway

IL-4Ra IL-2Ry IL-4Ra IL-2Ry

IL-4

IL-4Ra IL-2Ry
IL-4

S
nucleus \\
N

. " \,
activation of

transcription

B JAK/STAT protein domains

JAK3
N—( FERM PKD )—( KD }C
STAT6

Y
" DECI0DED

Figure 1.1.1: JAK/STAT pathway activation. A) Mechanism for the JAK/STAT pathway activation by the
example of IL-4 type 1 signalling. The IL-4 ligand first binds its high affinity receptor IL-4Ra. and then the
second receptor IL-2Ry is recruited. 1) The C-terminal receptor tails are transphosphorylated (dashed arrow)
by the activated JAKs. 2) STATS6 is recruited to the phosphorylated receptor tails and is also phosphorylated
by the JAKSs. 3) Activated STATSs dimerize in the cytoplasm, 4) are recruited to the nucleus and activate the
DNA transcription. B) The domain structure of JAK3 and STAT6. A conserved single tyrosine (Y) is

phosphorylated by JAKs upon activation of the pathway. CP, cytoplasm; EC, extracellular; M, membrane;
P, phosphorylated tyrosine.[s-12
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the Box1 motif is bound by the FERM domain and further downstream the Box2 motif is
recognized by the SH2 domain of the JAKs. The proline rich Box 1 motif and the
hydrophobic Box 2 motif are responsible for determining which JAK binds to which
receptor.l'3181 The JAKs are constitutively associated with the intracellular tail of the
receptor and remain inactive in the absence of activating ligand. Upon receptor complex
formation, JAKs transphosphorylate each other and specific tyrosine residues in the tail
of the receptors (Figure 1.1.1A).I 6. 171 This is accomplished by the C-terminal KD which
is highly regulated by the PKD.['8-21l The phosphorylated tyrosine residues at the receptor
tails are docking sites for the transcription factor families of signal transducer and
activator of transcription (STAT1-4, STAT5a, STAT5b and STAT6). STATSs fulfil a double
role by transducing signals from cytokines and simultaneously promoting the
transcription of specific genes.[®l STAT proteins contain an N-terminal domain (NTD), a
coiled-coil domain (CC) followed by the DNA-binding domain (DNA), a linker region (LK),
an SH2 domain and a C-terminal transactivation domain (TAD). The activation of the
STAT proteins is induced by JAK phosphorylation of the conserved single tyrosine which
is located between the SH2 domain and the C-terminal TAD (Figure 1.1.1B).["0 Most
STAT proteins are located as inactive dimers in the cytoplasm of the cell and get rapidly
translocated to the nucleus after phosphorylation.?2 All STATs form homo- and
heterodimers except for STAT2, which, in addition, can form a complex with other types

of transcription factors.[23-25]

1.2 The cytokine class I Interleukin-4 receptor

For many years the cytokines Interleukin-4 (IL-4), Interleukin-13 (IL-13) and their
associated Interleukin-4 receptor (IL-4R) have been important pharmacological targets.
Both cytokines trigger the development of allergic and asthmatic symptoms. They are
also responsible for many other severe diseases and key players in the defence against
parasitic infections.[?6. 271 Therefore, the IL-4R has been characterized extensively by
biochemical as well as biophysical methods since its first isolation. Especially the

multitude of microscopy experiments and the associated biophysical data of the receptor
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at the cell surface of living cells represent fundamental insights in the field of cytokine
receptor research.?8-301 Nevertheless, further research on the receptor is necessary to

understand the precise mechanism of activation and the involved pathway partners.

The IL-4R belongs to the class I cytokine receptors.i'l This class is the largest group
with 34 receptor chains and also known as the haematopoietic receptor family.[?8. 321 The
single transmembrane receptors are characterized by their N-terminal extracellular
cytokine receptor homology region (CHR), a highly conserved domain, which contains
two fibronectin type III (FNIII) domains with an overall length of about 200 AA.[33I
Additionally, some receptors contain further domains, as for example immunoglobulin
(Ilg) domains, extra FNIII domains or a second CHR domain. With this set of various
domains many diverse extracellular structures are possible which allow binding of all
kinds of ligands such as interleukins, growth factors and haematopoietins.[6 3'1 Due to
the fact that transphosphorylation is the pivotal step for activation of the pathway, at least
two receptor chains are required in a ligand induced receptor complex. Activated
receptor complexes occur as homodimers, heterodimers or receptor complexes of higher
stoichiometric order.I'- & 34 In the non-homodimeric cases, the ligand binds first at the
receptor with the highest affinity, which most often is called the alpha chain. The
secondarily recruited receptor chains can be either unique for a particular complex or
shared between the different ligand-specific alpha chains.34 3% The most shared chains
are the glycoprotein 130 (gp130), common beta chain (B¢, IL-3Rp) and common gamma
chain (yc, IL-2Ry). These shared chains can form heterodimeric receptor complexes with
more than one ligand/receptor pair.i® Not all alpha chains contain a Box 1/2 motif for
JAK binding, but all receptor complexes, the ones with higher stoichiometric order,
contain at least two receptor chains for JAK binding. These receptor chains are

responsible for initiating the signalling cascade from the plasma membrane of the cell.[®!

The cytokine ligands IL-4 and IL-13 activate the IL-4R, which consists of a heterodimeric
pair of single transmembrane receptors. IL-4 and IL-13 belong to the four alpha-helices
bundle cytokine family, with antiparallel juxtaposed helices A, C, B, D, two long
end-to-end loops and a short beta-sheet (Figure 1.2.1A; PDB: 11AR).[?6.371 |L-4 binds its
receptor alpha chain (IL-4Ra) with the high affinity of 20 - 300 pM.[3]
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The IL-4Ra subunit consists of a N-terminal extracellular domain, a single-pass
transmembrane alpha-helix and long cytoplasmic tail. The extracellular CHR is formed
by two FNIII domains which almost form a right angle in the linker region.[®8.3% The short
about 100 AA long FNIII domains form barrel-like structures out of beta-sheets. Ligand
binding takes place between the two FNIII domains in the flexible loop region.26:33.371 |n
the N-terminal FNIII domain, also known as D1i-domain, six cysteines form three
intra-domain disulfide bonds (two disulfide bonds are conserved in class I cytokine
receptors and one is additionally existing in the IL-4Ra).31 Furthermore, there is a
second conserved region in the cytokine receptor class I family, which is located in the
membrane proximal FNIII domain (D2-domain), the WSXWS (Trp-Ser-X-Trp-Ser)
motif.32 Both motifs, the disulfide bond as well as the WSXWS motif (WSEWS in
IL-4Ra), are important for cytokine receptor binding at the cell surface.i% 40-431 The
alpha-helical transmembrane domain (TMD, 23 AA) connects the N-terminal
extracellular domain with the C-terminal cytoplasmic tail. In IL-4Ra, the C-terminal
cytoplasmic tail (about 570 AA) is unusually long compared within this family. It contains
the Box-motifs specific for JAK1 and five important tyrosine residues for further protein
binding and downstream signalling. The first tyrosine (Y497, counting from the N- to the
C-terminus) is located within the IL-4R consensus motif (I4R) and is crucial for docking
of the insulin receptor substrate 1 (IRS1) and IRS2 proteins. IRS1/2 activates the
phosphatidylinositol-3-kinase (PI3K) pathway as well as the Ras GTPase of the mitogen
activated protein kinase (MAPK) pathway.2 44 The second tyrosine motif is a series of
three equally spaced phosphorylation sites (Y575, Y603, Y631). A single STATG6 protein
binds the tyrosine motif and is then phosphorylated by the receptor bound JAKs and
downstream JAK/STAT signalling takes place.*d The C-terminal tyrosine (Y713) is
located in the immunoregulatory tyrosine-based inhibitory motif (ITIM) and binds the SH2
containing inositol-5-phosphatase (SHIP). The pathway components SHIP as well as the
SH2-containing phosphatases (SHP-1 and SHP-2) are counteracting key players,
besides other regulative proteins (suppressor of cytokine signalling (SOCS)), in a

negative feedback loop for down-regulation of the JAK/STAT pathway.[!. 9. 32 44
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Figure 1.2.1: IL-4Ra type 1 and type 2 complex. A) Topology of the IL 4Ra subunit with the crystalized
extracellular domain (PDB: 11AR) placed on a schematic plasma membrane.[37] The ligand structure shows
four alpha-helical domains, in which loop A and C interact with the IL-4Ra whereas the loops A and D interact
in the homodimer with the associated low affinity receptor (not shown). The receptor associated kinase JAK1
binds to the receptor at the Box1/2 motif. Many cytoplasmic factors can bind to the phosphorylated IL-4Ra
tail and trigger different cell pathways such as PI3K, Ras/MAPK and JAK/STAT, including down-regulation
of the JAKs. B) Heterodimerized receptor pairs of the IL-4R complex with their associated kinases JAK1,
JAKS and TYK2. The type 1 complex is formed by IL-4Ra/IL-4/IL-2Ry whereas the type 2 complex is formed
either by IL-4Ro/IL-4/IL-13Ral1 or by IL-4Ro/IL-13/IL-13Ra1. C, C-terminus; CP, cytoplasm; EC,
extracellular; M, membrane, N, N-terminus; P, phosphorylated tyrosine.[30. 32, 37]

After IL-4 binds its high affinity receptor IL-4Ra, a second receptor chain is recruited,
IL-2Ry. The ternary complex of IL-4, IL-4Ra and IL-2Ry is also known as IL-4R type 1
signalling complex (Figure 1.2.1B). The binding of the IL-2Ry is the last step of the
formation of the ternary complex, as it has a neglectable IL-4 binding affinity but a higher
affinity for the IL-4/IL-4Ra complex.?8! IL-2Ry or common gamma chain (yc) is one of the
three shared receptor chains in the class I cytokine family and is part of many various
receptor complexes with cytokines like IL-2, IL-4, IL-7 IL-9, IL-15 and IL-21. The IL-2Ry
is very small for a shared receptor and consists only of an N-terminal extracellular CHR
domain, a single transmembrane region and a short C-terminal cytoplasmic tail, where

JAKS is associated with the Box1/2 motif.[36. 46l

The IL-4R type 1 receptor complex is a very specific signalling complex which is only
expressed in haematopoietic cells.*”l IL-4 and IL-4Ra can form an alternative receptor
complex with IL-13Ra1, called IL-4R type 2 (Figure 1.2.1B).“8 The IL-13Ra1
extracellular domain contains a CHR domain and, additionally, a third N-terminal
immunoglobulin (Ig-) domain. Furthermore, IL-13Ra1 contains a single TMD and slightly
longer cytoplasmic tail, compared to IL-2Ry. The JAK/STAT pathway kinase TYK2 binds
to the C-terminal cytoplasmic tail at the Box1 motif.[? IL-13Ra1, expressed by a wide
variety of non-haematopoietic cells like muscle cells, fibroblast, epithelial cells or
keratinocytes, is specifically activated by Interleukin-13 (IL-13).150 . Here, IL-13Ra1 is the
high-affinity receptor, whereas IL-4Ra plays the role of a low-affinity co-receptor to form

a stable type 2 signalling complex for the JAK/STAT pathway activation.® 6. 25,29, 51]
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1.3 Cytokine receptor activation at the cell surface

In recent years, the canonical dimerization model of pathway activation, established in
the early nineties of the last century, was intensively revisited.[ 6 28 29,521 Generally, all
the protein-protein-interactions of the signalling cascade follow the law of mass action. It
is therefore believed that the affinities and the concentrations of the receptors and
ligands are important parameters for the fine tuning of the dynamic equilibrium between
the monomeric receptor chains and the full receptor complex.’53 However, quantitative
data supporting this model were not available for long. Using FCCS, the surface
dimerization of the type 1 IL-4R was even undetectable.?® In a later study the
ligand-induced dimerization was seen under overexpression conditions. However, the
estimated affinities for co-receptor recruitment did not support that a large fraction of
dimers can be formed in the plasma membrane under physiological conditions.
Another research group, using total internal reflection fluorescence (TIRF) microscopy,
proposed that kinetic parameters rather than affinities dictate the signalling output of
IL-4R.13 Further evidence for the stepwise recruitment of receptor chains and ligands
was provided by antibody-induced pathway activation® or the study of monomeric
receptor chains at physiological levels.[55571 In addition, it was shown that ligand
mutations in the binding site for the second low affinity receptor inhibits pathway
activation.[3* 531 Experiments with modified glass surfaces suggested not only a stepwise,
ligand IFNa2-induced dimerization of the interferon receptors IFNAR1 and IFNAR2, it
also showed the recruitment of downstream signalling proteins such as TYK2, STAT1,
STAT2 and the repressor ubiquitin specific protease 18 (USP18). For this purpose, one
of the interferon receptors was covalently attached to the modified and patterned surface
by a Halo-tag fusion construct and the recruitment of other pathway components were

monitored by TIRF microscopy.58: 59

An additional mechanism for receptor activation was proposed in which the receptor
domains undergo a conformational change during ligand binding. To probe for
conformational changes in the extracellular receptor domains of living cells is extremely
challenging. Structural rearrangements were found in homo-dimeric receptors like

growth hormone (GH)6%-62, erythropoietin (Epo)3-6l and thrombopoietin (Tpo)©7- 68, As
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they are already pre-dimerized at the plasma membrane, a trigger for the JAK/STAT
pathway activation, such as the receptor rearrangement, is needed. Moreover, receptor
chains of heteromeric complexes like IL-2Rp, IL-2Ry®%, gp1309, interferon alpha
receptor 1 (IFNAR1) and interferon alpha receptor2 (IFNAR2)"! also showed
conformational changes. A scissor-like motion was proposed in the EPO receptor that
bring cytoplasmic domains and hence the JAKs in close proximity for pathway
activation.[3. 641 For the GHR it was proposed that the extracellular domains undergo a
rotational as well as a vertical movement.[6'- 621 For the tall class II cytokine receptor
complexes another motion was proposed. Here, the high affinity receptor IFNAR2 binds
its ligand IFNa2 and the second receptor chain IFNART is recruited. The IFNAR1
undergoes an embrace-like rearrangement of the Ig-like domains during the binding

process.[53 72

A completely different activation mechanism was suggested to take place in the type 1
IL-4R chains. Free energy perturbation (FEP) computing resulted in a linear off-state of
the IL-4Ra chain, in which the tryptophan residues of the WSEWS motif (D2-domain)
stick to the membrane interface and the receptor rests on the membrane.?% During the
presentation and activation state the receptor moves further away from the membrane
surface into the water phase where ligand receptor complex formation takes place. An
arginine-tryptophan zipper between the WSEWS (G-strand) motif and two conserved
arginine residues (F-strand), stabilized by pi-stacking forces, is closed leading to a
rotational movement of the receptor to activate the JAK/STAT pathway.[3% The stem loop
(activation loop) between S171 and H197 (F- and G-strand) is not only an important
receptor region for conformational changes, it also has direct influence on the ligand
binding interface. A very important AA, tyrosine 183 (Y183), which is crucial for proper
ligand binding, is located on the apex of this stem loop.[”3] The activation loop with its
important components is directly up stream of the TMD and is responsible for signal
transduction from the ligand through the lipid bilayer to the intracellular tail.i35 58I
However, it remains controversial to which extent the IL-4R is dimerizing in the outer cell
membrane or in endosomal structures and whether the receptor is affected by a ligand

induced conformational change during activation.
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An intricate link between cytokine receptor and JAK/STAT pathway activation and
endosomal trafficking was proposed long ago but has been appreciated as an important
field just recently as more powerful microscopy technologies were at hand.[’4
Endocytosis is a very important process for cells to internalize external protein like
cytokines or solutes by carriers and receptors.[’! In addition, to maintain membrane
homeostasis, patches with a particular lipid and protein composition are constantly
replenished. This involves internalization and secretion of lipid associated material from
a diverse pool of small vesicles inside the cell. These endosomal vesicles are highly
dynamic and are able to exchange lipids as well as cargo with one another and various
kinds of internal membrane systems like lysosomes, endoplasmatic reticulum and Golgi
apparatus and alike, a phenomenon that is termed trafficking.[”8! Trafficking of receptors
through vesicular compartments of different composition plays an important role for the

regulation of cell signalling.

The most common uptake mechanism for receptor proteins is the clathrin dependent
endocytosis pathway. The phosphorylated target receptors get ubiquitinylated leading to
clathrin adaptor protein recruitment and endocytosis through clathrin coated pits.[’7-81
Further pathways for receptor internalization are the caveolin-mediated pathway!®2 831,
clathrin independent carriers (CLICs)®4, GPI-AP-enriched early endosomal
compartments (GEECs)85 86 and modification of the actin network through its regulatory
proteins.l87-90 One example for an actin polymerization dependent receptor endocytosis
mechanism is the internalization of the IL-2R. The interleukin receptor uses a
clathrin/caveolin independent and Ras-related C3 botulinum toxin substrate
1/ Serine/threonine-protein  kinase Pak1 (Rac1/Pak1) and dynamin-dependent
endocytosis mechanism. In addition, the large GTPase dynamin and lipid ordered
domains (rafts) are involved.[’4 91-%81 As the IL-4R type 1 shares the same IL-2Ry from
IL-2R, a similar mechanism for endocytosis was proposed by Weidemann and
colleagues and indeed, overexpression of the receptor components showed the
localisation in endosomal structures (Figure 1.3.1). The endosomes share some of the
same proteins such as early endosomes (Ras-related in brain (Rab5) and Early
endosome antigen 1 (EEA1)) and recycling endosomes (Rab11). Furthermore, the

endosomal structures are embedded in the actin cortex near the plasma membrane and
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therefore are named cortical endosomes (CEs). As the endocytosis mechanism of the
IL-4R is highly Rac1/Pak1 and dynamin-dependent, it could be inhibited with small
molecule drugs.B% Moreover, it was shown that receptor trafficking into CEs is ligand
independent resulting in a safety mechanism for JAK/STAT pathway activation by
fluctuating ligand concentrations or by microdomain patterning of the heterogeneously
distributed plasma membrane.[?® 30. %1 Further experiments with IL-2Ry and JAKS,
members of the IL-4R type 1 complex, revealed that the intracellular tail of the IL-2Ry as
well as an intact JAK3 protein are crucial for proper receptor trafficking, signalling and
degradation. IL-2Ry and JAK3 mutants cause serious diseases of the immune system,

as for example the (X-linked) severe combined immunodeficiency ((X)-SCID).[25. 51, 97, 98]

\4 IL-4

Endocytosis IL-4Ro
IL-2Ry

JAK1
JAK3

_ Dynamin
Recycling

X[ 0 0o

Actin

Membrane

Figure 1.3.1: IL-4R endocytosis pathway. A) Ligand induced homodimerization of the receptors at the
plasma membrane of living cells is impeded by their low lateral affinities, which shifts the equilibrium to single
receptor chains. B) The continuous internalization of IL-4R subunits is controlled by an actin- and
dynamin-dependent endocytosis mechanism. C) The increased receptor density in the small membrane
compartment CE is mediated by the relative endocytosis and recycling rates. This high density of receptors

11



INTRODUCTION

in CEs shifts the equilibrium towards receptor heterodimerization and activation of the JAK/STAT pathway.
CE, cortical endosome; EC, extracellular; CP, cytoplasm.[30!

Another reason for receptor endocytosis, besides the spatiotemporal separation from the
plasma membrane, is an enrichment of the receptor population. The native expression
rate of cytokine receptors at the membrane is very low with about 0.5 - 5 receptors per
pum2.199 Therefore the formation of the active receptor complex under physiological
conditions is very unfavourable thermodynamically and only an increase in the
concentration through endocytosis, where a higher receptor to surface area is present,
could change that.[2° 30. %61 Nevertheless, the spatiotemporal assembly and composition
of the endocytosis machinery has still to be established.l®3 94 100 To get a better
understanding of the IL-4 induced JAK/STAT pathway activation and the proteins
involved, covalent modifications of the system are necessary. Fluorescence labelled
proteins in combination with different microscopy techniques and mass spectrometry
(MS) experiments should shed a new light on the IL-4R induced JAK/STAT pathway

activation.

2  Invivo protein labelling

The discovery and development of fluorescent proteins improved our understanding of
biology drastically.['0-103 Now it is possible to follow molecular processes, as for example
cell division!'®4, protein expression('% or receptor trafficking®® in real time with
fluorescence microscopy. Yet, fluorescent proteins have some drawbacks, such as a
large size, complicated photophysical behaviour and a limited range of colours especially
in the far-red region. To overcome these drawbacks, different bioorthogonal labelling
methods, like various protein or peptide tags, were developed to modify cellular proteins
with organic fluorescent dyes.!'%. 1071 Compared to fluorescent proteins, these dyes are
up to 20 times smaller, have better photophysical properties and are available in all
possible colours. Most biorthogonal labelling methods are based on a functional

separation of targeting and reporting. First, a bioorthogonal moiety, as for example a
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reactive group for a particular chemical conjugation method, is incorporated or attached
to the protein of interest, followed by a selective modification step, for instance a

fluorescent reporter.[108]

2.1 Genetic code expansion (GCE) and bioorthogonal click reactions

One example of bioorthogonal labelling of proteins is the incorporation of unnatural

amino acids (UAAs) via genetic code expansion (GCE) as chemical handle, followed by

orthogonal
pyrrolysyl-tRNA synthetase

NH,

nascent polypeptide

ribosome

5 AAG CCC AGC GAG CAU GUG CCC AGG GCC CCA3

Figure 2.1.1: Genetic code expansion. First the orthogonal Pyrrolysyl-tRNA synthetase (PyIRS) loads the
unnatural amino acids (UAA) on the transfer ribonucleic acid (tRNAUAA) by consumption of energy (ATP
hydrolysis). Then the uAA loaded tRNAUAA translocates to the ribosome, binds at the amber codon (UAG) of
the messenger RNA (mRNA) and the modified polypeptide chain is formed.[109]
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a selective labelling reaction.['10-113] The GCE allows site-specific incorporation of azide
or alkene/alkyne functionalized uAAs like L-azidohomoalanine (AHA)['14-116]
Ne-(1-methylcycloprop-2-enecarboxyamido)-lysine (CpK)!'17-1191 Ne-p-azidobenzyloxy-
carbonyl lysine (PABK)!'20, Ne-(cyclooct-2-yn-1-yloxy)carbonyl)-L-lysine (COK)[121-123],
Ne-(bicyclo[6.1.0]Jnon-4-yn-9-yl-methoxy)carbonyl-L-lysine (BCNK)[112. 113,119, 124] or trans-
cyclooct-4-ene-L-lysine (4'-TCOK)I'13. 119 into proteins of bacteria, mammalian cells and
animals.[12 119,125, 126] Thys, the host organism incorporates the uAA with its already
existing translational machinery, as for example with the Methionine-tRNA synthetase
(MetRS)!"'1 and the associated tRNA/codon pair. Moreover, highly specific and
orthogonal Pyrrolysyl-tRNA synthetase (PylRS)/transfer ribonucleic acid (tRNAYA4) pairs,
from archaea species, can be used. These systems recognize the amber stop codon
(TAG, mRNA level UAG) and incorporate the uAA at its specific position without any
interference of the host translational machinery.l'?”] Figure 2.1.1 illustrates the energy
consuming (adenosine triphosphate (ATP) hydrolysis) incorporation process in which the
uAA is loaded on the tRNAuAA by its modified uAA-tRNA synthetase. After docking to the
artificially introduced UAG-triplet, the ribosome forms the nascent polypeptide and the

uAA is incorporated at the UAG position.[12. 113,128, 129]

The term of bioorthonal reaction was first defined by Carolyn Bertozzi in 2003 as a
chemical reaction that can exist inside a living system without perturbing the native
biochemical processes.['3) During the last decade, several bioorthogonal labelling
strategies with uAA such as Staudinger ligation!''4], tetrazole photo-click reactionl''7. 1181,
copper(l)-catalysed  azide-alkyne cycloaddition (CuAAC)I'31  strain-promoted
azide-alkyne cycloaddition (SPAAC)!'321 or inverse electron-demand Diels-Alder
cycloaddition (IEDDAC)"2 have been developed (Figure 2.1.2). All reaction types can
be summarized as so-called click reactions which are defined as very fast and selective
conjugations with high yield and insensitivity towards water and oxygen.!'%8 The IEDDAC
is possibly the best bioorthogonal reaction that has been developed to date, with respect

to fast reaction rates, selectivity and yield.[27. 133-136]
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Figure 2.1.2: Important click reaction types. A) The very fast and selective click reaction takes place
between a handle at the modified protein of interest and the corresponding reactive group with a fluorescent
readout. B) Five examples of important click reactions: Staudinger ligation, reaction between an azide and
a triphenylphosphine moiety; Photo-click reaction, a cyclopropene reacts with a tetrazole catalysed by
UV-light; CuAAC, Cu (I) catalysed reaction of an azide and an alkyne; SPAAC, reaction between a strained
alkyne and an azide; IEDDAC, a strained alkyne forms a covalent bond with a tetrazine moiety with release
of nitrogen. Grey circle, protein of interest with incorporated uAA (reactive head group drawn as sticks);
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2.2 Inverse electron-demand Diels-Alder cycloaddition (IEDDAC)

In this kind of reaction an electron poor diene and an electron rich dienophile undergo a
[4 + 2] - cycloaddition reaction. The IEDDAC is typically performed between a
1,2,4,5-tetrazine (diene) and a strained alkene or alkyne (dienophile). The 4n-electrons
of the diene and the 2 rn-electrons of the dienophile arrange and react in a
suprafacial/suprafacial manner leading to the formation of a highly strained bicyclic
intermediate. Afterwards, the intermediate undergoes a retro Diels-Alder reaction to form
a pyridazine (alkene additional isomerization and oxidation, alkyne direct) and releases

nitrogen to reduce the ring tension (Figure 2.2.1).[127, 133-136]
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Figure 2.2.1: IEDDAC reaction mechanism. Example mechanism for a reaction between an alkyne and a
tetrazine group. First, an bicyclic intermediate is formed by a Diels-Alder reaction and then a retro-Diels-Alder
reaction takes place for covalent bond formation with release of nitrogen.[34]

Many compounds have been developed and optimized, leading to the probably fastest
reaction kinetics (rate constants up to 108 M-' s') of a bioorthogonal reaction so far.[138]
In addition, IEDDAC not only shows rapid but also fine tuneable reaction kinetics under
physiological conditions by means of electron and steric substituents effects. Electron
withdrawing groups at the diene and electron donating groups at the dienophile
accelerate the reaction kinetics.[127. 135,139, 140] Gteric effects of the reaction partners are
another important factor for the reaction kinetics of 1,2,4,5-tetrazines besides the
electron withdrawing character of the groups in C3 and C6 position. Even if a strong
electron withdrawing group is attached, the mono-substituted tetrazines show a faster
reaction kinetics than the di-substituted tetrazines.['#!] Not only the diene group has an
impact on the reaction kinetics of the IEDDAC; the dienophile and its electron donating

groups have an even higher impact.l'42 1431 The ring strain in a strained cyclic dienophile
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has the highest impact on the reaction kinetics. This effect is independent of the
electronic environment of the dienophile and dependent on the ring size and the
orientation of the double bond. Both strained cyclic alkenes or alkynes lead to an
extraordinary fast reaction kinetics.['44146] Protic solvents and especially water increase
the IEDDAC reaction rate by stabilizing the interaction complex with hydrophobic
interactions between the diene and the dienophile and hydrogen bonding with the
tetrazine group. The IEDDAC reaction kinetics is almost independent of the solvent pH
and possibly increases under acidic conditions.l'47151 Further beneficial characteristics
of the IEDDAC are that a low concentration of coupling reagent is necessary, that the
reaction is also highly bioorthogonal as well as biocompatible and the IEDDAC is catalyst
free and very chemoselective.[127.137.152] The labelling reaction between a dienophile and
a tetrazine bearing a fluorescent dye molecule shows another advantage, because the
tetrazine group quenches the fluorescence of the dye in its unbound state. Only after the
IEDDAC took place, the fluorescence increases, leading to a bright signal and,

simultaneously, a low background of the unbound fluorophore.!12. 127, 128, 135, 137, 153]

3 Fluorescence microscopy techniques

3.1 Confocal fluorescence microscopy

To visualize biological processes, different techniques were developed, one of the most
common being confocal laser scanning microscopy combined with fluorescent probes.
We used this technique to get insights in the activation of the JAK/STAT pathway by the
IL-4R complex at the surface of living cells. For this reason, receptor modification with
GCE, fluorescence labelling with bioorthogonal click chemistry and signal quantification

with confocal microscopy were combined to address different biological questions.

Confocal microscopy is based on the physical phenomenon of fluorescence. During
excitation of a fluorescent molecule (fluorophore or fluorochrome) with a light source

(LED or laser), the molecule absorbs a photon with a specific wavelength. After a short
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time period, the fluorochrome then emits a photon with longer wavelength. The
absorption occurs in the time scale of femtoseconds. The time interval between
absorption and emission is the so-called fluorescence lifetime and is ranged in the time
scale of 1 - 10 ns for typical fluorophores. The shift between the excitation wavelength
and the emission wavelength is called the Stoke's shift, which is fluorochrome
dependent.l'54 1551 A graphical illustration of the mentioned processes is described by the

Jablonski diagram (Figure 3.1.1). In the diagram, energy (y-axis) is plotted against time
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Figure 3.1.1: Jablonski diagram. Electrons of the fluorophore are excited to higher energy states (S1 - Sn)
and then relax back to the ground state (So) either by internal conversion or by fluorescence. The fluorophore
can also undergo a conversion to a dark state (T1), leading to a blinking behaviour. S: state, T: triplet.[155-157]

(x-axis).['%¢1 Most fluorescent molecules are in their ground state (So) at room
temperature. The energy gain during absorption of a photon by the fluorochrome leads
to higher excited states of the molecule, mostly Si, but even higher states (Sz, S») are
possible. Within picoseconds after the excitation event, the energy level of the
fluorescent molecule relaxes to the lowest vibrational level of S; by a non-radiating
transition. Relaxation to the ground state Sp can then happen most commonly by

fluorescence emission of a photon or, rarely, by internal conversion. The excited
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fluorochrome can also undergo a non-radiating transition (intersystem crossing) to the
dark triple state T+. The fluorochrome relaxes back from this long-living dark state to the
ground state Sy, leading to a blinking effect (dye on/off) with a characteristic lifetime zr in

the range of microseconds or by phosphorescence.[154-156. 158]

PC/correlator Laser Microscope

APD

FCS unit Scanning unit

Figure 3.1.2: Confocal laser scanning microscope setup with FCS unit. Schematic representation of a
laser scanning confocal microscope equipped with: A laser box, dichroic mirrors (DMs), a scanning unit, a
water objective (40x/1.2w), a pinhole, a mirror, avalanche photo diodes (APDs) and a computer for
analysis.[159. 160]

The setup of a confocal laser scanning microscope is rather simple (Figure 3.1.2). An
argon-ion (488 nm), a DPSS (561 nm) or a HeNe (633 nm) laser is coupled via an optic
fibre with the main microscope body. The laser light passes the first dichroic mirror
(DM1), then the scanning unit, which scans the sample region, leaves the microscope at
the objective lens and excites the sample fluorochrome. The sample emits photons in all
directions and some of them travel through the objective lens into the microscope and
pass the DM1. Afterwards, the out of focus emission is decreased by the pinhole and

one part of the fluorescence light passes the second dichroic mirror (DM2), where the
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other emission photons are deflected to the first single-photon counting avalanche photo
diode (APD1). The emitted fluorescence light which passes the DM2 is deflected by a
mirror to the second APD2. In front of the APDs, emission band pass (BP) and long pass
(LP) filters are installed to filter photons in the correct wavelength. The electric signal of
the APDs is then fed into a computer for image processing, image analysis or signal
correlation.l'*% The DMs are designed in a way that excitation light or the light with the
shorter wavelength is deflected while the light with the longer wavelength can pass the
mirror. Emission BP filters only let pass light of a certain wavelength area, whereas LP
filters block all light below a certain wavelength. Common objectives are water-based
and have a high numerical aperture (NA) for a small excitation volume (confocal

volume).[159-161]

3.2 Fluorescence (cross-)correlation spectroscopy (FCS/FCCS)

Confocal fluorescence microscopy is not only used for image recording, it is also possible
to measure physical properties of fluorescent molecules by this tool. Fluorescence
correlation spectroscopy (FCS) allows the measurement of diffusion coefficients,
concentrations of fluorochromes as well as flow speeds and reaction rates of chemical
and biological samples.['8'l In a previous investigation, Weidemann and co-workers used
FCS in combination with confocal microscopy to count and determine the concentration
of nucleosomes in living cells.l'®? Similar FCS protocols were established to analyse
proteins in different cell compartments.['63 To quantify and improve the covalent labelling
of IL-4Ra by click chemistry, a similar quantification approach, with confocal microscopy
and FCS, could be established.

In FCS, the measurements of the fluorescent molecule can be taken either in solutions,
at membranes or even inside living cells.['5% 160. 1641 The dynamic properties of the
fluorescent molecule contain information about the size and speed of the moving particle
and are well described by the diffusion coefficient D.. Diffusion of a particle in solution is
equivalent to a random walk, where the diffusion coefficient defines the distance which

a molecule is travelling in a certain time (unit um2s*). FCS is an excellent tool to
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measure the diffusion coefficient experimentally, because one can measure the
fluctuation of fluorescent particles in and out of the defined confocal volume over a
certain period of time (Figure 3.2.1). When fluorochromes are excited at a decent level,
the fluorescence intensity F(t) is proportional to the particle number N(t). The overall
fluorescence intensity F(t) over time is composed of the average intensity value (F) and

the small fluctuations JF(t) around the average value (F) (Equation 3.2.1).[154161]

F(t) = (F) + 8F(t) 3.2.1

As the small intensity fluctuations 6F(t) contain information on the system's properties,
low particle numbers are necessary, making FCS a single molecule method. To reach
the goal of small particle numbers, a confocal volume is necessary, allowing low
nanomolar particle concentrations. For example, with a theoretical confocal volume of
1 fL and a desired particle number of 10 particles a reasonable dilution of about 17 nm

of fluorescent molecules can be used.[157. 160, 164]

Intensity

Time /s

Figure 3.2.1: Confocal volume. Schematic representation of a confocal volume with fluorescent patrticles,
the Gaussian-shaped intensity distribution and a typical FCS intensity fluctuation trace.[159. 165]
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In order to get information about the fluorescent particle movement in a sample, the
signal of the fast fluctuations in the confocal volume is correlated (auto-correlation
analysis). The auto-correlation function G(t) compares the self-similarity of fluctuation

F(t) to the fluctuation after a defined lag time z (Equation 3.2.2).[159-161]

_(F(© x F(t+71) - (6F(t) X 6F(t+ 1))

G(r) = GE = T 3.2.2

If the lag time 7 is short, it is very likely that the fluctuations at timepoint t and t+7
(self-similarity between S6F(t) and 5F(t+1)) are caused by the same particle, leading to a
high auto-correlation G(t). In contrast, if the lag time z is long, it is unlikely that the
intensity fluctuations 6F(t) and 6F(t+t) derive from the same fluorescent particle and it is
more likely that they originate from independent molecules. The self-similarity and the
auto-correlation G(t) are both small.l'55 1611 Figure 3.2.2 illustrates the conversion of

measured fluctuation data into the measured auto-correlation curve. Two main values

Signal correlator
(8F(t) x dF(t+r))

T
(F)
Particle 2/2N
F(t) F(t+r) number
||
25
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Figure 3.2.2: Fluorescence correlation spectroscopy. Fluctuations of intensity over time are measured
and correlated by the function G(t) to obtain an auto-correlation curve. The x-axis of the auto-correlation
curve represents the diffusion time whereas the y-axis is inversely proportional to the average number of
particles.[160]
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are extracted from the measured auto-correlation curve after curve fitting with the correct
model function. First, the inflection point of the curve shows the average retention time
of the particles in the confocal volume (diffusion time, i) on the x-axis. The inverse
particle number is represented by the extrapolated curve (zero lag time amplitude) on

the y-axis.[154 160, 162]

To fit the auto-correlation data with a proper model, equation 3.2.2 has to be modified
and assumptions have to be made. Equation 3.2.3 shows a proper fit model for the
assumption of a single species solution with one diffusion coefficient D; and an average

particle number N in the confocal volume.[66]

1

_1 p—
1 4Dyt 4D, 7\ 2
G(r)=—><<1+ ;) ><<1+ ; ) 3.2.3

N w§ z)

As the confocal volume is usually described by an ellipsoid, the 3D structure contains
two equal axes in x and y with a radius of wy and an elongated z-axis z,. The axial ratio
of the focus in the z-plane and the xy-plane is called the structure factor S (Equation
3.2.4). The diffusion coefficient is defined by the ratio of the xy-plane radius and the
diffusion time (Equation 3.2.5). Rewriting of equation 3.2.3 for an average retention time

leads to equation 3.2.6.[159. 161, 167]

A
s =20 3.2.4
Wo
2
Wo
D. = 3.2.5
t 4TD

[uy

-1
><<1+L> ><<1+ )2 3.2.6

Z|

G(T) - SZ Tp

The structure factor and the focus volume of a microscope setup can be measured by a

calibration measurement of a nanomolar fluorescent dye solution with known diffusion
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coefficient D.. With a defined confocal volume and the structure factor (usually between
4 and 6) at hand, it is possible to calculate the effective volume Ve as well as the
concentration ¢ of a solution (Equations 3.2.7 and 3.2.8).[157. 159, 161]

3
Vegr = M2w¢ zy = m2w§ S 3.2.7

|w

N
c = — 3.2.8
Vett

Fluorescence cross-correlation spectroscopy (FCCS) extends the measurement
capacity to another colour channel which allows the analysis of the physical behaviour

of double-labelled constructs, as for example co-diffusion or dissociation constants. Like

A FCCS intensity trace B Cross-correlation curve
100 0.3
T
=< 02
N g
7 | il ©
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Figure 3.2.3: Fluorescence cross-correlation spectroscopy. A) Intensity traces of a dual-colour FCCS
experiment. The intensity signal is not only auto-correlated in its own channel but also cross-correlated (CC)

for both channels. B) Dual-colour particles, diffusing through the focal volume together, result in a high
cross-correlation amplitude.[159]

in normal FCS, the signal fluctuations of the separate channels are correlated and,
additionally, the fluctuations between the dual-colour channels are correlated in FCCS.
The amplitude of the cross-correlation curve enhances if the fraction of double-labelled
complexes in solution increases (Figure 3.2.3).[159]
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Another common feature between FCS and FCCS is the fact that the amplitude of the
cross-correlation function is inversely proportional to the number of double-labelled
particles. Since the amplitude of the cross-correlation curve is very sensitive to
dissociation effects (monomers) or clustering of one species, it is necessary to form a
ratio between the cross- and the auto-correlation amplitude to properly monitor binding
reactions.[159. 161.167] For example, biochemical information such as the click labelling or
ligand binding efficiency are available by measuring the particle numbers for both colour
channels by FCCS.

3.3 Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) measures the excited state lifetime of
fluorescence molecule after a laser pulse (fs to ps range).l's+ 1681 The fluorescence
lifetime is independent of fluorophore concentration, excitation intensity or
photobleaching, but its decay curve is an indicator for the chemical environment of the
fluorochrome. Quantitative fluorescence lifetime imaging allows the measurement of pH,

ion concentrations, viscosity, polarity or binding to macromolecules.!54 155, 169]

The fluorescence lifetime, which is in the order of a few nanoseconds (1 - 10 ns), shows
a mono- or multi-exponential decay, depending on the fluorochrome. Equation 3.3.1
shows a mono-exponential decay process, with the intensity (k) at t=0 and the

fluorescence lifetime z.['54
_t
I(t) = Ipe® 3.3.1

FLIM is measured using a conventional confocal laser scanning fluorescence
microscope equipped with a synchronized short-pulse laser. Besides other methods, the
time domain-based method (time-correlated single photon counting (TCSPC)) to
measure the lifetime of a fluorescent molecule is the most common.['34 In TCSPC, the

time delay between the laser excitation pulse and the detection of a photon is recorded.
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Repeating this process many times results in a histogram of arrival times, which can be

modelled by mono- or multi-exponential functions.

4  Protein cross-linking with unnatural amino acids

Besides fluorescent reporters which require microscopic methods, GCE in conjunction
with bioorthogonal labelling can be used for proteomics approaches. For example, to
identify protein-protein interactions associated with a specific endocytosis route of
receptors, covalent cross-linking in combination with mass spectrometry (MS) could be
used. GCE allows cross-linking experiments in living organism under native conditions.
By site-specific incorporation of a uAA, containing a photo-inducible reactive
cross-linking group, protein-protein interactions can be monitored, representing a
snapshot of the molecular environment (Figure 4.1A).['70 The reactive group of the uAA
has to be chemically stable and bioorthogonal to all functional groups in the cell system
before the activation with UV-light.['”"l Moreover, the uAA has to be small to prevent
inhibitory effects on the interaction. The excitation wavelength should be long in order to
reduce photo-damage for biomolecules and cells and the cross-linking efficiency high to
capture specific binding events.['70-1721 One example of such a photo-inducible reactive
cross-linking group is the diazirine group of the uAA 3'-azibutyl-N-carbamoyl-lysine (AbK)
that has been applied in this work (Figure 4.1B).['73 The diazirine releases nitrogen and
forms a reactive carbene intermediate after excitation with UV-light (350 - 365 nm). The
reactive carbene has a half-life in the range of nanoseconds and can insert into C-H and
heteroatom-H bonds, via a fast non-specific radical reaction, in order to form a covalent
cross-link.['71. 172, 1741 Drawbacks of this uAA are the reduced cross-linking efficiency by
quenching of the carbene intermediate with water and the rearrangement to the more
stable diazo isomer, which reacts with nucleophiles and leads to non-specific
cross-linking effects. The incorporation of trifluoromethyl and aromatic groups prevents
the rearrangement by stabilizing the carbene intermediate and thus reduces non-specific

side reactions.['71. 174]
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A Covalent protein cross-linking

IL-4Rot IL-2Ry IL-4Rot IL-2Ry
IL-4

tryptic digest
LC-MS/MS Western blot
\S\P cross-linked
% \é\i\ %@ = | complex
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B Photo-activatable cross-linker
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Figure 4.1: Protein cross-linking with uAAs. A) IL-4R type 1 complex with the photo-inducible uAA AbK
incorporated in the IL-2Ry associated kinase JAK3. 1) After the covalent cross-linking by use of UV light, the
protein adduct is either analysed as complete protein on a western blot (WB) or it is digested and analysed
by mass spectrometry (LC-MS/MS). B) Structure of AbK with its reactive diazirine group. The AbK diazirine
group forms a reactive carbene after the irradiation with UV-light and releases nitrogen. AbK can also form

a more stable diazo isomer, which leads to non-specific cross-linking effects.[170. 171]
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5 Aims of this thesis

Although the IL-4R complex and other structurally strongly related hematopoietic
cytokine receptors have been known for decades, many open questions still remain. For
example, it is unclear how the silent state of the receptor is stabilized and whether
receptor activation involves a conformational change.®% Furthermore, it is still under
debate in which compartment the formation of the receptor complex takes place, on the
outer plasma membrane or within endosomal structures such as early endosomes.i2% A
key aim of this work is to establish and apply modern techniques of covalent protein
modification to address these problems in living cells. In contrast to affinity-tags, a
covalent linkage enables longer observation times and therefore a proper quantification
of receptor states. Furthermore, we aim to benefit from the nanoscopic spatial resolution
provided by the selective chemistry of the uAA introduced by GCE that is subsequently
targeted in the extracellular domain at a particular position by bioorthogonal click

labelling.

For successful surface expression of modified reactive IL-4R subunits carrying the uAA
at specific positions, several parameters associated with the molecular biology of GCE,
such as the ratio of receptor, tRNA"*A and uAA-tRNA synthetase, the uAA concentration
and the position of the TAG stop codon within the primary sequence have to be
addressed. To judge the labelling results quantitatively, we intend to measure particle
numbers at the plasma membrane, from where the degree of labelling and receptor
occupancy can be derived. An important goal of this work is to comprehensively quantify
the parameter space of the IEDDAC click reaction of BCNK and tetrazine-dye constructs
under conditions of live cell labelling. Both the results and the calibrated imaging
approach will then provide a basis for accelerated optimization of click labelling reactions
in other contexts. In addition, we aim to investigate in detail functional consequences of
BCNK incorporation on the integrity of the IL 4Ra tertiary structure by ligand binding.
Finally, patterned IL-4 deposition on a substrate where cells would grow shall provide a
versatile system to study dimerization of IL-4R subunits and, in perspective, cytoplasmic
factors of the complex molecular machinery that regulates JAK/STAT pathway by

internalization and receptor trafficking. In conclusion, we aim to establish quantitative
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methods that combine cell biological, biophysical and biochemical approaches to gather

deeper insights into the molecular mechanism of IL-4R mediated signal transduction.
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Il Materials and Methods

6 Materials

6.1

Plasmids and oligonucleotides

Table 6.1.1: Plasmids used to transiently transfect cells for experiments.

Gene Plasmid name Source

EGFP pc2SV_2xME-EGFP Schwille group (MPI of
Biochemistry)

IL-2Ry CMV_He-IL2Ry Schwille group (MPI of
Biochemistry)

IL-2Ry CMV_Hs-IL2Ry-E262TAG-3HA Cloned in the lab

IL-2Ry CMV_Hs-IL2Ry-E275TAG-3HA Cloned in the lab

IL-2Ry CMV_Hs-IL2Ry-K272TAG-3HA Cloned in the lab

IL-2Ry CMSV_He-IL2Ry-m5 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m15 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m25 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m35 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m45 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m55 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m65 Schwille group (MPI of
Biochemistry)

IL-2Ry CMSV_He-IL2Ry-m75 Schwille group (MPI of
Biochemistry)

IL-2Ry CMV_He-IL2Ry-P266 TAG-3HA Cloned in the lab
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IL-2Ry
IL-2Ry
IL-2Ry
IL-2Ry

IL-2Ry

IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ro
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ro
IL-4Ra

IL-4Ra

IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ro
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra

IL-4Ra

CMV_He-IL2Ry-P269TAG-3HA
CMV_He-IL2Ry-S55TAG-3HA
CMV_He-IL2Ry-S81TAG-3HA
CMV_He-IL2Ry-S86TAG-3HA

CMV_IL2Ry

CMV_He-1L4Ra-K97TAG
CMV_He-ILARam266-K22TAG
CMV_He-ILARam266-K87TAG
CMV_He-IL4Ra-K97TAG
CMV_He-ILARam266-D72TAG
CMV_He-1L4ARam266-D72TAG-EGFP
CMV_He-ILARam266-E141TAG
CMV_He-IL4ARam266-E141 TAG-EGFP
CMV_He-ILARam266-E189TAG
CMV_He-IL4ARam266-E189TAG-EGFP
CMV_He-ILARam266-E94TAG
CMV_He-ILARam266-E94TAG-EGFP

CMV_He-ILARam266-EGFP

CMV_He-ILARam266-K22TAG-EGFP
CMV_He-ILARam266-K87TAG-EGFP
CMV_He-ILARam266-K97TAG
CMV_He-ILARam266-K97TAG-EGFP
CMV_He-IL4ARam266-S30TAG
CMV_He-IL4ARam266-S30TAG-EGFP
CMV_He-ILARam266-S44TAG
CMV_He-ILARam266-S44TAG-EGFP
CMV_He-IL4ARam266-T105TAG
CMV_He-ILARam266-T105TAG-EGFP

CMV_He-IL4ARam266-T113TAG

Cloned in the lab
Cloned in the lab
Cloned in the lab

Cloned in the lab

Schwille group (MPI of

Biochemistry)

Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab

Cloned in the lab

Schwille group (MPI of

Biochemistry)

Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab

Cloned in the lab
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IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra
IL-4Ra

IL-4Ro

JAKS

JAKS

n/a

STAT6

STAT6

CMV_He-IL4ARam266-T113TAG-EGFP
CMV_He-ILARam266-T18TAG
CMV_He-IL4ARam266-T18TAG-EGFP
CMV_He-IL4ARam266-Y13TAG
CMV_He-ILARam266-Y13TAG-EGFP
CMV_He-ILARam266-Y183TAG
CMV_He-1L4ARam266-Y183TAG-EGFP

pc2SV_Hs-IL4ARom266-EGFP

CMV_JAK3-EGFP

CMV_JAK3-TagRFP

SE323_wtPylRS_4xPyIT-new-BCNK-
mutations

CMV_STAT6

CMV_EGFP-STAT6

Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab
Cloned in the lab

Schwille group (MPI of
Biochemistry)

Schwille group (MPI of
Biochemistry)

Schwille group (MPI of
Biochemistry)

Lang group (Technical
University of Munich,
Germany)

Schwille group (MPI of
Biochemistry)

Schwille group (MPI of
Biochemistry)

Table 6.1.2: Oligonucleotides used for cloning.

Oligonucleotide name

Sequence (5' — 3')

IL2Rg_E290_FW
IL2Rg_E290_RV
IL2Rg_E303_FW
IL2Rg_E303_RV
IL2Rg_K300_FW
IL2Rg_K300_RV
IL2Rg_P294_FW
IL2Rg_P294_RV

IL2Rg_P297_FW

tttctggctgtagcggacgatg

catcgtcecgctacageccagaaa

tgaagaacctataggatcttgttact

agtaacaagatcctataggttcttca

cccaccctgtagaacctagagg
cctctaggttctacagggtggg
gacgatgtagcgaattccce
gggaattcgctacatcgte

cgaatttagaccctgaagaa
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IL2Rg_P297_RV
IL2Rg_S109stop_FW
IL2Rg_S109stop_RV
IL2Rg_S114stop_FW
IL2Rg_S114stop_RV
IL2Rg_S83stop_FW
IL2Rg_S83stop_RV
IL4Ra-D72TAG_FW
IL4Ra-D72TAG_RV
IL4Ra-E141TAG_FW
IL4Ra-E141TAG_RV
IL4Ra-E189TAG_FW
IL4Ra-E189TAG_RV
IL4Ra-E94TAG_FW
IL4Ra-E94TAG_RV
IL4Ra-K22TAG_FW
IL4Ra-K22TAG_RV
IL4Ra-K87TAG_FW
IL4Ra-K87TAG_RV
IL4Ra-K97TAG_FW
IL4Ra-K97TAG_RV
IL4Ra-S30TAG_FwW
IL4Ra-S30TAG_RV
IL4Ra-S44TAG_FW
IL4Ra-S44TAG_RV
IL4Ra-T105TAG_FW
IL4Ra-T105TAG_RV
IL4Ra-T113TAG_FW
IL4Ra-T113TAG_RV

IL4ARa-T18TAG_FW

ttcttcagggtctaaattcg
gtccagaagtgctagcactatctat
atagatagtgctagcacttctggac
cactatctattctaggaagaaatcacttct
agaagtgatttcttcctagaatagatagtg
ttggaacagctagtctgagcccca
tggggctcagactagctgttccaa
gtcagtgcgtagaactatacactg
cagtgtatagttctacgcactgac
tcaacatttggagttagaacgacccgg
ccgggtcgttctaactccaaatgttga
ccacctggagttagtggagcccc
ggggctccactaactccaggtgg
cttcaagcccagctagcatgtgaaac
gtttcacatgctagctgggcttgaag
ttgcgagtggtagatgaatggtc
gaccattcatctaccactcgcaa
gctgctgtggtagggctccttcaag
cttgaaggagccctaccacagcagce
agcgagcatgtgtagcccagggc
gccctgggctacacatgctcget
caccaattgctagaccgagctccg
cggagctcggtctagcaattggtg
ttttctgctctaggaagcccacac
gtgtgggcttcctagagcagaaaa
ccaggaaacctgtaggttcacaccaat
attggtgtgaacctacaggtttcctgg
caatgtctccgactagctgctgcectg
cagcagcagctagtcggagacattg

catgagcatctcttagtgcgagtgga

33



MATERIALS AND METHODS

IL4Ra-T18TAG_RV
IL4Ra-Y13TAG_FW
IL4Ra-Y13TAG_RV
IL4Ra-Y183TAG_FW
IL4Ra-Y183TAG_RV
IL4Ram266-TAArev
Lin-hIL2Rg-FW
Lin-hIL2Rg-RV
Linker3HA-FW
Linker3HA-RV

plL13RaDelGFP_F

tccactcgcactaagagatgctcatg
gtctccgactagatgagcatctce
gagatgctcatctagtcggagac
gctcagtgctagaacaccacct
aggtggtgttctagcactgagce
ttaggaccgcttctcccactg
taaccgcgactctagatc
ggtttcaggctttagggtg
caccctaaagcctgaaacc
gatctagagtcgcggtta

taaagcggccgcgactct

6.2 Chemicals and reagents

Table 6.2.1: Chemicals and reagents used in this study.

Name Supplier

4x loading buffer Bio-Rad Laboratories GmbH (Feldkirchen,

AbK

Alexa488-tet2

Alexa568-COOH

Alexa568-tet1

Alexab647-tet1

Anti-HA-tag magnetic micro beads

ATTO488-COCH

ATTOB47N-tet1

Germany)

Lang group (Technical University of
Munich, Germany)

Click chemistry tools (Scottsdale, AZ, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Lang group (Technical University of
Munich, Germany)

Lang group (Technical University of
Munich, Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

ATTO-TEC GmbH (Siegen, Germany)

Lang group (Technical University of
Munich, Germany)
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ATTO655-COOH
BCNK endo
BCNK exo

BCNK mix

BSA

CaCl2
Cholesterol
Cy3-tet2
Cy5-NHS ester

Cyb5-tet

Cy5-tet2

Cy5-tet3

D-(+)-Trehalose

DMEM

DOPC (18:1, C9)
DOPE-ATTO565 (18:1, C9)
DOPE-ATTOO655 (18:1, C9)
DOTAP (18:1, C9)

DPBS

DSPC (18:0)
DSPE-PEG2000-Biotin (18:0)
EDTA

Fetal bovine serum

Fibronectin

Filter paper

ATTO-TEC GmbH (Siegen, Germany)
SiChem GmbH (Bremen, Germany)
SiChem GmbH (Bremen, Germany)

Lang group (Technical University of
Munich, Germany)

Sigma-Aldrich (St. Louis, MO, USA)
AppliChem (Darmstadt, Germany)

Avanti Polar Lipids (Alabaster, AL, USA)
Click chemistry tools (Scottsdale, AZ, USA)
GE Healthcare (Chalfont St Giles, UK)

Lang group (Technical University of
Munich, Germany)

Click chemistry tools (Scottsdale, AZ, USA)

Lang group (Technical University of
Munich, Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Avanti Polar Lipids (Alabaster, AL, USA)
ATTO-TEC GmbH (Siegen, Germany)
ATTO-TEC GmbH (Siegen, Germany)
Avanti Polar Lipids (Alabaster, AL, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Avanti Polar Lipids (Alabaster, AL, USA)
Avanti Polar Lipids (Alabaster, AL, USA)
Sigma-Aldrich (St. Louis, MO, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Roche (Basel, Schweiz)

Bio-Rad Laboratories GmbH (Feldkirchen,
Germany)
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Glucose
Glycerol

HA-peptide

HEPES

Hoechst 34580

IL-4

IL-4-ATTO647N

IL-4-Biotin

ImmobilonP membrane 0.45 um
jetPRIME®

KCI

KH2PO

Blotting paper

MeOH

MgCl2
MgSO4
Na2HPO4

NeutrAvidin

Neutravidin-Oregon Green 488

NP40
Paraformaldehyde
Poly-L-lysin

Protein standard

SiR-tet2

Sigma-Aldrich (St. Louis, MO, USA)
Sigma-Aldrich (St. Louis, MO, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Biomol (Hamburg, Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Muller group (University Wurzburg,
Germany)

Muller group (University Wirzburg,
Germany)

Merck (Darmstadt, Germany)
Polyplus transfection (lllkirch, Frace)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Bio-Rad Laboratories GmbH (Feldkirchen,
Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
AppliChem (Darmstadt, Germany)

Thermo Fisher Scientific (Waltham, MA,
USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Sigma-Aldrich (St. Louis, MO, USA)
AppliChem (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

Bio-Rad Laboratories GmbH (Feldkirchen,
Germany)

Lang group (Technical University of
Munich, Germany)
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Sphingomyelin (18:0)

Superblock

TrapAvidin

triNTA-Alexa674N

Tris base

Trypsin

Tween 20

Versene

Protein standard

Avanti Polar Lipids (Alabaster, AL, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Kerafast Inc. (Boston, MA, USA)

Schwille group (MPI of Biochemistry,
Germany)

Sigma-Aldrich (St. Louis, MO, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

G-Biosciences (St. Louis, MO, USA)

Thermo Fisher Scientific (Waltham, MA,
USA)

Bio-Rad Laboratories GmbH (Feldkirchen,
Germany)

6.3 Growth media and buffers

Table 6.3.1: Growth media and buffers used in this study.

Name Composition

4% PFA 4% paraformaldehyde in DPBS

Air buffer 150 mm NaCl, 20 mm HEPES pH 7.4, 20 mm D-(+)-trehalose,
15 mwm glucose, 5.4 mm KCl, 0.85 mm MgSOs4, 0.6 mm CaClz,
0.15 mg mL-1 BSA

Fibronectin 10 ug mL' in DPBS

IL-4 10 pg mL" in PBS with 0.1% BSA

IP lysis buffer 10 mwm Tris HCI pH 7.5, 150 mm NaCl, 0.5 mm EDTA, 0.5%

IP wash buffer

Lysis buffer

PBS

SLB buffer

NP-40
10 mMm Tris HCI pH 7.5, 150 mm NaCl, 0.5 mm EDTA

25 mm Tris-HCI pH 7.2, 150 mm NaCl, 5 mm MgClz, 1%
NP-40, 5% Glycerol, protease inhibitor and phosphatase
inhibitor

137 mm NaCl, 2.7 mm KCI, 1.8 mm KH2PO4, 10 mm
NazHPO4, pH=7.4

150 mm NaCl, 10 mm HEPES, pH 7.4
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TBST 137 mm NaCl, 2,7 mm KCI, 19 mm Tris base, 1 mL Tween 20
per litre, pH 7.4

6.4 Antibodies

Table 6.4.1: Antibodies used in this study.

Name Supplier

IL-2Ry (E-7) Santa Cruz Biotechnology Inc. (Heidelberg, Germany)

IL-4-Alexa488 (8D4-8) Thermo Fisher Scientific (Waltham, MA, USA)

JAKS (#3775) Cell Signalling Technology (Frankfurt am Main,
Germany)

pY-STAT6 (SAB4504546) Sigma-Aldrich (St. Louis, MO, USA)

STAT6 (D3H4) Cell Signalling Technology (Frankfurt am Main,
Germany)

6.5 Technical equipment

Table 6.5.1: Technical equipment used in this study.

Instrument Specification and manufacturer

Cell incubator HERAcell 150i
Thermo Fisher Scientific (Waltham, MA, USA)

Centrifuge 1 5424R
Eppendorf AG (Hamburg, Germany)

Centrifuge 2 5804R
Eppendorf AG (Hamburg, Germany)

Confocal microscope 1 Zeiss LSM780, C-Apochromat 40x/1.2 water
immersion objective
Carl Zeiss (Oberkochen, Germany)

Confocal microscope 2 SP8 Falcon, HCX PL APO 63x/1.2 motCORR CS
water immersion objective

Leica Microsystems (Wetzlar, Germany)
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Gel-electrophorese

Horizontal shaker

Imager

Laser 1

Laser 2

Microscope cell culture

Microscope-slide power meter

Multi-well imaging slides 1

Multi-well imaging slides 2

Roller shaker

Scale

Spectrophotometer

Sterile bench

Ultrapure water

Water bath

WB semi-dry blotter

PowerPac Basic with champer

Bio-Rad Laboratories GmbH (Feldkirchen, Germany)
IKA HS 501 digital
IKA-Werke GmbH & Co. KG (Staufen, Germany)

Amersham Imager 600
GE Healthcare (Chalfont St Giles, UK)

Argon-lon laser

Lasos (Jena, Germany)

White-light laser, NKT superK EXTREME
NKT Photonics (Birkerod, Denmark)

Zeiss AX10
Carl Zeiss (Oberkochen, Germany)

S170C
Thorlabs (Munich, Germany)

Nunc™ Lab-Tek® Il 8-well chamber slides
Thermo Fisher Scientific (Waltham, MA, USA)

u-Slide 8-well
ibidi GmbH (Gréafelfingen, Germany)

IKA Roller 6 digital
IKA-Werke GmbH & Co. KG (Staufen, Germany)

XA 205 Dual Range

Mettler Toledo (Giessen, Germany)

NanoDrop™ 2000
Thermo Fisher Scientific (Waltham, MA, USA)

SAFE2020
Thermo Fisher Scientific (Waltham, MA, USA)

Milli Q Advantage A 10
Merck KGaA (Darmstadt, Germany)

WNB 10
Memmert GmbH & Co. KG (Schwabach, Germany)

PierceG2 FastBlotter
Thermo Fisher Scientific (Waltham, MA, USA)
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7 Methods

7.1 Cloning

Receptor constructs were cloned as described before.?8 29 1751 The plasmids,
CMV_He-IL4ARam266-TAG-EGFP with various TAG stop codon positions, were created
from CMV_He-IL4ARam266-EGFP by site-directed mutagenesis (GeneArt Site-Directed
Mutagenesis System; Invitrogen; Carlsbad, Ca, USA) with forward and reverse primer
pairs (Table 6.1.2, all oligos in 5 —3 direction). The BCNK-tRNA
synthetase/4x-tRNABCNK construct was used as previously reported.['?4] The vector
contains the BCNK-tRNA synthetase with upstream an EF-1a promoter and a cassette
of four tRNASBCNK with separate U6 promoters. The negative control 2xLyn-EGFP,
cloned by Thomas Weidemann (Schwille group, MPI of Biochemistry), contains an early
SV40 promotor, followed by two N-terminal lyn kinase sequence repeats
(MGCIKSKRKDNLNDDE, single repeat, one letter code) and an enhanced green
fluorescent protein (EGFP). The IL-4Ra full-length construct CMV_Hs-IL4Ra-K97B was
also created by side-directed mutagenesis (GeneArt Site-Directed Mutagenesis System;
Invitrogen; Carlsbad, Ca, USA) of CMV_HeIL4Ra-EGFP as described above.
He-ILARam266 TAG stop codon mutants without the C-terminal EGFP-tag
(CMV_Hs-IL4Ram266-TAG) were cloned by deletion of the EGFP sequence by PCR
(Table 6.1.2) followed by a blunt ligation of the vector. The cross-linking constructs
CMV_He-IL2Ry-TAG-3HA were cloned by, first, incorporation of the 3HA-affinity-tag
(YPYDVPDYA, single repeat, one letter code) via a synthetic DNA fragment (NEBuilder
HiFi DNA Assembly Kit; New England Biolabs; Ipswich, MA, USA) followed by the TAG
stop codons via site-directed mutagenesis (GeneArt Site-Directed Mutagenesis System;
Invitrogen; Carlsbad, Ca, USA) (Table 6.1.2) into the vector CMV_He-IL2Ry. The
CMSV_He-IL-2Ry truncation mutants were cloned by Gosia Poczopko (Schwille group,
MPI of Biochemistry). All other plasmids used in this study were already available in the
Schwille group (MPI of Biochemistry; Table 6.1.1). The AA and DNA sequence of the

protein constructs is attached in the Appendix (Chapter 16).
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7.2 Cell culture

Adherent HEK293T cells were cultured in antibiotics and Phenol-Red-free DMEM
(Thermo Fisher Scientific; Waltham, MA, USA), supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific; Waltham, MA, USA) at 37°C and 8.5% CO.. Cells were
regularly passaged (sub-confluency) by trypsinisation. Therefore, cells were carefully
washed with 1x phosphate buffered saline (PBS) and incubated with 0.05%
trypsin-EDTA (Thermo Fisher Scientific; Waltham, MA, USA) for 2 min at 37°C. Trypsin
was inactivated by growth medium and cells were collected through centrifugation for
2 min at 1000 rpm. The obtained pellet was resuspended in fresh growth medium and
cells were seeded at a density range of 1 —3x10° cells per T75 flask (15 mL, 75 cm?,
Thermo Fisher Scientific; Waltham, MA, USA).

7.3 Cell transfection

HEK293T cells were seeded 24 h before transfection in a Nunclon™ 12-well multiwell
plate (Thermo Fisher Scientific; Waltham, MA, USA). At 40 — 60% confluence, cells were
transfected with jetPRIME® (Polyplus transfection; lllkirch, France) at a
DNA : jetPRIME® ratio of 100 ng : 0.3 pL (0.5 - 2 ug DNA per well). After 4 h, the growth
medium was replaced and the cells were incubated at 37°C and 8.5% CO.. For GCE
expression, BCNK (100 mm, dissolved in 100 mM NaOH) was added to the growth

medium (neutralized with 100 mm HCI) to reach a final concentration of 0.5 mm.

7.4 GCE expression assay

18 h after transfection, HEK293T cells were carefully washed with PBS, were harvested
with 1x Versene (Thermo Fisher Scientific; Waltham, MA, USA) and DPBS (Thermo
Fisher Scientific; Waltham, MA, USA). The cells were washed twice with DPBS and
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stored on ice for 20 min. Then, Cy5-NHS ester (GE Healthcare UK limited, UK) in DPBS
(1 ng mL") was added and cells were incubated for 5 min at 4°C. The labelled cells were
washed three times with air buffer on ice and were seeded on fibronectin (10 pg mL " in
DPBS) pre-coated Nunc™ Lab-Tek® Il 8-well chamber slides (Thermo Fisher Scientific;
Waltham, MA, USA). Confocal images were taken with a LSM780 ConfoCor3 (Carl
Zeiss; Oberkochen, Germany), with avalanche photo-diode detectors and a
C-Apochromat 40x/1.2 water immersion objective. The membrane was segmented by
our self-developed Imaged script and the intensities, measured under the same imaging

conditions, were compared.

7.5 Covalent click labelling

The transfected and GCE expressing HEK293T cells were carefully washed with PBS
18 — 24 h after transfection. Then, the cells were harvested with 1x Versene (Thermo
Fisher Scientific; Waltham, MA, USA), washed twice with air buffer and stored on ice for
20 min before tetrazine-dye in air buffer (0.2 —-1.6 uM) was added and cells were
incubated for 2 — 120 min at 4°C. The labelled cells were washed five times with air buffer
on ice and were seeded on fibronectin (10 ug mL' in DPBS) pre-coated Nunc™ Lab-
Tek® Il 8-well chamber slides (Thermo Fisher Scientific; Waltham, MA, USA). Finally, the
cells were imaged with a LSM780 ConfoCor3 (Carl Zeiss; Oberkochen, Germany).

7.6 Receptor ligand binding assay

18 — 24 h after transfection HEK293T cells were carefully washed with PBS and were
harvested with 1x Versene (Thermo Fisher Scientific; Waltham, MA, USA) and air buffer.
The cells were washed three times with air buffer and were seeded on fibronectin (10 ug
mL-' in DPBS) and poly-L-lysin (Sigma-Aldrich, St. Louis, MO, USA) pre-coated Nunc™
Lab-Tek® Il 8-well chamber slides (Thermo Fisher Scientific; Waltham, MA, USA). 1 h
later, IL-4-A647N (50 nM) was added to the cells and incubated for 30 min at rt. The cells
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were washed twice with air buffer and were imaged with a LSM780 ConfoCor3 (Carl

Zeiss; Oberkochen, Germany).

7.7 Receptor surface lifetime assay

HEK293T cells were click-labelled as described in chapter 7.5. After the fifth washing
step, cells were resuspended in fresh growth medium (+ IL-4) and were incubated at
37°C and 8.5% CO.. After certain periods of time, cells were cooled down to 4°C, were
washed twice with ice-cold DPBS (Thermo Fisher Scientific Waltham, MA, USA) and the
extracellular proteome was labelled with Cy5-NHS (GE Healthcare UK limited, UK) in
DPBS (1 pg mL"). Then the cells were washed twice with DPBS and were fixed with 4%
PFA in DPBS for 10 min at 4°C. In the next step, the cells were washed with air buffer
on ice and were seeded on fibronectin (10 ug mL' in DPBS) and poly-L-lysin (Sigma-
Aldrich, St. Louis, MO, USA) pre-coated Nunc™ Lab-Tek® Il 8-well chamber slides
(Thermo Fisher Scientific; Waltham, MA, USA). Confocal images were taken with a
LSM780 ConfoCor3 (Carl Zeiss; Oberkochen, Germany).

7.8 Calibrated ratiometric imaging (CRMI)

Before the actual imaging, the microscope performance and the confocal detection
volume were monitored by FCS measurements of ATTO488, Alexa568 and ATTO655
(25 nMm) in water. Because of varying cover slide thicknesses, the correction collar of the
C-Apochromat 40x/1.2 water immersion objective was manually adjusted to a maximum
photon count. The detection volume is defined as V. = m3/2wZz,. The beam waist wo
of the confocal detection volume for each of the three laser lines (488, 561, and 633 nm)
was determined by the diffusion time m» and the translational diffusion coefficient D; of
the corresponding fluorophore via the relation w, = \/m . Diffusion coefficients of
414 ym2 st (ATTO488), 370 um2 ' (Alexa568) and 426 um2 s (ATTO655) at 25°C

were adjusted to a temperature of 28°C in the measurement chamber.[163. 176, 1771 Ag the
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diffusion coefficient of Alexa568 was not described before, the diffusion times of
Alexa568 and RhodaminB (diffusion coefficient of 450 um2s?' at 25°C) were
compared.l'”8l The elongation of the Gaussian-shaped detection volume z, was received
from the fit.

Fluorophores used for imaging (EGFP, Alexa568-tet1, Cy5-tet1, Cy5-tet2, Cy5-tet3 and
IL-4-ATTO647N) were diluted to 100 nM in air buffer or in case of purified EGFP in PBS
pH 7.4. The tetrazine-dye constructs were mixed with a 500-fold excess of BCNK (stock
100 mm in NaOH), HCI (neutralization of NaOH) was added and the solution was
incubated for 30 min at rt. FCS measurements were performed for a range of laser
powers. The same beam path, filter and pinhole settings were applied as for confocal
imaging. Various acquisition times ranging from 3 to 15 min, depending on laser power,

were used. Auto-correlation functions were fitted with a 3D diffusion model,

G(r) = %Gw(r) 7.8.1

1

) 2 7.8.2

Gap(6) = (1 +é)_1 (1 +

S2 13p
where N denotes the number of particles in the detection volume, z3p the diffusion time
of freely diffusing particles and S the structural parameter defined as zo/wo (Equations
7.8.1 and 7.8.2). The ratio of the fluorescence intensity F to the particle number N
(CPP = FIN) leads to the molecular brightness (quantum yield, counts per particle
(CPP)).

The total laser power P, was measured using a microscope-slide power meter (S170C;
Thorlabs; Munich, Germany) behind the objective lens. The excitation power density in
the focal spot is defined as 2Po/(rT we?), with the beam waist wy obtained by the detection

volume calibration with diffusian standards.

Confocal images were taken by a laser scanning microscope LSM780 (Carl Zeiss;

Oberkochen, Germany), equipped with a ConfoCor3 unit, avalanche photo-diode
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detectors (APDs) and a C-Apochromat 40x/1.2 water immersion objective (Carl Zeiss;
Oberkochen, Germany). Images were recorded as 16-bit arrays in photon counting mode
with filter settings for EGFP (495 - 530 nm, bandpass), Alexa568-tet1 (580 nm,
longpass) and IL-4-ATTO647N/Cy5-tet1-3 (655 nm, longpass). The confocal pinhole
was set to 37um (EGFP and A568-tet1 imaging) or 40 um (EGFP and
IL-4-ATTO647N/Cy5-tet imaging) and the pixel dwell time to values between 12 - 50 us.
Laser power was adjusted in such a way that the fluorescence intensity of bright pixels
is below 1 MHz.

The membrane of single cell images was located with a custom ImageJ segmentation
script (developed by Giovanni Cardone; Imaging Facility, MPI of Biochemistry) which
uses the Otsu’s method to find the largest linked membrane area. Photon counts of the
segmented area were divided by the pixel dwell time to yield in fluorescence intensities.
Then, the number of emitting molecules was obtained by dividing the fluorescence
intensities by the FCS-based molecular brightness. A correction for the non-fluorescent
molecules pn (pni = 0.25 for EGFP and pn=0.32 for IL-4-A647N) was applied by
increasing the number of molecules by a factor of 1/(1-pns). To obtain the click labelling
efficiency or the IL-4-ATTO647N occupancy, the rations between A568-tet1/Cy5-tet1-3
and EGFP particles or IL-4-ATTO647N and EGFP particles were formed. To analyse
receptor densities at the plasma membrane, EGFP particle numbers were rescaled to
an elliptical cross-section and determined by our detection volume calibration

(Aeff = TEWoZo).

7.9 Fluorescence cross-correlation spectroscopy (FCCS)

Pre-transfected HEK293T cells were prepared as described in chapter 7.6. After 1 h,
IL-4-A647N (20 nM) was added and the cells were incubated for 30 min at ri.
Measurements were performed with IL-4-A647N in the supernatant. In addition, cells
expressing different IL-4Ra* constructs were click labelled with Cy5-tet2 (1.6 um in air
buffer, 30 min at 4°C) as previously described in chapter 7.5 and were seeded on
fibronectin (10 ug mL" in DPBS) and poly-L-lysin (Sigma-Aldrich, St. Louis, MO, USA),
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pre-coated Nunc™ Lab-Tek® Il 8-well chamber slides (Thermo Fisher Scientific;
Waltham, MA, USA). A LSM780 ConfoCor3 (Carl Zeiss; Oberkochen, Germany), with
avalanche photo-diode detectors and a C-Apochromat 40x/1.2 water immersion
objective, was used for FCCS measurements. During the experiment, cells with similar
fluorescence intensity levels in the green and red channel were selected. The confocal
detection volume was positioned on a homogeneous area of the bottom membrane on
the cell. Fluorescence fluctuation data, 6 runs with a length of 20 s, were measured and
data with slow intensity drifts or intensity spikes were discarded. To fit the
auto-correlation functions of both channels, a model containing diffusion in 3D and 2D

as well as a triplet component were applied (Equations 7.9.1, 7.9.2, 7.9.3 and 7.9.4).

1

G(r) = N Gt (1) G3p(7) Gop(T) 7.9.1
fre 7.9.2

GT(T) =1 +W I

1
6an(®) = foo (1 + L)“l (14 5—) " 7.9.3
3D - f3D T3p 52 T3p
1-f3p

= - 7.9.4

Gzp(t) 1+ t/15p 9

N represents the total particle number, fr the fraction of particles in triplet state, zr the
characteristic triplet residence time, zp the diffusion time of freely diffusing particles, S
the structural parameter, zp the diffusion time of membrane bound particles, and fp the
fraction of molecules of the freely diffusing species (nsp = fsp N). The structural parameter
S was fixed to 6 during fitting, the triplet time was constrained to values between 1 and
100 us, the 3D diffusion time to values between 100 us and 3 ms, and the 2D diffusion
time to values between 3 and 300 ms. After fitting and evaluation of the auto-correlation
date, only cells with at least two proper runs in both the green and red channel were

considered for cross-correlation analysis. A 2D diffusion model was used to fit the
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cross-correlation function. Auto- and cross-correlation amplitudes were corrected for
noncorrelated background, and spectral cross-talk from the green to the red channel
(1%).1'%%1 To estimate the diffusion coefficient of various receptor constructs, the size of
the confocal volume was determined by measuring the diffusion of ATTO488 or
ATTO655 in ddH20 at 28°C. The previously reported diffusion coefficients of 414 um? s-
T for ATTO488 or 426 um? s-' for ATTO655 measured at 25°C were adjusted to 28°C.1'76,

177]

7.10 Fluorescence lifetime imaging microscopy (FLIM)

Transfected HEK203T cells were labelled, as described in chapter 7.5, with Cy3-tet2
(1.6 pum in air buffer, 30min at 4°C). Then the cells were seeded on fibronectin (10 ug
mL" in DPBS) pre-coated Nunc™ Lab-Tek® Il 8-well chamber slides (Thermo Fisher
Scientific; Waltham, MA, USA). Time-domain FLIM recordings were performed on a SP8
FALCON confocal laser scanning microscope (LEICA; Wetzlar, Germany), equipped
with a LEICA HCX PL APO 63x/1.2 motCORR CS water immersion objective (LEICA;
Wetzlar, Germany). Excitation laser light at 561 nm was provided by a pulsed white-light
laser (NKT superK EXTREME; NKT Photonics; Birkerod, Denmark) with 40 MHz
repetition rate. Measurements were carried out at 23°C in an incubation chamber. The
membrane area was determined, in the time channel with maximum photon counts, by
using the ImageJ membrane segmentation script. To improve the statistics (=10 000
peak photon counts per cell), the photon counts of all segmented pixels were summed
up to a single fluorescence decay curve. The fluorescence decays were fitted with a
two-component exponential reconvolution routine using maximum likelihood estimation.
A saturated solution of erythrosine B quenched with potassium iodide was used to
measure the instrument response function.l'”? The reported lifetimes (Equation 7.10.1)
are the intensity-weighted average lifetime of two components with lifetimes = and »

and amplitudes A and Az:
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AT+ Apt)

-t ez 7.10.1
At +A5 1,
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7.11 Phase separated supported lipid bilayer (SLB) preparation

First, small unilamellar vesicles (SUVs) were formed. Therefore, lipids (1 - 25 mg mL"),
dissolved in chloroform, were mixed in a glass vial and then gently dried with a stream
of N followed by incubation with high vacuum for 1 h. The residue was resuspended in
SLB buffer to a final concentration of 10 mm and was sonicated for 10 min. The formed
multilamellar vesicles (MLVs) were aliquoted (20 uL) and stored at -20°C. During
experiments, an aliquot was diluted with SLB buffer in a glass vial to a final concentration
of 1 mM and was sonicated until the emulsion got clear, resulting in SUVs. Then the
incubation chambers were prepared by gluing (Norland glue 68; Norland Products;
Cranbury, NJ, USA) freshly cleaved mica (d = 8 - 12 mm) on top of a Nunc™ Lab-Tek®
I 8-well chamber slide (thickness #1; Thermo Fisher Scientific; Waltham, MA, USA). The
slide was incubated for 15 min under UV-light (365 nm). Afterwards, the SUVs (50 uL)
were placed on top of the mica and CaClI2 (1 uL, 100 mm) was added. The SUVs were
incubated for 1 min at rt, then the chamber was filled with prewarmed SLB buffer
(200 pL) and the chambered slide was incubated for 20 min at 65°C on a heat block.
After incubation, the formed SLB was washed 10 times with prewarmed SLB buffer
(200 pL) and was cooled down slowly over a time period of 1 h. Then the buffer was
exchanged to air buffer for cell experiments by gently washing (10x 200 L) the SLB,
previously transfected cells were seeded on the artificial membrane and confocal

imaging was performed.

7.12 Immunoprecipitation (IP) and western blot (WB)
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HEK293T cells (2 - 3x10°) were seeded on a Nunclon™ 6-well multiwell plate (Thermo
Fisher Scientific; Waltham, MA, USA) and were transfected with plasmid DNA (2 - 4 ug)
as described above. 24 hours after transfection, the cells were washed with PBS and
were incubated with lysis buffer (1 mL). Cells were transferred to a tube, incubated on
ice for 30 min and were centrifuged at 1x10* g at 4°C. Then the supernatant was
transferred into a fresh tube and was either processed in an immunoprecipitation assay

or analyzed by western blot (WB).

For the HA-affinity-tag immunoprecipitation (IP) assay, 50 pL of anti-HA-tag magnetic
micro beads were equilibrated with washing buffer and the supernatant of the cell lysis
was added. The beads were incubated for 1 h on ice with shaking and were placed in a
strong magnetic field. Then the beads were rinsed with wash buffers (3x 300 pL) and
ddH20O (300 pL) and samples were eluted with 100 uL HA-peptide (2 mg mL"). The

fractions were analyzed by WB.

The lysates or IP fractions were incubated with 4x loading buffer (Bio-Rad Laboratories
GmbH; Feldkirchen, Germany) for 10 min at nt and were loaded (15 uL) on the
SDS-PAGE gel (10 - 12%, Bio-Rad Laboratories GmbH; Feldkirchen, Germany). In
addition, a protein standard (Biorad Precision Plus Protein Dual Xtra Strandard; Bio-Rad
Laboratories GmbH; Feldkirchen, Germany) was loaded. The gels were performed in 1x
SDS running buffer with 200 V (constant) for 35 min. Then the denatured proteins were
transferred to the WB membrane (ImmobilonP membrane 0.45 um; Merck; Darmstadt,
Germany). Therefore, the membrane was first incubated with MeOH for 2 min and
washed with transfer buffer, blotting paper (Bio-Rad Laboratories GmbH; Feldkirchen,
Germany) was simultaneously soaked with transfer buffer for 5 min. The components
were stacked on the blotting cassette of the semi dry blotter (PierceG2 FastBlotter;
Thermo Fisher Scientific; Waltham, MA, USA) and the proteins were transferred at 25 V
and 1.3 A for 7 min. After the protein transfer, the membrane was blocked in 20 mL
superblock solution (Thermo Fisher Scientific; Waltham, MA, USA) for 1 h at rt. The
primary antibody was diluted in superblock solution (10 mL) in a 50 mL tube, the
membrane was added and the tube was rotated at 4°C overnight (o/n). Then the
membrane was washed with T-BST (4x 10 min) and was incubated for 1 h at rt in the

HRP containing secondary antibody, diluted in superblock solution (10 mL). In the
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following step, the membrane was washed again in T-BST (4x 10 min), placed in super
signal solution (Thermo Fisher Scientific; Waltham, MA, USA) for 5 min and the
bioluminescence signal was detected (Amersham Imager 600; GE Healthcare; Chalfont
St Giles, UK).

7.13 Receptor truncation and cross-linking experiments

HEK293T cells (3.2x10%) were seeded on an ibidi slide (ibidi GmbH; Gréafelfingen,
Germany) coated with fibronectin (10 ug mL"' in DPBS). After 24 h, the cells were
transfected either with the IL-2Ry truncation mutants or the IL-2Ry TAG mutants and
JAK3-EGFP and GCE constructs were incubated in growth medium supplemented with
AbK (0.5 mMm) for 18 h. Then the cells were washed three times with air buffer and
incubated with trisNTA-Alexa647 (40 nm) for 30 min before they were washed again with

air buffer and were imaged at a LSM780 ConfoCor3 (Carl Zeiss; Oberkochen, Germany).
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1l Results

8 Bioorthogonal covalent receptor labelling in living cells

8.1 Labelling strategies for plasma membrane receptors

There are many ways of labelling the extracellular domain of cell surface membrane
receptors. Most of the methods involve non-covalent binding of bioorthogonal tags,
whose labelling efficiency depends on the binding kinetics of the interaction partners
(Figure 8.1.1A). Previously, Weidemann and colleagues showed by non-covalent
labelling with a nitrilotriacetic acid (trisNTA) dye construct and a hexa-histidine-tag
(He-tag) that labelling of IL-4R components is completed within minutes and that the
method can be used for FCCS to study receptor dimerization in vivo.?®! Another
approach is the covalent fluorescent labelling of a receptor ligand with chemical tools as,
for example, N-hydroxysuccinimide ester (NHS ester) or maleimide coupling.?8 30 These
chemically modified ligands are excellent labels because of their high natural affinities
and can be used for ligand receptor colocalization or receptor dimerization studies.
However, one major drawback of this labelling method is the limit of ligand independent
experiments as the binding pocket of the receptor is already occupied. Further
disadvantages of non-covalent labelling are the limited spatiotemporal localization of the
interaction partners due to dissociation within several minutes as well as interfering
environmental influences.['8 1811 To overcome these drawbacks, many bioorthogonal
methods were developed for covalent fluorescence labelling of cell membrane receptors,
as for example click reactions (Chapter 2.1). The most prominent reactions take place
between a functional group of an incorporated uAA and its corresponding reactive group.
For instance, in the very fast IEDDAC click reaction, the strained alkene or alkyne moiety

of the uAA and a tetrazine-dye conjugate form a stable covalent bond (Figure 2.2.1).
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Figure 8.1.1: Labelling strategies for plasma membrane receptors. A) Schematic representation of three
different labelling methods for transmembrane receptors. The trisNTA and IL-4 ligand labelling are
non-covalent methods, whereas click labelling is covalent. B) BCNK as uAA incorporated in the IL-4Ra* by
GCE with its highlighted reactive headgroup, the strained cycloalkyne moiety, and its endo- and
exo-conformations. C) Crystal structure of the cytokine receptor IL-4Ro (PDB: 1IAR) containing different
BCNK mutations (magenta spheres) in the primary sequence and occupied with the ligand IL-4.1371 D)
HEK293T example cell expressing IL-4Ra* (green) was incubated with IL-4-A647N ligand (red). CP,
cytoplasm; EC, extracellular; M, membrane. Scale bar: 9 ym.

In this study, we characterized the site-specific click labelling at the surface of living cells
by modifying the class 1 cytokine receptor IL-4Ra amino acid structure with the uAA
BCNK. The BCNK modified receptor contains a strained cycloalkyne motif as a reactive
group for the IEDDAC reaction with a tetrazine-fluorophore construct (Figure 8.1.1B).

Moreover, the BCNK molecule, with its bicyclic ring systems, allows an endo- and
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exo-conformation. The IL-4Ra is a single transmembrane receptor with two extracellular
barrel-shaped fibronectin domains, D1 distal and D2 in proximity of the plasma
membrane, an alpha-helical transmembrane domain and an intrinsically disordered
intracellular tail (Figure 1.2.1A). To study the labelling efficiency of the extracellular
domain, a truncated non-signalling IL-4Ra construct (IL-4Ra*; He-IL-4Ram266-EGFP;
amino acids 1 - 266; mature numbering) with an N-terminal He-tag and a C-terminal
enhanced green fluorescent protein (EGFP) was used (Figure 8.1.1A). We observed that
the EGFP is only expressed when the amber stop codon is suppressed (GCE) by
addition of BCNK in the cell growth medium. The signal of EGFP positive receptors
showed negligible presence in internal membranes and a sufficiently slow turnover at
the plasma membrane. Additionally, the EGFP-tag allowed an easy and precise
segmentation for the plasma membrane of living cells. All these properties make this
receptor an excellent target for the quantification of plasma membrane associated

signals.

As a starting point, different mutants were cloned via site-directed mutagenesis to
introduce the amber stop codon (TAG). For this purpose, the crystal structure of IL-4Ra
(PDB: 11AR) was used to identify possible mutation candidates in which the side chain
of the amino acid points at the hydrophilic water surface of the receptor (Figure
8.1.1C).1 Each important region of the receptor was covered with single stop codons:
In the D1-domain T18, K22, S30, S44 and K87 (teal) were mutated as membrane distal
mutations, whereas in the D2-domain T105, T113 and E141 (orange, green) as
membrane proximal mutations were cloned. The mutations Y13, D72 and Y183 (red) are
located in the binding pocket of the ligand IL-4 and are crucial to the activation of the
receptor.l”3l Moreover, E94 and K97 (blue), mutations in or near the linker region of the
receptor between the D1- and D2-domain, were mutated. E189 (green) is a special
mutation, because the stop codon is located in the important WSXWS (X = E189) motif.
In previous studies, this motif was shown to be involved in many important processes,

such as expression, folding, ligand binding and pathway activation.[3? 35,40, 41, 182-184]

Proper ligand binding of IL-4 labelled with ATTO647N (IL-4-A647N) is a good readout
for receptor expression, folding and functionality of the modified IL-4Ra (Figure 8.1.1D).

IL-4 is a four alpha-helical protein which binds to the IL-4Ra binding pocket very
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selectively and with a low dissociation constant (Kq) of 20 - 300 pM.B2 Two point
mutations were incorporated into the ligand IL-4 at position N38C and F82D. Mutation
F82D led to a longer interaction time (ko = 0.46 x 103 s°1; t1, = 25 min) of the receptor
with its ligand whereas mutation N38C was used for covalent fluorescence labelling
through maleimide coupling with ATTO647N (courtesy of Prof. Dr. Thomas Mdller;

Julius-Maximilians-University Wirzburg).[180. 185]

8.2 Cell surface expression of BCNK modified IL-4Ra*

In the first experimental attempts with GCE, cell surface expression levels of BCNK
modified receptors were screened under different experimental conditions. For this
purpose, the eukaryotic cell line HEK293T was used as a model system for
quantification. These cells are easy to maintain, transfect and they are well suited for
microscopy. Furthermore, they show high incorporation rates of uAA, which is important
for proper GCE.['8] To quantify the IL-4Ra* expression, first the proteome of the cell
surface was covalently labelled with Cy5-NHS in the 633 nm channel (Figure 8.2.1A).
The Cy5 signal was used for segmenting the plasma membrane with the self-developed
ImageJ plug-in (Chapter 8.3). The mask created by the software in the 633 nm channel
was then transferred to the 488 nm channel and the fluorescence signal from EGFP
expression was measured (Figure 8.2.1B). The EGFP signal of the BCNK modified
receptors were compared to the EGFP signal of wt receptor expression. To better control
the expression components needed in the GCE, a two-plasmid approach was used. The
first plasmid contained the IL-4Ra* with one stop codon (TAG) at different locations in
the coding sequence and the second plasmid coded for four copies of the TAG-specific
tRNABCNK and the cognate BCNK-tRNA synthetase. Upstream to the receptor coding
sequence, a strong Cytomegalovirus (CMV) promoter was located. The HEK293T cells
were transiently transfected with the plasmids and were kept under standard media

supplemented with BCNK for at least 18 h.
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A IL-4Ra*-wt expression analysis

IL-4Ro* Cell surface proteom
EGFP Cy5-NHS Merge

B Membrane segmentation

mask
transfer

Figure 8.2.1: Cell surface proteome labelling. A) HEK293T cells were transiently transfected with the wt
IL-4Ro* plasmid (green), the extracellular cell surface proteome was labelled with Cy5-NHS ester (red) and
the cells were imaged by confocal microscopy. B) A mask (white) was created in the red channel by the
Imaged plug-in, which was then transferred to the green channel, and the intensity of the green signal was
analysed. Scale bar: 50 um.

Since the DNA for the IL-4Ra* and the GCE machinery were located on different
plasmids, the expression levels with several DNA combinations had to be tested (Figure
8.2.2). All expression levels with BCNK modified receptors were strikingly decreased
compared to IL-4Ra* wt expression. The ratios with almost equal amounts of DNA only
showed a slight variation, whereas the ratios with a high amount of either of the two
plasmids displayed a reduced receptor expression. Another important characteristic of
the IL-4Ra* was the selective localization at the cell surface. As automated image
analysis is very sensitive to false signals, as for instance from receptors stuck in the
protein synthesis machinery, cell pictures were compared. They showed a clear variation

of the different false positive signals from the cytoplasm of the cell (Figure 8.2.2, red
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arrows). The combination of the ratio one to four of IL-Ra*-K97B (B, BCNK modified)
and BCNK-tRNA synthetase/tRNABCNK DNA represented the lowest intracellular
background signal and a high cell surface expression and was therefore used in further

experiments (Figure 8.2.2, white arrows).
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Figure 8.2.2: IL-4Ra* expression with different DNA ratios. Cells were transfected with different ratios of
the two plasmids, IL-4Ra* (green) plasmid with a stop codon at position K97B vs. BCNK-tRNA
synthetase/tRNABCNK plasmid. After 18 h, the cell membrane was labelled with Cy5-NHS and the expression
levels on the surface of living cells were measured and compared to the expression level of the wt construct.
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Red arrows, cells with intracellular background signal; white arrows, cells with membrane specific
localization of signal. Scale bar: 50 ym.

Another important factor for the protein expression with GCE is the concentration of uAA
in the growth medium. As the survival rate of HEK293T cells depends on the
concentration, due to toxic effects of BCNK at higher concentrations, it should be kept

as low as possible. In previous studies BCNK concentrations between 0.05 and 1 mm
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Figure 8.2.3: BCNK concentrations and synthetase selectivity. A) HEK293T cells, transfected with the
IL-4Ra*-K97B plasmid, were incubated with different concentrations of endo/exo BCNK or alternatively B)
with different stereoisomers of BCNK. The cell surface was labelled with Cy5-NHS, imaged by confocal

microscopy and the expression levels were either normalized to the highest intensity level or were compared
to the expression level of the wt IL-4Ra*.

were reported.['12 113, 119, 1871 Qur titration of BCNK in growth media showed a range
between 0.25 and 2 mM in which full expression takes place (Figure 8.2.3A). However,
concentrations above 2 mMm BCNK in growth media led to apoptosis of HEK293T cells.
To accomplish full expression of IL-4Ra* and cause as little stress as possible to the

cells, a concentration of 0.5 mM was used in this study.

Comparing the stereo-selectivity of the BCNK-synthetase for endo and exo BCNK

showed a clear prevalence for the exo-form (Figure 8.2.3B). This is in line with previous
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Figure 8.2.4: Expression levels of different IL-4Ra* mutations. Cells expressing the various BCNK
mutations in the extracellular domain of the IL-4Ra* (green) were labelled with Cy5-NHS, imaged and
analysed by our self-developed Imaged script. Receptor expression levels were compared to wt receptor
cells and showed an overall reduced receptor density for the BCNK modified receptors at the surface of
living cells. Scale bar: 50 pm.

literature, which reports the same result of a higher expression level with exo BCNK.["12.
1191 |n these studies, western blot data of the protein expression in whole cell lysates were
compared. With our single cell microscopy approach, however, both the expression

levels and the proper localization of the receptor, at the surface of living cells, can be
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analysed. Since the BCNK, provided by our collaborator Prof. Dr. Kathrin Lang
(Technical University of Munich), is a mixture of endo/exo BCNK with a ratio of about

1 : 4, proper expression levels of the IL-4Ra* are expected to mainly reflect exo BCNK.

Expression levels of the mutant library were screened and compared to the wt IL-4Ra*
abundance (Figure 8.2.4). The data showed a reduced expression level in all locations
where the particular amino acid was replaced by BCNK. These results are comparable
to previously published data of GCE in IL-12Ra with BCNK.['?4l Furthermore, the
expression system is tight as cells lacking BCNK (NC) showed negligible fluorescence,
which was in the range of the auto-fluorescence of untransfected cells (BG).
Interestingly, a modification at the X-position in the important WSXWS motif (E189B) led
to the lowest expression rate observed. The WSXWS motif is crucial for receptor
expression, folding and stability at the plasma membrane of cells.[35 40. 41, 183,184] Mutant
K97B, positioned in the linker region between the D1- and D2-domains, was chosen as
our standard labelling-site, because it showed a high cell surface expression, was
separated from the direct impact of the cell membrane, did not interfere with ligand

binding and showed one the highest labelling efficiencies (see next chapters).

After we had managed to express the BCNK modified IL-4Ro* mutants, different
tetrazine-dye constructs were tested for a successful IEDDAC reaction. HEK293T cells
expressing various IL-4Ra* mutants were therefore labelled with Alexa647-tet1
(AB47-tet1), SiR-tet2, ATTO647N-tet1 (A647N-tet1) and Cy5-tet1 (Figure 8.2.5). Cells
incubated with A647-tet1 and SiR-tet2 (old sample) showed no visible fluorescence
associated with the plasma membrane. With A647N-tet1 a high intracellular background
signal was detected indicating uptake of non-conjugated dye. The high internalization
rate was caused by the positive charge of the A647N-tet1, as cells prefer positively
charged materials for unspecific uptake. For this reason, highly negative charged

fluorophores such as Cy5-tet1 were preferentially used for further experiments.

In summary, GCE leads to overall reduced expression level with a drastic effect of the
uAA concentration. As the variation of expression levels is unpredictable with our current
understanding of protein folding and transport along the secretory pathway, a library with

different mutants at surface accessible positions over the protein of interest (POI) is
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necessary. Furthermore, the charge of the used fluorophores is crucial to minimize

intracellular background signal. In our experiments, a proper extracellular labelling was

IL-4Ra* Click
tetrazine-dye

A647-tet1

SiR-tet2

A647N-tet1

Cy5-tetd

Figure 8.2.5: Covalent click labelling with different tetrazine-dye constructs. HEK293T cells expressing
different IL-4Ra* mutants (green) were labelled with various tetrazine dye constructs (red). Cells incubated
with A647-tet1 (upper row) and SiR-tet2 (upper middle row) did not show significant product formation for
unknown reasons, whereas those incubated with positively charged A647N-tet1 displayed a high disturbing
background signal inside the cells (lower middle row). Only cells labelled with Cy5-tet1 (and other negatively
charged dyes) displayed a clean fluorescence signal from the plasma membrane (lower row). Scale bar:
6 and 9 pm.
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achieved only by negatively charged tetrazine-dye constructs. Since simple imaging of
the membrane of living cells only allows a relative comparison of these signals, a

quantification approach was developed.

8.3 Calibrated ratiometric imaging (CRMI)

To investigate the activation mechanism of the IL-4R and the JAK/STAT pathway, an
exact quantification of the click labelled system is desirable. Therefore, we developed (in
collaboration with Frederik Steiert and Thomas Weidemann, Schwille group, MPI of
Biochemistry) an advanced medium throughput approach to quantify fluorescence
signals at the plasma membrane of living cells. Calibrated ratiometric imaging (CRMI)
converts a fluorescence signal into particle numbers and concentrations, by combining
laser scanning confocal microscopy and in solution fluorescence correlation
spectroscopy (FCS) (Figure 8.3.1A). To combine both microscopy techniques, it is
important that the same settings are used for confocal imaging and FCS. This results in
the same-sized confocal detection volume (voxel, observation volume, confocal spot)
and the same molecular brightness (quantum yield, counts per particle (CPP)) of the
fluorophore for both measurement conditions. As experiments with living cells are time
consuming, different experimental days can be combined by calibration with FCS.
Furthermore, FCS can monitor the performance of the microscope and give information
on the day-to-day variance of aging laser intensity, varying batches of microscope slides
and temperature drifts. Therefore, FCS calibration measurements with fluorescent
standard dyes were performed providing the molecular brightness and the diffusion time
of the fluorophore. Both are easily accessible and excellent key parameters for the

microscope performance.

The first step of our CRMI approach requires the segmentation of the region of interest
(ROI) in the confocal images (Figure 8.3.1B). Then, the pixel counts are divided by the
residence time of the laser at each position (pixel time (PT)) resulting in the intensity per
pixel. A further conversion to the particle number per pixel is provided by dividing the

intensity per pixel by the CPP of the particular dye. By determining the size of the
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detection volume (wo, 2o, Vett), @ rescaling of the particle number into the concentration
is possible. Experiments with two colour channels, such as receptor and ligand, directly
represent biochemical information, for example the ligand labelling efficiency. For a
particular chemical system with covalent receptor labelling, the click labelling efficiency

can be measured.
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Figure 8.3.1: Calibrated ratiometric imaging. A) Simplified representation of the two measurement
situations, laser scanning confocal microscopy (left) and in solution fluorescence correlation spectroscopy
(FCS, right), used for CRMI. B) Workflow of the image calibration with FCS: imaging, segmentation,
conversion to particle number and concentration (right); FCS calibration steps with diffusion standard, power
density and in solution calibration measurements (left).
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The workflow of CRMI involves two sets of reference measurements: First, the daily
determination of the diffusion reference in parallel with the cell experiments and, second
brightness reference plots, which were measured once during the project. The diffusion
standards (ATTO488, Alexa568 and ATTO655) for each laser channel were measured
with the same imaging settings and hardware on neighbouring wells at the same
chambered microscopy slide, before and after the experiment (Figure 8.3.2). Besides the
quality control of the microscope, the diffusion reference measurements provide
information about the dwell time of a particle in the observation volume (diffusion time,
wif) and the detection volume dimensions (wo, Zo and Ver). A precise detection volume
for all laser lines was determined by weighted channel fitting of the diffusion standard
measurements with an axis ratio zo/wy as an independent fit parameter and a fixed
correction factor (+ 10%) for small differences between imaging and FCS acquisition.
The CPP was obtained by dividing the mean fluorescence intensity F (kHz), derived from
the intensity trace, by the number of particles N from the fit of the corresponding

correlation function.
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Figure 8.3.2: FCS diffusion standards. Example in solution FCS curves of the ATTO488 and Alexa568
diffusion standards as they were measured in a pseudo-cross-correlation setup in the neighbouring wells on
the same chambered microscopy slide as the sample cells on each experimental day. Fitting returned the
diffusion times that were used to calibrate the excitation volume for each colour channel.
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The excitation power density (Po) was calculated by dividing the total laser output (Prt),
measured with an external power meter, by the beam waist of the particular laser
channel. Next, we measured the molecular brightness of the imaging dyes at varying low
laser intensities. Therefore, EGFP or tetrazine-dye constructs (e.g. Alexa568-tet1) were
diluted in PBS pH 7.4 or air buffer (100 nM), were incubated with BCNK (0.5 pm) for
solution conjugation and finally measured by FCS. The BCNK-tetrazine conjugation is
necessary in order to increase the fluorescence intensity after the click reaction, because
the tetrazine-group quenches the intensity of the fluorophore molecule.['88 The resulting
linear brightness reference plots were consistent with FCS data from the bottom
membrane of living cells (Figure 8.3.3A, courtesy of Frederik Steiert). As in vitro FCS
measurements are easier to handle, less noisy and more accurate, this simplification is
a huge advantage in the experimental setup. Slow internal cell processes like
cytoskeleton rearrangements, actin dependent membrane trafficking or transient
aggregation prior to internalization affect the total fluorescence and the correlation
function. The errors (2 - 4%) of the solution measurements were even too small to be
displayed in the graph representing the high accuracy of the molecular brightness

measurements (Figure 8.3.3B).

Cells with transiently transfected receptor construct showed a broad range of intensities
and therefore the imaging settings had to be adjusted to the dynamic range of the
avalanche photodiode (APD) detectors. The brightness reference plots, covering the
excitation power range of our experiments, showed a linear behaviour of the CPP for all
dyes used. These calibration plots in combination with the daily diffusion reference
measurements allowed the determination of precise CCP values for each imaging
session. Furthermore, the slope of the linear fit curves of the brightness reference plots
exhibited the superior performance of synthetic dyes (Alexa568, ATTO647N and Cy5)
with respect to fluorescent proteins (EGFP). To reduce the background signal in single
cells measurements, cells were imaged at the centre plane resulting in a continuous thin
line for the plasma membrane. They were either imaged one by one in small frames or,
if the expression level was high enough, as cell ensembles in a larger field of view. In
these larger images, single cells were then cut out by hand leading also to a data

collection of single cell images. Next, the plasma membrane was segmented by an
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ImagedJ-script (developed by Giovanni Cardone, Imaging Facility, MPI of Biochemistry)

which uses the Otsu-algorithm to find the largest continuous membrane area. The pixel
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Figure 8.3.3: Brightness reference plots measured by FCS. A) FCS based brightness reference plot of
A568-tet1 measured in solution or at the membrane of living cells. B) Brightness reference plot with the CPP
of the EGFP and A568-tet1 fluorophores measured by in solution FCS experiments and plotted against the
power density. The organic A568-tet1 showed a superior performance compared to the protein EGFP, which
is shown by its steeper slope (kindly provided by Frederik Steiert). C) An example cell treated with the CRMI
procedure showed a particle number of 132 EGFP-tagged and 30 simultaneously A568-tet1-tagged
receptors leading to a labelling efficiency of about 23%. CP, cytoplasm; EC, extracellular; ROI, region of

interest. Scale bar: 6 um.
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counts of the ROI as well as other important parameters were exported in data tables for
both colour channels. The combination of FCS calibration and confocal imaging led to
an average 132receptors per pixel and 30 Alexa568-tet1 molecules per pixel,
representing a labelling efficiency of about 23% in the IL-4Ra* mutant K97B example
cell (Figure 8.3.3C).

8.4 Efficiency of the covalent IL-4Ra click labelling reaction

After we had established the suitable expression system of BCNK modified IL-4Ra.* by
GCE, the amount of click labelled receptors at the membrane of living cells was analysed
by CRMI. The reaction kinetic of the bioorthogonal IEDDAC reaction depends not only
on the functional group (strained alkene or alkyne) of the uAA but also on the steric and
electronic properties of the tetrazine group. Therefore, BCNK and three common
tetrazine-groups conjugated with different negatively charged dyes for extracellular
labelling were tested (Figure 8.4.1A). 3,6-Di(pyridin-2-yl)-1,2,4,5-tetrazine (tet1) was
previously described as an excellent tetrazine-group for extracellular labelling, due to its
reduced internalisation rate. The uptake kinetics was disturbed by the bulky ring system
forming a steric hindrance. The smaller 3-phenyl-1,2,4,5-tetrazine (tet2) was depicted as
functional group for intracellular labelling and with its sterically favoured ring system
showed improved reactivity.l''2 1351 3-methyl-6-phenyl-1,2,4,5-tetrazine (tet3) was
chosen for this study as a functional group which is often used for tetrazine-dye
conjugates by commercial sources. HEK293T cells were transfected with the standard
mutant K97B, labelled at the maximum tetrazine concentration (1.6 uM) and incubation
time (30 min) on ice. These conditions represent the limit reached with our experimental

setup for in vivo labelling (Chapter 8.5).

The combination of labelling on ice and negatively charged tetrazine-dye constructs
reduced the membrane uptake drastically and led to a negligible amount of internalized
dye for all tetrazine groups (Figure 8.4.1B, white arrows). Brightness reference curves
for the receptor bound EGFP and the different tetrazine-Cy5 fluorophores (100 nMm),
incubated with BCNK (0.5 um) in PBS pH 7.4 or air buffer, were generated by in solution
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Figure 8.4.1: Click labelling efficiency of different tetrazine-groups. A) Schematic representation of the
different tetrazine-dye constructs used in this study. B) HEK293T cells expressing the standard receptor
IL-4Ra*-K97B (green) were incubated with different tetrazine-Cy5 constructs (1.6 um, red) for 30 min on ice
and imaged by confocal microscopy. Only a small intracellular background signal of unbound dye was
detected for all tetrazine-dye constructs (white arrows). C) Brightness reference plot of the fluorophores
EGFP and the different tetrazine-Cy5 constructs (courtesy of Frederik Steiert). D) Labelling efficiency of the
reaction between the different tetrazine-groups and the BCNK modified receptor K97B in HEK293T cells.
Cy5-tet2 showed the highest efficiency, followed by Cy5-tet1 and Cy5-tet3. Scale bar: 6 um.

FCS measurements. The data fit in the EGFP channel showed a linear progression for
the whole laser range. The tetrazine-Cy5 constructs showed a linear dependence as

well. However, due to saturation of the excited state, the curve displayed a depression
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at higher laser powers (Figure 8.4.1C). Image analysis by CRMI (R/G = Cy5/EGFP)
revealed that the click labelling efficiency for cell membrane receptors is far from
saturation (Figure 8.4.1D). The different tetrazines showed the following labelling
efficiencies: Cy5-tet2 worked best with about 39 + 10%, followed by Cy5-tet1 with about
26 + 7% and only about 5 + 2% for the Cy5-tet3 construct.

To verify the results of the CRMI analysis, we measured the ligand binding efficiency of
the BCNK modified receptors and the click efficiency with Cy5-tet2 by single cell FCCS
(Figure 8.4.2A). HEK293T cells expressing the different receptor constructs were
labelled under equilibrium conditions with 20 nM IL-4-A647N in the supernatant. The
focal volume of the FCCS measurement was positioned in the bottom membrane of the
adherent cells leading to more stable intensity traces(Figure 8.4.2A, white cross).l?% In
order to compare the cross-correlation amplitude of the BCNK modified receptors with
defined biological systems, native IL-4Ra* (PC; wt IL-4Ra*) and 2xLyn-EGFP with
IL-4Ro* without EGFP (NC) were expressed and labelled with IL-4-A647N. To measure
reasonable fluorescence intensities with FCCS, the expression levels were kept low with
the Simian Virus 40 (SV40) promoter. Only when the two fluorophores, EGFP of the
receptor and A647N of the ligand, moved together through the confocal volume, an

increase in the cross-correlation amplitude was detectable (Figure 8.4.2B, blue arrow).

The PC showed a cross-correlation of nearly 50%, marking the highest possible
cross-correlation in our setup, whereas co-diffusion of the NC was not detectable (Figure
8.4.2C). The IL-4-A647N occupied mutant K97B showed a comparable cross-correlation
amplitude similar to the PC, while the cross-correlation of the mutant Y13B, located in
the ligand receptor interface, was in the range of the NC and represented the inhibitory
effect of the bulky BCNK. Next, the click efficiency of the mutant K97B was analysed by
FCCS. For this reason, HEK293T cells were transiently transfected either with
IL-4Ra*-K97B or with K97B lacking EGFP and 2xLyn-EGFP (NC-Cy5) and were labelled
with Cy5-tet2 (1.6 uM) for 30 min on ice. The cross-correlation amplitude of the clicked
cells were compared to the mean value of the ligand experiment, although subtle spectral
differences between the ATTO647N and Cy5 fluorophores were present. The click
labelling efficiency of about 38% relative to the positive control was perfectly in line with
the results of the CRMI (39 + 10%) analysis. In addition, dual-colour FCCS confirmed
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Figure 8.4.2: FCCS of BCNK modified receptors labelled with different dye-tags. A) Example HEK293T
cells, expressing the BCNK modified IL-4Ra* (green), were labelled either with IL-4-A647N (red, upper row)
or Cy5-tet2 (red, lower row), and single point FCCS (white cross) was measured at the bottom membrane.
B) Auto- and cross-correlation curves of K97B and Y13B cells labelled with IL-4-A647N. Diffusion of
fluorophores through the confocal volume led to increased cross-correlation curve (blue arrow). C)
Cross-correlation ratio reflecting the number of dual-coloured particles with respect to EGFP. PC, wt IL-4Ra.*;
NC, plasma membrane localized 2xLyn-tagged EGFP co-expressed with IL-4Ra* lacking EGFP; Y13B,
IL-4Ro* mutant with BCNK at the neutralizing position #13; K97B-Cy5, IL-4Ra* mutant clicked at the
non-neutralizing position #97; NC-Cy5, IL-4Ra*-K97B lacking EGFP incubated with Cy5-tet2 and
2xLyn-EGFP. Analysed by Frederik Steiert. Scale bar: 6 um.

that the receptor and the fluorophore are covalently bound to each other and move jointly
through the plasma membrane driven by lateral diffusion (Figure 8.4.2B, blue arrow).
The NC-Cy5 cells, with the two control constructs, showed no cross-correlation (Figure
8.4.2C). These results confirm that the CRMI method is a highly effective and accurate

method to analyse different biological problems quantitatively.

To gain more flexibility in our experimental setup, we shifted the click reaction channel
to the 561 nm laser line and used the 633 nm laser line for IL-4-A647N binding.
Negatively charged Alexa568 in combination with the bulky tet1-group (A568-tet1) were
chosen as a tetrazine-dye construct for extracellular receptor labelling with reduced dye
internalization. First, linear brightness reference plots with EGFP and A568-tet1 were
generated by FCS measurements of EGFP or A568-tet1 (100 nM) with excess amounts
of BCNK (0.5 uM) in solution (Figure 8.4.3A, courtesy of Frederik Steiert). Then, the
detection of membrane associated fluorescence by covalent IL-4Ra* labelling and the
associated background for the shorter wavelength tetrazine-dye construct was
addressed (Figure 8.4.3B). Potentially, there are two major contributors for high
background signals: First, autofluorescence of cellular components, which increases
with shorter excitation wavelength, and, second, membrane bound BCNK that is not
conjugated to IL-4Ra*. HEK293T cells were transfected either with K97B or with the wt
IL-4Ra* in combination with the GCE machinery and BCNK (NC), addressing the natural
occurring TAG stop codons of other cell proteins. To improve the labelling conditions for
living cells, the incubation time on ice was reduced to 5 min leading to a slightly lower
click efficiency of about 19.4 + 3.4% compared to Cy5-tet1. In addition, to get a better
understanding of the actual particle numbers at the cell membrane, the labelling

efficiencies (ratio of particle number per pixel) were rescaled to a two-dimensional
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receptor density (particles per um?), which increased the spread of the signal due to the
broadly distributed expression levels. The possibility of rescaling implies two
assumptions, a perpendicular scan path through the plasma membrane and an elliptical

cross-section (Aet = 7 Wo 20).
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Figure 8.4.3: Background signal of A568-tet1 at the plasma membrane. A) Linear brightness reference
plot of EGFP and A568-tet1 measured by in solution FCS (courtesy of Frederik Steiert). B) HEK293T cells
expressing either IL-4Ra*-K97B or the wt receptor combined with the GCE machinery were labelled with
A568-tet1 (1.6 pum) for 5min on ice and were imaged by confocal microscopy. Cells without BCNK
incorporated showed a 20 - 30-fold reduction in membrane labelling, by comparing the number of A568-tet1
labelled receptors per pm2. M, membrane. Scale bar: 6 pm.

Both the size (z) of the focal spot and the radius (wo) were determined by single colour

FCS calibration measurements of defined fluorescent molecules (ATTO488 and
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Alexa568). The cells showed an average signal of about 30 + 17 particles um-= for the
A568-tet1 labelled cell membrane whereas the NC showed less than one particle pm-2,
confirming the result that background signals are indeed very small. Moreover, the
possibility to precisely analyse such small concentrations represents a huge advantage

of the CRMI method and, in addition, makes it possible to compare small data variations.

Furthermore, we compared the click labelling efficiency of A568-tet1 or the ligand binding
efficiency of IL-4-A647N, with wt, BCNK modified or clicked IL-4Ra*, to the receptor
population at the membrane of living cells. For this purpose, a linear brightness reference
plot with EGFP and IL-4-A647N was generated by in solution FCS (Figure 8.4.4A). Then
transfected HEK293T cells with the wt IL-4Ra* or the standard mutant K97B were
labelled with A568-tet1, IL-4-A647N or were first clicked and then incubated with
IL-4-A647N, whereas wt IL-4Ro* was only labelled with IL-4-A647N. The receptor
expression levels with the wt construct or GCE showed two populations: One small
population was centred at about 15 receptors pm-=2 for the wt IL-4Ro* and about 30
receptors um-= for K97B. Another more broadly and evenly spread population was
located between roughly 30 - 300 receptors um-2 for the wt receptor and 50 - 500
receptors um-2 for the mutant K97B (Figure 8.4.4B/C/D). As the same gap was observed
for the expression of the wt receptor with the SV40 and K97B with the CMV promoter,
this seems to be a common feature of the HEK293T cell line and the transient

transfection with viral promotors (Figure 8.4.4E).

Theoretically, a microscopy setup with at least three APDs and appropriate filter sets is
required to test for the click labelling efficiency and the ligand occupancy of
IL-4Ra*-K97B at the same time in a three-colour experiment. A crosstalk of about 8.3%
into the 561 nm channel with A568-tet1 had to be accounted for, when applying
IL-4-A647N in the same well. The click labelling efficiency, representing the reaction
between the IL-4Ra*-K97B and A568-tet1, showed a homogenous distribution (x-axis)
over the entire range of expression levels (Figure 8.4.4B). The spread on the y-axis
(click-labelling efficiency) was additionally governed by image related uncertainties.

These data showed that the labelling efficiency of the established method for cell surface
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Figure 8.4.4: Click labelling and ligand binding efficiency of the IL-4Ra* population. A) FCS based
linear brightness reference plot of EGFP and IL-4-A647N measured in solution (courtesy of Frederik Steiert).
B) CRMI analysis of HEK293T cells expressing IL-4Ra*-K97B labelled with Alexa568-tet1, C) IL-4-A647N
and D) both. E) As a reference, cells were transfected with the wt IL-4Ra* which was incubated with
IL-4-ATTO647N. A gap separating two ranges of expression levels was detected for both viral promoter
systems. The efficiency of the click and ligand labelling was consistent over the whole cell populations.
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click labelling was independent of the receptor density. Furthermore, the receptor
occupancy for ligand binding stayed the same before or after the click reaction (Figure
8.4.4C/D). Nevertheless, the receptor binding efficiency of IL-4-A647N displayed an
overall reduction in the K97B mutant compared to the wt IL-4Ra* (Figure 8.4.4E).

These results lead to the conclusion that ligand binding is independent of the type of
exposed functional group, BCNK or BCNK-Alexa568, since it shows identical cellular
distributions. Unexpectedly, the click labelling efficiencies of all three tested tetrazine-dye
constructs stayed far below 100%. This is not related to low signal quality since we
determined a neglectable background signal at the cell membrane of less than a single
receptor per um2. The degree of labelling measured by CRMI were in quantitative
agreement with our FCCS analysis in live cells. In addition to imaging, FCCS showed
co-diffusion of the IL-4Ra*-K97B with the ligand IL-4-A647N or the click label A568-tet1

on a molecular level.

8.5 Parameters for the click labelling of IL-4Ra

The previous experiments with BCNK modified IL-4Ra* and different tetrazine-groups
showed that the click reaction is far from saturation. To obtain saturation, the parameter
space for click labelling was investigated in detail for appropriate standard reaction
conditions. For this purpose, three important parameters for the reaction kinetics, the
concentration of the tetrazine-dye construct, the labelling time and the temperature were

varied.

Cells expressing the mutant K97B were labelled with various concentrations of A568-tet1
for 5 min on ice. The optimal concentration of 1.6 uM was consistent with what has been
reported in literature.l'®. 1901 The click labelling efficiency showed a concentration
dependent but non-linear slope similar to a Michaelis-Menten saturation curve (Figure
8.5.1A). As the incubation time was kept constant, the click efficiency was proportional
to the reaction rate. In addition, the negligible background of CRMI led to a suitable fit

function that intersected the origin. For the experimental setup, with a low number of
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receptors (picomolar range) at the surface of the cells and a large access of tetrazine-dye
in homogenous solution, a pseudo-first order reaction mechanism with a linear slope was
expected. However, the non-linear data had to be fitted with a saturation function
((Amax x ©)/(1 + clcsa); plateau 25.4%, csat = 1.3 pM) which is often used to describe a
two-state transition, such as in fluorescence. One possible explanation for this
discrepancy may be a spatial competition at the cell surface by the conjugated dye, which
inhibits the diffusive approach of free tetrazine-dye construct to neighbouring BCNK
receptors. This could either be caused by exclude volume effects or electrostatic
repulsion of the double negatively charged A568-tet1. Furthermore, as for the IEDDAC
reaction a suprafacial/suprafacial positioning is necessary, the reaction of a protein
surface bound BCNK at the membrane surface of cells represents a highly anisotropic
environment. In this area the molecular collisions seemed to be governed by a
superposition of three- and two-dimensional search modes. However, in our
experiments, A568-tet1 concentrations beyond 1.6 uM led to an increase in background

signal from internalized fluorescent dye, rendering this concentration regime impractical.

In the following step, a kinetic study of the click labelling reaction, with the highest and
lowest A568-tet1 concentration, with K97B and different incubation times, was made
(Figure 8.5.1B). Both curves showed two components in the fit, a steep slope at the
beginning and a rather flat progression later on. The lower concentration (0.2 um)
decreased the reaction rate drastically, which demonstrated the diffusion-controlled
behaviour of the IEDDAC reaction at the surface of living cells. The data were fitted with
a combination of two first-order exponential curves. Both concentrations showed an
identical first time constant of about 1.2 x 102 s! representing a possible reaction of
BCNK and A568-tet1 in a thin shell around the cell surface. The second-rate constants,
about 1.7 x 10 s for 0.2 uM and 9.0 x 10* s*! for 1.6 uM, may be governed by the
effects of the concentration dependent slow exchange between the shell and bulk
solution as well as self-inhibition by stepwise accumulation of tetrazine-dye conjugate on
the cell surface. None of the curves reached a plateau. This result confirmed again that

the labelling efficiency is far from saturation.

Since it is common to use relatively high concentrations of tetrazine-dye constructs,

problems with fluid phase uptake were assumed and standard labelling was therefore
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performed with pre-chilled cells on ice. The effects on the labelling efficiency and the
receptor trafficking at the membrane of living cells at different temperatures, during
labelling, were addressed systematically. HEK293T cells were transfected with the
IL-4Ra*-K97B mutant and were labelled with A568-tet1 (1.6 uMm) for five respectively
30 min on ice, 21°C or 37°C. Only a small increase in the labelling efficiency was
detected for the different temperatures as well as for the prolonged incubation times
(Figure 8.5.2C). These findings were in good agreement with the previously shown
kinetic data, in which 60 - 70% of the receptor population was already labelled within the
first two minutes and saturation was almost reached after five minutes. Moreover,
receptor populations, as for example nascent receptors or receptors in endosomal
structures, were still able to capture a tetrazine-dye during the incubation time. According
to the van't Hoff approximation, a temperature increase of 33°C results in an
approximately eight- to ten-fold acceleration of the initial reaction rate. But this increased
reaction rate was not translated into click labelling efficiency. As the second flat slope of
the reaction kinetic represented a highly diffusion-controlled labelling, the
temperature-dependence of the reaction was very weak. In conclusion, higher
temperatures or longer incubation times do not further increase the yield of the labelling
reaction. Assuming that there is a turnover of the plasma membrane, the results suggest

that internalization rates for labelled and unlabelled receptors are the same.

The efficiency of the click labelling reaction at the membrane of living cells as well as the
analysis with CRMI were highly reproducible. Labelling reactions under standard
reaction conditions with the IL-4Ra* mutant K97B, 1.6 uM A568-tet1 and an incubation
time of 5 min on ice, over the time period of more than one year, showed a minimal
variation (Figure 8.5.1D). The horizontal dashed line represents the mean labelling
efficiency of 18.9 + 3.6% over all experiments, whereas the grey bar represents the
distribution of one standard deviation of the mean value. To measure the labelling
efficiency, either 20 - 40 handpicked single cells with a field of view (FOV) of 52 um?
(Figure 8.5.1D, left side) or a diverse cell ensemble within a FOV of 212 um?2 (Figure
8.5.1D, right side) were measured. Both imaging strategies led to the same mean values,

as, with CRMI, large expression level variations were cancelled out and user bias was
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negligible. The larger spread of the mean values for the bigger FOV method was caused
by the lower magnification which limited the pixel statistics.
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Figure 8.5.1: Reaction conditions and reproducibility of IL-4Ra* click labelling. A) Concentration
dependent non-linear increase in click labelling efficiency of K97B and Alexa568-tet1. The data were fitted
with a saturation curve of type (Amax x O)/(1 + C/csat) resulting in a plateau of 25.4% and saturation
concentration of 1.3 uMm. B) Influence of the concentration of Alexa568-tet1 (0.2 um vs. 1.6 uM) on the
reaction rate of the IEDDAC on the surface of living HEK293T cells. Both concentrations represent a biphasic
behaviour with a fast time constant of about 1.2 x 102 s for both at the beginning and a time constant of
about 1.7 x 104 s for 0.2 uM and about 9.0 x 104 s for 1.6 um for the second slope. C) Temperature and
incubation time effects on the labelling efficiency of BCNK modified IL-4Ra* with Alexa568-tet1 were
measured. Only a small increase in labelling efficiency was detected for the 5 min incubation times,
representing the diffusion-controlled mechanism of the click reaction at the surface of living cells. D) IL-4Ra.*
mutant K97B click labelling in HEK293T cells withA568-tet1 under standard reaction conditions, over the
time period of more than one year, showed an extraordinary precision in the labelling efficiency analysed by
CRMII. Standard click labelling conditions highlighted in blue.
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Another factor which can influence the labelling efficiency drastically is the chemical
stability of the reaction components involved. First, the long-term stability of the
tetrazine-dye construct in air buffer, the standard buffer for labelling, was confirmed.
Aliquots of 1.6 pm A568-tet1 were stored at 4°C for up to 24 h and cells expressing K97B
were labelled for 5min on ice. The data obtained did not only show that the
tetrazine-group is stable in air buffer, they also confirmed the high reproducibility of the

click reaction as described before (Figure 8.5.2A).

Next, the effects of buffer composition on the labelling efficiency were analysed. IL-4Ra.*
K97B expressing HEK293T cells were labelled under standard reaction conditions with
A568-tet1 dissolved in three different buffers. PBS, a buffer which contains only salts,
was compared to air buffer, which contains salts, sugars and the protein bovine serum
albumin (BSA). Air buffer was developed for live cell imaging and ensures that cells stay
in good condition for several hours, whereas PBS leads to apoptosis within several
minutes to an hour. To include a protein free labelling environment, air buffer was also
tested without BSA. Moreover, the labelling reaction was performed in growth media
containing natural AA and the undefined protein mix fetal bovine serum (FBS). All four
buffers showed the same labelling efficiency and are suitable for the reaction between
BCNK and A568-tet1 (Figure 8.5.2B). Since growth media led to background
fluorescence by its ingredients, air buffer containing BSA turned out to be the best buffer

for HEK293T cells and was used for further experiments.

Not only the stability of the tetrazine-group is crucial for the reaction efficiency but also
the stability of the BCNK group is important. It is well known that the strained triple bond
of the BCNK can undergo an addition reaction with various thiol groups (in different
oxidative states).['91-1951 BCNK may lose its activity after incorporation and transport along
the secretory pathway or by thiol containing proteins and cysteine, which are present in
the growth medium of HEK293T cells. All these impacts on the labelling efficiency were
measured. For this reason, HEK293T cells transfected with the K97B plasmid were
incubated twice for 1 h at 37°C with either DMEM or DMEM supplemented with 10%
FBS. The labelling was carried out at two different concentrations, the standard
concentration of 1.6 um (Figure 8.5.2C, left) and a low concentration of 0.2 um (Figure

8.5.2C, right). With both concentrations a reduced labelling efficiency could be detected
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for the two different growth media. In DMEM, only cysteine contained a free thiol group,
whereas in DMEM supplemented with FBS an unknown protein assemble with free thiol

groups was present. FBS also contains BSA which possibly can react with its free thiol
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Figure 8.5.2: Side reactions of BCNK and Aleaxa568-tet1 labelling. A) The stability test of Alexa568-tet1
in air buffer at 4°C, over a time period of 24 h, showed a high persistence of the tet1-group in aqueous
solution. B) Standard labelling reactions with Alexa568-tet1 for 5 min on ice in different solvents had no
influence on the reaction efficiency in K97B expressing HEK293T cells. C) The negative effect of free thiol
groups on the BCNK reactive group was analysed by expression of IL-4Ra*-K97B at the membrane of
HEK293T cells, combined with two additional washing steps with growth media + FBS and standard labelling
with A568-tet1 at two different concentrations (0.2 pm, left side and 1.6 pwm, right side). Both experiments
showed a clear reduction of the click labelling efficiency at cells with medium exchange.
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group and BCNK. The previous buffer data (Figure 8.5.2B) showed that the labelling
efficiency was not affected by the amount of BSA in air buffer, but the labelling reaction
was carried out on ice for only 5 min. This amount of time and temperature seemed too
little to show a clear effect on the labelling reaction. When cells were incubated over a
longer period of time at 37°C, certain side reactions took place. The effects on the
labelling reaction were different for both concentrations. In the case of higher
tetrazine-dye concentration, the effect of a side reaction with an unknown substance and
BCNK reduced the reactivity of surface expressed receptors. However, in the case with
lower concentration, two effects were involved for the reduced labelling efficiency. First,
the side reaction of BCNK with an unknown substance and, second, the slow diffusion
of free BCNK out of the cytoplasm reservoir of the cell. This leads to the assumption that
free BCNK diffuses in the same regions as the receptor and catches tetrazine-dye
constructs before the receptor can be labelled, which was confirmed by an additional

reduction of the labelling efficiency of the IL-4Ra extracellular domain.
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Figure 8.5.3: Click labelling efficiency of endo, exo and mix BCNK. A) HEK293T cells expressing the
IL-4Ra*-K97B mutant incubated with different types of BCNK (endo, exo or a mix of both) and labelled with
Alexa568-tet1 under standard reaction conditions. The enantiomer pure BCNK cells showed a slightly higher
click efficiency than the mixed BCNK sample. B) Mass spectrometry data of endo/exo BCNK (mix) and exo
BCNK revealed the purity of the used samples.
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In a next step, a comparison for the labelling efficiency was made between commercially
available BCNK enantiomers and the BCNK mixture provided by our collaboration
partner Prof. Dr. Kathrin Lang (Technical University of Munich). HEK293T cells
transfected with the K97B plasmid were incubated for 18 h in growth medium
supplemented with endo, exo or mix BCNK to a final concentration of 0.5 mMm. Then the
cells were labelled under standard reaction conditions with A568-tet1. The mixture of
endo/exo BCNK showed the same labelling efficiency as described above, whereas the
enantiomers endo or exo BCNK showed an increased labelling efficiency (Figure
8.5.3A). The enantiomers endo and exo BCNK also displayed various labelling
efficiencies. IL-4Ra* expressed with exo BCNK exhibited not only a higher cell surface
expression but also a higher labelling efficiency. One factor for the increased labelling
efficiency of the BCNK enantiomers could be their degree of purity. Mass spectrometry
(MS) data of mix BCNK revealed higher amounts of impurities in the sample compared
to endo/exo BCNK which led to the decreased click labelling efficiency (Figure 8.5.3B).
The purer BCNK samples did not show a 100% click efficiency and confirm the proposed

mechanism of a side reaction after the BCNK is incorporated into the receptor IL-4Ra.*.

In addition to the influence of the reactive groups involved in the click reaction, both the
effect of the labelling-site positions in the receptor and the effect of the ligand binding on
the labelling reaction of different receptor mutants were addressed (Figure 8.5.4A; red,
high click efficiency; blue, low click efficiency). For this purpose, transfected cells were
harvested, incubated with IL-4 and labelled with A568-tet1 under standard reaction
conditions (Figure 8.5.4B). The CRMI results of the IL-4 bound receptors were compared
to the non-occupied ones. The 14 positions of the IL-4Ra* ECD showed a click labelling
efficiency ranging between about 5% (blue) and 20% (red) for the non-occupied
receptors. The D1-domain revealed a higher average value for the click labelling
efficiency, with the only exception of Y13B in the ligand binding pocket, than the
membrane proximal D2-domain. The close proximity to the cell membrane may lead to
a general reduction of the site accessibility of BCNK. Similar results for the two domains
and the linker region were measured with the occupied IL-4Ra*, which displayed a small

structural rearrangement in the quaternary structure (Chapter 9.2). Moreover, the
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A Site-specific click labelling
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Figure 8.5.4: Site-specific IL-4Ra* click labelling. A) Crystal structure of the IL-4 occupied IL-4Ra.* (PDB:
11AR) representing the click labelling efficiency (red, high efficiency; blue, low efficiency) of the different
mutants.[371 B) HEK293T cells expressing the different IL-4Ra* mutants were labelled with A568-tet1 under
standard reaction conditions either with or without the simultaneous incubation with ligand IL-4. The
membrane distal D1-domain, except Y13B, showed an increased click efficiency of the non-occupied
receptor compared to the membrane proximal D2-domain (grey line/area, average click efficiency + one
average standard deviation). The occupation of the receptor led to slight variances in the labelling efficiency
for most of the mutants. ***P < 0.001 (Welch's t-test).C) Absent correlation between the mean click labelling
efficiency and the average receptor expression.

average click labelling efficiency of the different mutants did not correlate with the mean

expression levels of the receptor (Figure 8.5.4C).

In summary, with CRMI we established an excellent tool to analyse confocal cell images
for biological relevant processes such as the receptor accessibility at the membrane, the
ligand binding efficiency or even the quantification of the click labelling reaction at the
cell membrane. The calibration with FCS was also used to quantify receptor expression
levels and allowed the optimization of the GCE method for our system. All employed
tetrazine-groups for the click labelling of BCNK modified receptors showed a rather low
reaction efficiency. Although a quantitative covalent labelling of mutant K97B under
standard reaction conditions has never been achieved, the conditions could be optimized
to turn the labelling efficiency into a very reproducible readout. A higher tetrazine-dye
concentration or labelling time slightly increased the labelling efficiency, confirming a
diffusion controlled labelling process at the surface of living cells. The thiol side reactions
of BCNK, which decreased the click labelling efficiency, took place either in the growth
media or alongside the secretory pathway in cells. Nevertheless, it was possible to
compare the different mutations of the IL-4Ra* for their site-specific labelling efficiency

and the influence of the ligand on the reaction.
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9 Ligand induced IL-4Ra activation mechanism

9.1 BCNK modified IL-4Ra functionality studies

As proper IL-4 binding to the receptor is crucial for JAK/STAT pathway activation, the
IL-4Ro* modification with BCNK should not interfere with the binding. Previous results
showed that the modification with BCNK or clicked with the tetrazine-dye construct leads
to a reduction in ligand binding (Figure 8.4.4A). In order to gain detailed insights into
GCE modified receptors, different mutants and the labelled ligand IL-4-A647 in
combination with CRMI were further investigated (Figure 9.1.1A).

First, the influence of the supplemented uAA BCNK in the cellular medium on ligand

binding efficiency was tested with the wt IL-4Ra* construct. After transfection, the cells
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Figure 9.1.1: Titration of IL-4-A647N ligand to analyse BCNK modified IL-4Ra*. A) Crystal structure of
the class I cytokine receptor IL-4Ro (PDB: 11AR) bound to its ligand IL-4. Different BCNK mutation sites in
the primary sequence are indicated by coloured spheres as well as the labelling position of the ligand.[37] B)
HEK293T cells transfected with the wt IL-4Ra* were incubated with growth media + BCNK and the labelled
ligand IL-4-A647N was titrated. An inhibitory effect on ligand binding was not detected. C) Cells expressing
the mutants K97B and T105B showed a clear reduction of the binding efficiency for the same ligand titration
experiments.
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were incubated with growth media + BCNK, then with various concentrations of
IL-4-A647 and imaged by confocal microscopy. Calibrated imaging, in which the intensity
signal is calibrated by FCS and converted to particle numbers, combined with the ratio
of ligand ATTO647N signal divided by receptor EGFP signal (R/G) provides directly the
occupancy of the receptors at the cell surface. At saturation, both samples, either with
or without BCNK, showed an identical saturation level of the titration curve (Figure
9.1.1B). These results confirmed that BCNK did not unspecifically bind at the membrane
of living cells. Furthermore, a free cysteine at position C182, near the binding pocket, did
not interact with BCNK and reduce ligand binding capacity of the GCE-expressed
receptors. The quantitative labelling of the wt IL-4Ra* also confirmed that the CRMI
approach was capable of analysing confocal images for the receptor ligand binding
efficiency at the membrane of living cells. We also measured the same ligand dilutions
with two IL-4Ra* mutants, the standard mutant K97B and the D2-domain mutant T105
(Figure 9.1.1C). Both showed the same slope of the ligand binding efficiency as the wt
IL-4Ra*, but they never reached a saturation plateau of 100%. Mutant K97B ended up
at 85% and T105B at 71%, which represented the inhibitory effect of the incorporated
BCNK on the ligand binding of IL-4Ra.*.

In the next step, the ligand binding efficiency of all IL-4Ra* mutants was measured, in
order to investigate the effect of the site-specifically incorporated BCNK on the ligand
binding. HEK293T cells expressing the different mutants were labelled with the
saturating concentration of 10 nM and were imaged with ligand excess in the
supernatant. The labelling efficiencies of the different BCNK modified receptors were
compared to the positive control (PC; wt IL-4Ra*) and the negative control (NC;
2xLyn-EGFP). The CRMI results could be divided in five groups: The first group, located
in the D1-domain (T18B, K22B, S30B, S44B and K87B; teal), showed a site-specific
reduction in labelling which led to ligand binding efficiency of about 61 - 95% (Figure
9.1.2A). The second group consisted of mutants located in the D2-domain (T105B and
T113B; orange) which showed a very precise binding efficiency of about 77 - 78%. Two
mutations placed in the linker region, between the D1- and D2-domain, were labelled
with an efficiency of 91% for E94B and 84% for K97B (blue). Mutations at the centre of
cluster I and 1II of the binding epitope (Y13B, D72B and Y189B; red) showed a strong
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Figure 9.1.2: IL-4-A647N ligand binding histograms of IL-4Ra* mutants. A) Cells expressing the different
IL-4Ro* mutants were incubated with IL-4-A647N (10 nm) and were analysed by CRMI. Mutants in the
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D1-domain (teal) and D2-domain (orange) as well as in the linker region (blue) showed a slight reduction of
the labelling efficiency. On the other hand, the mutants in the binding pocket (red) and in or near the
activation loop (green) showed drastic inhibition on the ligand binding efficiency. B) The GCE-expression of
all mutants exhibited a Gaussian-shaped normal distribution, C) except for the mutants E141B and E189B
with a bimodal-shaped distribution, representing two distinct receptor populations. The bimodal distribution
shape of E141B and E189B could be changed by the IL-4-A647N concentration.

inhibition.[37. 73. 1801 These mutants were previously analysed via alanine screening in
combination with surface plasmon resonance spectroscopy and showed a strongly
reduced binding affinity for the ligand IL-4 by the following order
Y13A > D72A > Y183A > E94A.["81 The mean values of the residual IL-4 binding
efficiency were in exactly the same order and were slightly higher than the negative
control (NC). The mutations E141B and E189B (WSEWS motif; green) of the fifth group
were at or in close proximity to the activation loop and exhibited a strong effect of the
BCNK modification on the ligand binding. The ligand binding efficiency of E141B with
50% and E189B with 37% was clearly reduced.

Furthermore, we were interested in the heterogeneity of the GCE-expressed receptor
population at the plasma membrane of living cells. The quantification of proper ligand
binding was an excellent tool to analyse the receptor populations in detail. For this
purpose, the data of the previous experiment with the different mutants and the ligand
IL-4-A647N were plotted as histograms (Figure 9.1.2B). All mutants showed a
homogenous Gaussian-shaped normal distribution with small variations in their width,
except the mutants E141B and E189B, which exhibited a bimodal-shaped distribution
indicating two conformationally distinct populations of the BCNK modified IL-4Ra*
(Figure 9.1.2C). The allosteric effects of both mutations led to an overall reduced ligand
binding efficiency. These effects on the binding efficiency and the form of the distribution
were controlled by the concentration of ligand. With a low non-saturating ligand

concentration, a pronounced bimodal-shaped distribution was formed for both mutants.

The correlation of the ligand binding efficiency with the click labelling efficiency in the
IL-4Ra* mutant K97B, measured simultaneously in a three-colour experiment, displayed
a homogenous Gaussian-shaped normal distribution for the ligand binding as well as for
the click reaction (Figure 9.1.3A). On the other hand, the mutant E141B showed a

bimodal-shaped distribution for both efficiencies which led to the conclusion that the
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labelling efficiency was affected by the confirmation and population of the receptor. A
possible interaction partner for the BCNK modified IL-4Ra* mutant E141B is the lysin at
position 195 (K195) on the activation loop, which is located directly in front of the TMD.
Figure 9.1.3B shows the crystal structure (PDB:11AR) of the D2-domain with a possible
oriented BCNK structure incorporated at position E141B.171 The carbonyl oxygen of the
BCNK forms an hydrogen bond to the nitrogen atom of the lysine amine-group. This
interaction may cause the effects of the bimodal distributions for ligand binding and the
click labelling of the mutant E141B. The similarly behaving mutant E189B, located in the
important activation loop within the WSXWS motif, also shows a hydrogen interaction to
the lysine at position 97 (K97), confirming a possible interaction dependent ligand
inhibition.

A GCE-expressed IL-4Ra* populations B Mutant E141B activation loop

Homogenous population

Occupancy / %

Click efficiency / %

Heterogenous population

Occupancy / %

Click efficiency / %

Figure 9.1.3: Click labelling efficiency vs. ligand binding efficiency. A) The click labelling efficiency and
the ligand binding efficiency for the IL-4Ra* mutant K97B follows Gaussian-shaped normal distributions
(grey area). However, for mutant E141B a bimodal distribution was not only measured for the ligand labelling
but also for the click reaction (two grey areas). B) A modification of the IL-4Ra. D2-domain (PDB: 11AR) with
a BCNK structure displays the possible H-bond interaction between the carbonyl oxygen of the BCNK and
the amino-group of K195 located on the activation loop.[37]

89



RESULTS

Taken together, BCNK modified receptors show a slightly reduced ligand binding
capacity whereas mutations in the binding pocket and allosteric positions, in or near the
activation loop, have a pronounced inhibitory effect. Furthermore, the ligand binding
efficiency data of the IL-4Ra* mutants K97B and Y13B are in good agreement with the
FCCS data displayed above (Figure 8.4.2C). The ligand occupancy data as well as the
click labelling efficiency also show that different populations of receptors, with various
conformations, are located at the plasma membrane. These conformations display two
distinct receptor distributions. A possible hydrogen bond interaction of the BCNK and

K195 could explain the bimodal distribution of mutant E141B.

9.2 Ligand induced reorientation of the IL-4Ra domains

The remarkable reproducibility of the degree of labelling and the high sensitivity of the
CRMI method raised the idea to use the covalent labelling as a readout in order to infer
details about site accessibility and thus receptor conformations in their native
environment, the plasma membrane of living cells. For this purpose, the data exhibited
in Figure 8.5.4A were re-evaluated for their change in click efficiency (CCE). The CCE
represents the difference of the click efficiencies measured for the IL-4 occupied and
non-occupied receptor (Figure 9.2.1A). Almost all mutants showed a reduced click
labelling efficiency in their occupied structure, except for the mutants T18B and T105B,
which did not change significantly. This reduction in efficiency is probably caused by a
higher stiffness of the receptor in the ligand-bound conformation, which impairs with the
click reaction. Only the mutants S44B and E189B displayed a positive effect of the ligand
binding for the click labelling efficiency. Both IL-4Ra* labelling-sites were located at
special positions, S44B in the D1-domain loop 2 near the binding pocket and E189B in
the WSXWS motif on the activation loop (Figure 9.2.1B).I37] Loop 2 (L2) is a very
hydrophobic loop and shows a high flexibility in different IL-4Ra crystal structures (PDB:
11AR, 3BPL and 3BP0O).137.48] As the BCNK molecule contains a hydrophobic head group,
an interaction with the flexible hydrophobic loop is conceivable (Figure 9.2.1C). This

molecular interaction may lead to a kind of activation mechanism of the mutant S44B

90



RESULTS

when IL-4 gets bound, which is presented by the increased click labelling efficiency.
Similar structural rearrangements were proposed for the activation loop in the D2-domain
with the WSXWS mutant E189B. Ligand binding seems to lead to a rearrangement of
the activation loop triggering the intracellular signalling cascade.l% 18 Such small
rearrangements are hard to detect, but CRMI in combination with site-specific click

labelling points in the direction of the proposed activation mechanism.

To investigate further in a possible receptor rearrangement during ligand binding, an
assay was designed on the basis of viscosity changes in the close surroundings of the
IL-4Ra*. Cy3 and its specific change in fluorescence lifetime due to viscosity changes
was previously described.['%1 A rearrangement of the receptor domains into the direction
of the cell membrane or to each other would reduce the degrees of freedom, which is
equivalent to an increased viscosity and leads to a longer fluorescence lifetime of Cy3.
All IL-4Ro* mutants, except the inhibitory labelling-sites in the ligand binding pocket,
were expressed in HEK293T cells and labelled with Cy3-tet2. The cells were imaged by
FLIM and the fluorescence lifetime signal at the membrane was analysed. Our data
showed that the D1-domain only moved slightly after ligand binding, more specifically,
the viscosity was decreased which led to a shorter fluorescence lifetime of the mutations
K22B and K87B (Figure 9.2.1D). Mutations in or near the linker region, such as T18B
and K97B, exhibited a more pronounced effect in the fluorescence lifetime after ligand
binding. Especially the fluorescence lifetime of the mutant K97B was drastically
increased, whereas another mutant's lifetime in the linker region, mutant E94B, was
decreased. These results display a major reorientation of the two domains around the
linker region governed by ligand binding. The D2-domain mutations T105B, T113B and
E141B did not show any change in fluorescence lifetime, which supports the theory that
the receptor stands perpendicularly at the membrane in the activated and deactivated
state. However, the fluorescence lifetime of the D2-domain mutant E189B, located in the
WSXWS motif, was drastically decreased after ligand binding. These results indicate that
a rearrangement of the activation loop as well as in the D1- and D2-domain takes place

during ligand binding (Figure 9.2.1E).
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E IL-4Ra rearrangements during ligand binding
IL-4Ra* IL-4Ra* / IL-4

Figure 9.2.1: Ligand induced receptor movement. A) The change in click efficiency (CCE), represented
by the difference in labelling efficiency between occupied and non-occupied receptors, was re-evaluated. All
IL-4Ro* mutants, except for mutant S44B and E189B, showed a slight reduction or no reduction at all in the
CCE. ***P < 0.001 (Welch's t-test). B) Crystal structure of the D1-domain and the activation loop (PDB: 1IAR,
3BPL and 3BPO) with the two mutations S44B and E189B (red circle).l37. 481 C) Hydrophobicity representation
of the protein surface; red, hydrophobic residues; white, hydrophilic residues. D) Micro-viscosity
measurements of Cy3-tet2 at the indicated locations in dependence of IL-4 (lifetime shift). Mutants in the
linker region (T18B, E94B and K97B) and in the activation loop (E189B) showed particularly large changes
suggesting a rearrangement of the D1- and D2-domains as well as the activation loops. ***P < 0.001
(Welch's t-test). E) Schematic model of the involved rearrangements during IL-4 ligand binding.

In conclusion, the site-specific labelling of IL-4Ra* revealed a reorientation of the
receptor during ligand binding, which may lead to a tighter structure with an overall
reduced click labelling efficiency. Only the mutants S44B and E189B showed a higher
click efficiency, representing the flexibility of the domains (loop 2 and activation loop)
involved. Furthermore, the fluorescence lifetime shifts displayed a rearrangement of the
two FNIII domains (D1 and D2) around the linker region and a movement in the activation

loop, which possibly triggers the JAK/STAT pathway activation.

9.3 IL-4Ra membrane lifetime revealed by covalent click labelling

An important question which could be addressed by a covalently labelled IL-4Ra is the
lifetime of the receptor at the membrane of living cells. The surface lifetime is important
for ligand binding, receptor dimerization and the subsequent activation of the JAK/STAT
pathway. To determine this property, three different receptor constructs were compared,

the truncated receptor IL-4Ra*, the truncated receptor without the C-terminal EGFP and
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the full-length receptor IL-4Ra. HEK293T cells expressing the K97B mutant of each
receptor version were labelled with Cy3-tet2 and incubated for different time periods in
growth media (x IL 4) at 37°C. To stain the plasma membrane for segmentation, the cell
surface proteome was labelled with Cy5-NHS, the cells were fixed with
paraformaldehyde (PFA) and were imaged by confocal microscopy. The truncated
IL-4Ra* used in this study showed almost negligible internalization during the entire 8 h
that have been measured (Figure 9.3.1A). A faster internalization was measured for the
IL-4Ra* lacking the intracellular C-terminal EGFP-tag. Both constructs were incubated
with saturating concentrations of IL-4, which slightly reduced the internalization rates.
However, the full-length receptor displayed an exponential-like decay for the membrane
lifetime, with a rather similar half-life of about 41 min for the non-occupied receptor and
about 38 min for the occupied receptor. Not only the decay of the lifetime was different
for the three receptor constructs, but also the standard deviations of the values were
higher for the truncated receptor constructs. These data suggest a natural mechanism
for the full-length IL-4Ra degradation, whereas the degradation mechanism for the
truncated receptor (x EGFP) was disturbed. In addition, the slow internalization rate of
the truncated receptor IL-4Ra* led to a stable receptor population at the cell membrane,
which made this construct particularly suitable for the quantification of the click

experiments.

One possible explanation for the different internalization rates is the diffusion behaviour
of the various receptor constructs at the cell membrane. Single transmembrane
receptors such as IL-4Ra diffuse freely in the membrane of living cells. The intracellular
tail of the receptor constructs consisted of either the disordered full-length tail with
569 AA or a truncated tail with only 35 AA and, in addition, for one construct an
EGFP-tag. These diverse tails may drastically influence the diffusion of the receptors.
An FCCS experiment was designed in order to analyse the diffusion coefficient of the
receptor constructs. HEK293T cells were transfected with various receptor constructs
and were labelled by click labelling (Alexa488-tet2 (A488-tet2) or Cy5-tet2), by ligand
binding (IL-4-A647N) or both and were analysed by FCCS. The wt IL-4Ra* showed the
similar diffusion coefficients of 0.16 £0.05 um2s?' and 0.14 £0.06 um2 s for the

occupied and non-occupied receptor and were consistent with previously reported
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Figure 9.3.1: Cell membrane lifetime of IL-4Ra constructs. HEK293T cells expressing the IL-4Ra*
constructs K97B + EGFP and full-length IL-4Ra were labelled with Cy3-tet2 and were incubated for various
times in growth media (+1L-4). Then the cells were fixed with paraformaldehyde (PFA), labelled with
Cy5-NHS for membrane segmentation, and were imaged by confocal microscopy. Only the full-length
receptor showed an exponential-like decay of the membrane lifetime. The two other constructs showed a
very slow linear internalization rate, which led to a stable receptor population at the cell membrane and
revealed that the receptor tail is important for the internalization and degradation behaviour. B) Cells
expressing different receptor constructs were either labelled with Alexa488-tet2 (A488-tet2) or directly
incubated with IL-4-A647N and FCCS was measured at the bottom membrane. All constructs, occupied or
non-occupied, showed a similar diffusion behaviour with a diffusion coefficient of about 0.16 + 0.05 pm?2 s
and 0.14 + 0.06 pm2 s,

values (Figure 9.3.1B).[?% 1971 The incorporation of the single uAA BCNK into the ECD did
not influence the diffusion behaviour of the receptor. The A488-tet2 labelled mutant K97B
with the deletion of the C-terminal EGFP showed, in its occupied or non-occupied state,
the same diffusion coefficient as the EGFP-tagged wt IL-4Ra*. Further FCCS
measurements with the full-length IL-4Ra*, equipped with a long unordered tail, resulted
in the similar diffusion coefficient as for the truncated receptor version. These results
lead to the conclusion that the intracellular region of the receptor does not particularly
regulate the diffusion behaviour at the cell membrane. However, it seems that the TMD
is important for the diffusion, as all receptor constructs contain the same TMD sequence,
which leads to the same diffusion coefficient results. Although the different C-terminal
IL-4Ra* tails do not change the diffusion behaviour of the receptors, they are important

for the internalization and degradation of the receptor (Chapter 11).

In summary, experiments with the labelled ligand IL-4-A647N confirmed that the BCNK
modification of the IL-4Ra.* interferes with the ligand binding in all mutants, resulting in a
lower efficiency. In addition, labelling-sites in the ligand binding pocket or at allosteric
positions (activation loop) were even more reduced in ligand binding. The comparison
between the ligand binding efficiency and the click labelling efficiency exhibited that
various populations of receptors are located at the plasma membrane for the mutants
near or in the activation loop. Almost all mutants, except for S44B and E189B, showed
a reduced IL-4Ra* site-specific labelling. This result suggests a more compact
quaternary structure of the receptor after ligand binding. Furthermore, a certain flexibility
in the L2-loop and in the activation loop can be assumed. A fluorescence lifetime shift of

the viscosity sensor Cy3-tet2 confirmed the rearrangement of the activation loop during
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ligand binding and, in addition, displayed a further reorientation of the two receptor
domains D1 and D2 around the linker region. The formation of the new receptor
orientation during ligand binding, especially in the activation loop, may lead to the
activation of the JAK/STAT pathway. Further experiments with click labelled receptor
constructs showed a very fast internalization half-life, with about 40 min, for the
full-length receptor, whereas the truncated constructs stayed at the membrane for hours.
This makes the truncated receptor construct IL-4Ra* a perfect example system for the
quantification of the click labelling reaction at the membrane of living cells. As the
internalization of the receptor is a rather fast process, the question arose which part of

the membrane the activation of the JAK/STAT pathway takes place in.
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10 IL-4R activation from the plasma membrane

The location and the precise mechanism of the IL-4R dependent JAK/STAT activation is
still unclear. Most hematopoietic cytokine receptors express only a few receptor copies
(<1 um2) at the cell surface. Thus, low lateral affinity has been suggested to represent
a safety mechanism that prevents ligand-independent dimerization and false signalling.
In 2014, Weidemann and Békel proposed endocytosis as a mechanism to increase the
concentration of receptors in small membrane compartments tethered in the actin cortex,
called cortical endosomes (CE).[2% Obeying the law of mass action, a higher number of
IL-4R subunits per membrane area shifts the equilibrium towards receptor
heterodimerization, making endocytosis an important step for the JAK/STAT pathway
activation. Nevertheless, it might also be possible that the receptor complex is activated
at the outer plasma membrane as well as within CEs leading to a spatiotemporal

diversification of branching signalling pathways.

One convenient way of investigating the formation of the type 1 IL-4R complex at the
membrane of living cells is to immobilize ligand IL-4 in resolvable patterns on a solid
support that leads to recruitment of the receptor subunits in the plasma membrane. This
was achieved by coupling a biotinylated ligand to phase separating supported lipid
bilayers (SLBs) on top of which transfected cells with labelled receptors were growing.
Supported lipid bilayers lack the dynamic membrane turnover and thus represent a
controlled testbed to quantify interactions that lead to ternary complex formation within

the lipid bilayer.

IL-4 (N38C, F82D) was attached to biotin via maleimide coupling similar to IL-4-A647N
mentioned before (courtesy of Prof. Dr. Thomas Muller; Julius-Maximilians-University
Wirzburg). The ligand IL-4-Biotin (IL-4-B) was presented by phase separated SLBs in a
molecular sandwich composed of NeutrAvidin (NA) and the biotinylated lipid
DSPE-PEG2000-Biotin (Figure 10.1A). Figure 10.1B shows the lipid composition (lipid
mix 1 and 2) of the SLBs, which consists of unsaturated lipids forming the lipid disordered
(Ld) domain, and saturated lipids which were located in the lipid ordered (Lo) domain.

Cholesterol in this mixture is important for the size and the proper formation of phase
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Figure 10.1: Phase separated supported lipid bilayers. A) Schematic figure of an adherent cell located
on a phase separated supported lipid bilayer (SLB). The SLB contains fluorescently labelled lipid disordered
domains (Ld, red) and unlabelled lipid ordered domains (Lo, black). The Lo domains contain a biotinylated
fatty acid (DSPE-PEG2000-Biotin), which NeutrAvidin (NA) and the biotinylated IL-4 (IL-4-B) complex binds
to. The SLB bound IL-4-B recruits the type 1 IL-4R complex at the membrane of transfected HEK293T cell.
B) Composition of the lipid mixtures used to form the SLBs. Difference between lipid mix1 and mix2 is the
lipid matrix of the Lo domain (DSPC vs. SM). C) A SLB (lipid mix 1 lacking DOTAP, upper row) was incubated
with NeutrAvidin-Oregon Green 488 (NA-OG488, green) and imaged by confocal microscopy. The excess
of ligand at the SLB surface was confirmed by immunostaining with an IL-4 specific antibody labelled with
the fluorophore Alexa488 (IL-4-AB-A488) (green, lipid mix 2, lower row). Scale bar: 11 pm.

separated membranes. Control experiments with labelled NeutrAvidin-Oregon Green
488 (NA-OG488) and an Alexa488 labelled IL-4 specific antibody (IL-4-AB-A488)
showed in a phase separated lipid membrane that NA and IL-4-B indeed co-localized
perfectly in the Lo domains of the SLB (Figure 10.1C), where the lipid anchor DSPE is
supposed to be highly enriched. Thus, spatial phase separation of SLBs can be used to

trigger receptor subunit recruitment within the plasma membrane.

Having established a protocol for SLBs presenting the ligand IL-4 exclusively in Lo
domains, cells were seeded on top. HEK293T cells were harvested 24 h after
transfection with IL-4Ra* and carefully seeded on the SLB (Figure 10.2, upper row). As
HEK293T cells did not attach to surfaces coated with a SLB by themselves, DOTAP had
to be added to the lipid mix that constitutes the membrane. DOTAP is an unsaturated,
positively charged fatty acid, which preferentially locates in the Ld domain. The positive
charged fatty acid interacts with the negatively charged cell surface and therefore
promotes cells to attach to the SLB surface (Figure 10.2, middle row). We observed that
too high concentrations of DOTAP led to deformation of the SLB and recruitment of
DOPE-ATTOG655 near the cell membrane (Figure 10.2, lower row). However, for both
membranes with DOTAP, a localization of the EGFP-tagged IL-4Ra* signal, in the ligand

containing Lo domains, was clearly visible.

Experiments with labelled NeutrAvidin-tetramethylrhodamine (NA-TMR) confirmed the
recruitment of IL-4Ra* into the Lo domain, whereas membranes without IL-4-B did not
show any recruitment of the receptor (Figure 10.3A). This observation suggests that the
recruitment of the receptor IL-4Ra* into Lo domains is faithfully triggered by immobilized

ligand.
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EGFP ATTO655 Merge
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Figure 10.2: IL-4Ro* recruitment to positively charged phase separated SLBs. HEK293T cells
expressing IL-4Ra* (green) did not attach to a SLB (red) coated surfaces (lipid mix 1 lacking DOTAP, upper
row). After the incorporation of DOTAP, a positively charged fatty acid, an attachment of the cells on the
SLB surface and a localization of the IL-4Ra* in the ligand coated Lo domains were confirmed (lipid mix 1,
middle row). A low DOTAP ratio in the SLB was important to avoid membrane distortion and accumulation
of Ld domain lipids like DOPE-ATTOG655 at the cell surface level (lipid mix 1 with 10% DOTAP, lower row).
Scale bar: 6 pm.

To extend these investigations to the formation of signalling competent receptor
complexes at the membrane of living cells, HEK293T cells were transfected with the
entire type 1 receptor set consisting of IL-4Ra*, IL-2Ry and JAK3-tRFP. Since JAK1 is
endogenously expressed in HEK293T, this protein has not been included for
overexpression; Tag-RFP fused to JAK3 has been used as proxy for IL-2Ry localization.
24 h after the transfection, cells were harvested and were added to the SLB coated with
the NA/IL-4-B sandwich. Strikingly, both receptors of the type 1 complex, IL-4Ra* and

IL-2Ry were indeed recruited into the Lo domains in a IL-4 dependent manner,
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suggesting dimerizing in the plasma membrane can take place under these conditions

of overexpression (Figure 10.3B).

A IL-4Ra recruitment in Lo domains

IL-4Ra* NeutrAvidin
EGFP TMR

B Recruitment of IL-4R type 1 subunits
IL-2Ry

IL-4Ra* JAK3 Ld domain
EGFP ATTOB655

-

Figure 10.3: Heterodimerization of IL-4R subunits. A) The recruitment of IL-4Ra* into the IL-4-B coated
Lo domains was confirmed by confocal imaging of the receptor signal (green) and the
NeutrAvidin-tetramethylrhodamine (NA-TMR) signal (red) (lipid mix 1, upper row). Cells loaded on a IL-4-B
free SLB did not show any patterned IL-4Ra* surface signal (lipid mix 1, lower row). B) HEK293T cells
expressing the type 1 IL-4R complex (L-4Ra*, green) were loaded on a IL-4-B coated surface (red) and
showed a heterodimerization of the receptor subunits as well as an additional colocalization of the associated
kinase JAK3-tRFP (orange) into the Lo domains. Scale bars: 11 and 6 pm.
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We further optimized the experimental setup to form SLBs with larger Lo domains. For
this reason, the saturated fatty acid DSPC was replaced by sphingomyelin (SM), which
is known to form larger Lo domains (personal communication Dr. Henri Franquelim). With
these larger Lo domains cells bound to the SLB with higher efficiency and, thus, better
imaging was possible (Figure 10.4, upper row). Images of the negative control confirmed
again that cells can influence the membrane behaviour of the SLB. The cells pushed the
Lo domains outwards to the side of their support area to create a larger access to the

DOTAP containing Ld domain (Figure 10.4, lower row).

IL-4Ro” Ld domain
EGFP ATTO655

Figure 10.4: Optimization of the Lo domain size. To increase the Lo domain size, DSPC was replaced
by the saturated fatty acid sphingomyelin (SM) (lipid mix 2, red). The ligand dependent recruitment of IL-4Ra.*
(green) into the Lo domains was confirmed by confocal microscopy (upper row). On membranes lacking the
ligand IL-4-B an absent recruitment of IL-4Ra* as well as an exclusion of Lo domains, controlled by the
HEK293T cells, were observed (lower row). Scale bar: 6 um.

Next, we tested the activation of the JAK/STAT pathway by the type 2 IL-4R
endogenously expressed in HelLa cells. The cells were transfected with fluorescent
EGFP-STAT6 and after 18 h the medium was replaced with DMEM lacking FBS. After
6 h of starvation, the HelLa cells were seeded on the SLB. After 1 h of incubation, a
significant recruitment of EGFP-STAT®6 into the nucleus and a rise of the fluorescence

intensity inside the nucleus was observed (Figure 10.5A, upper row). The control
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experiment with a SLB without IL-4-B showed no such STAT6 translocation (Figure
10.5A, middle row). Cells in the same chamber as the SLB with ligand but located next
to the phase separated membrane also showed STAT6 translocation suggesting that
some portion of IL-4-B dissociates from the SLB. Such a false positive
STAT6-translocation could either be explained by residual IL-4-B attached to the Ld
domain of SLBs or by trace amounts of |L-4-B from the supernatant (Figure 10.5A, lower
row). In conclusion, cells can be activated on top of SLBs by immobilized ligand,
suggesting the canonical model of ligand induced ternary complex formation and the
subsequent STAT activations via the JAKs may indeed be triggered from the cell surface
once the receptor densities are sufficiently high. However, the sandwich system
presenting IL-4-B at the SLB may not be stable enough to rule out a partial activation

from bulk solution.

To address this issue, SLBs were prepared and after 1 h the supernatant was removed
and added to HEK293T cells in another well. The HEK293T cells were transfected with
EGFP-STAT6. The induced cells were lysed and the phosphorylation of EGFP-STAT6
was analysed by western blotting (WB). Figure 10.5B shows the following outcome: In
agreement to literature, HEK293T cells do not express STAT6 endogenously at a
detectable level (lane 1), overexpressed EGFP-STAT6 is not induced by growth media
or by HEK293T itself (lane 2), and stimulation of the cells with IL-4 or IL-4-B leads to
pathway activation and phosphorylation of EGFP-STAT6 (lanes 3 and 4). However,
phospho-STAT6-bands (pY-STAT6) were, unexpectedly, much more pronounced for
cells stimulated with the supernatant than cells stimulated by the intact SLB (lanes 5 and
6). We assume, the smaller band for the SLB probe is mainly related to the very small
numbers of cells loaded on the SLB. In our system the half-life of the sandwich composed
of the Lo-preferring lipid, NA and IL-4-B was not sufficiently long to prevent the release

of free IL-4-B in the supernatant.
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A Surface controlled JAK/STAT pathway activation

STAT6

EGFP

SLB

SLB

Glass

Nucleus
Hoechst

Ld domain
ATTOB655

— Ld-A655
EGFP-STAT6
—‘!ioechsl
VA4

10
distance / ym

EGFP-STAT6

10 X — Hoechst

norm. Intensity

0 5 10 15 20 25
distance / ym

— Ld-AB55
EGFP-STAT6

—— Hoechst

distance / ym

B Western blot of the JAK/STAT pathway activation

Figure 10.5: Surface controlled JAK/STAT pathway activation. A) Starved HelLa cells (IL-4R type 2
complex) showed a recruitment of transfected EGFP-STATG6 (green) to the pre-stained nucleus (blue) after
the activation by the SLB (red) bound IL-4-B (lipid mix 2, upper row). EGFP-STAT® of cells on SLBs lacking
the ligand were not recruited to the nucleus (lipid mix 2, middle row). Cells expressing EGFP-STAT6, which
were located in the same well as the IL-4-B coated phase separated SLB but not on top, also showed a
pathway activation either by a non-phase separated SLB or by free IL-4-B in the supernatant (lipid mix 2,
lower row). Line profiles are normalized to the highest value of fluorescence intensity. B) The JAK/STAT
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pathway activation in HEK293T cells, transfected with EGFP-STAT6, was monitored by the phosphorylation
signal of EGFP-STAT6 (pY-STAT6) on a WB. The STAT6 signal on the WB represents the number of cells
and the transfection efficiency. Native cells (lane 1) did not express STAT6 in a detectable amount and
overexpression of EGFP-STAT6 did not interfere with pathway activation (lane 2). Only if IL-4 was added, a
pathway activation took place (lanes 3 and 4). HEK293T cells incubated on the IL-4-B coated SLB also
showed an induction of the pathway although the number of cells was low (lane 5). Furthermore, the WB
showed that the IL-4-B membrane complex was not stable enough during a longer period of time and
therefore the supernatant of the SLB contained significant amounts of free IL-4-B which interfered with the
experiment (lane 6). Scale bar: 6 um.

To improve the experimental setup, we followed two strategies: First, we tightened the
interaction between IL-4-biotin and the SLB in order to reduce the amount of dissociated
ligand. NA was replaced by TraptAvidin (TA), which is a modified version of streptavidin
with two point mutations for extended complex lifetimes.['?8. 1991 Second, we aimed to
show recruitment for the full-length receptor subunits to investigate potential differences
mediated by downstream factors bound to the cytoplasmic tails. Full-length receptor
subunit expressed with a C-terminal GFP, in particular the IL-4Ra. chain, express poorly
and, what is worse, change the morphology of the cell. Therefore, to label the different
full-length receptors, the extracellular He-tag specific dye trisNTA-A647 was used. The
trisNTA-affinity-tag, loaded with three complexed Ni?* ions, is capable of coordinating up
to six imidazole rings from adjacent histidine side chains. He-tag and trisNTA binding
takes place in an 1:1 ratio with a Ky of about 6 - 20 nM.[2° 1811 As the binding process of
trisNTA-A647 to the receptor is not covalent, it is necessary to measure the cells under
equilibrium conditions to avoid dissociation during washing steps (ko = 0.34 x 103 s°1;
ti2 = 34 min).l'81 Unfortunately, the fluorescent construct trisNTA-A647 showed some
false positive signals in the Lo domains of HEK293T cells expressing IL-4Ra* (Figure
10.6A, upper row, white arrows). This occurred because commercially available TA
contains a C-terminal He-tag. The trisNTA-A647 signal was also seen on SLBs without
ligand (Figure 10.6A, lower row, white arrows) but no background signal was detected
on the untreated SLB without any loaded TA, confirming that the false positive signal
was caused by the TA He-tag (Figure 10.6B). Expression and purification of a He-tag free

TA were not possible.

In summary, the results showed that the IL-4-B can be bound to a SLB surface by NA,

but the complex was not stable enough for a longer period of time to selectively induce
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A IL-4Ra ECD labelling

IL-4Ro* trisNTA Ld domain
EGFP Alexa647

B Background signal on the SLB

Ld domain trisNTA
Alexa647

Figure 10.6: IL-4Ra* recruitment to the SLB by TraptAvidin. A) HEK293T cells expressing IL-4Ra.*
(green) were seeded on a SLB (orange) and the receptor was labelled with the He-tag specific trisNTA-A647
(red) dye. The ligand dependent recruitment of L-4Ra.* into Lo domains was confirmed by confocal imaging
(upper row with ligand, lower row ligand absent). Ligand binding to the Lo domains was realised by
TraptAvidin (TA), a biotin specific coupling protein with extended complex lifetime. The commercially
available TA contains a He-tag which interfered with the receptor specific labelling leading to the formation
of false positive signals (white arrows). B) The control experiments with an untreated SLB confirmed that the
trisNTA-A647 binds to TA and not to the positively charged membrane. Scale bars: 6 and 11 um.

the JAK/STAT pathway from the cell membrane of living HelLa cells. The imaging of
IL-4Ra* or full-length IL-4Ra with the more stable TA complex could not be achieved,
since TA contains a He-tag the fluorophore trisNTA-A647 binds at and the purification of

tag-free TA was not possible. Nevertheless, it was possible to localize the IL-4Ra* into
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the IL-4-B coated Lo domains of the SLB and, in addition, the second receptor of the
type 1 complex IL-2Ry and its associated kinase JAK3-tRFP formed a receptor

heterodimer at the surface of living HEK293T cells.
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11 Trafficking into cortical endosomes (CEs)

11.1 Intracellular receptor tail truncation mutants of IL-2Ry

The Rac1/Pak1 and dynamine-dependent endocytosis of the IL-4R complex is essential
for the JAK/STAT pathway activation.l?®. 30 |n collaboration with Gosia Poczopko
(Schwille group, MPI of Biochemistry), we aimed to identify unknown proteins by means
of residue specific cross-linking in combination with mass spectrometry (MS). AbK, an
uAA for photo-induced cross-linking, reacts covalently with AA in its near surroundings.
The cross-linking product can then be analysed by MS to find new interaction partners

of the type 1 IL-4R complex.

As the reactive AbK is rather small, only interaction partners in the immediate vicinity of
the reactive group could be cross-linked and potentially identified. It has been shown that
co-expression of IL-2Ry and JAKS leads to cortical endosomes. Thus successful
endocytosis can be visually tested by confocal microscopy.[?? 301 We used this assay to
first narrow essential regions at the cytoplasmic tail in H6-IL-2Ry that serve as a binding
platform for unknown protein factors which are important for receptor endocytosis. A
truncation series of the intracellular He-IL-2Ry tail was cloned, expressed together with
JAK3-EGFP in HEK293T cells and imaged by confocal microscopy. The tail of the
He-IL-2Ry was truncated after every tenth AA beginning from the fifth AA (m5) after the
transmembrane region. The He-IL-2Ry was visualized by He-tag specific trisNTA-A647
fluorophore. He-IL-2Ry and JAK3-EGFP expressed in HEK293T cells formed CEs near
the plasma membrane (Figure 11.1.1, white arrows). The EGFP signal of JAKS3
colocalized with the trisNTA-A647 when the He-tag was present. A low background at
the cell membrane and the glass surface was visible for trisNTA-A647. Mutant
m75 - m55 showed CEs comparable with the parental receptor. Receptor mutants m45
and m35 localized at the cell membrane, but trafficking to CEs was not detected. The
truncated receptors m25 - m5 did not show recruitment of JAKS to the cell membrane
where the He-IL-2Ry mutants were located. Mutant m5 is a truncated version with an

impaired Box1 motif and is therefore signalling incompetent. The tail region until m25
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Figure 11.1.1: IL-2Ry tail truncation mutants. HEK293T cells expressing the C-terminal He-IL-2Ry
truncation mutants and JAK3-EGFP (green) were labelled with the He-tag specific fluorophore trisNTA-A647
(red) and imaged by confocal microscopy. Cells expressing the receptor lacking the Hs-tag showed a small
amount of background signal at the cell surface. The wt receptor and the mutants m75 - m55 were trafficking
into CEs whereas the mutants m45 and m35 showed membrane localization of JAK3-EGFP, but trafficking
into CEs was not detected. In the m25 - m5 mutant cells only homogenously distributed JAK3-EGFP and no
formation of CEs was seen. In collaboration with Gosia Poczopko (Schwille group, MPI of Biochemistry).
Scale bar: 11 pm.

was important for JAK3 binding whereas the region until m45 was important for trafficking
into CEs (Figure 11.1.1).

In the next step, we analysed the trafficking behaviour of the truncated Hes-IL-2Ry into
preformed CEs. For this purpose, HEK293T cells were triple transfected with full-length
IL-2Ry and JAKS-EGFP for CE-formation supplemented with the He-tagged truncation
mutants He-IL-2Ry-5m-m75. CEs were visible for all DNA combinations. All He-tagged
receptors, wt or truncated versions, ended up in the preformed CEs (Figure 11.1.2). Only
mutant m5 showed a slightly reduced trafficking ability, maybe due to the incomplete
Box1 motif. Thus, the mutants m45 - m5 can traffic into CEs but cannot form them. In
this case, trafficking of the truncated receptor was not receptor tail specific and rather an
unspecific diffusion process, in which the truncated receptor gets internalized when

endosomal structures are formed.

All in all, the truncation experiments at the Hs-IL-2Ry tail with mutant m45 and m35
presented a region which was clearly important for JAK3 recruitment to the cell
membrane, CE formation and receptor trafficking into them. Moreover, the truncation
mutants m25 - m5 also showed a lack of CE formation and, in addition, the membrane
recruitment was disturbed. These results encourage the idea of cross-linking

experiments in the specific tail-region of the m45 and m35 mutants.
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Figure 11.1.2: IL-2Ry tail truncation mutant trafficking into preformed CEs. In HEK293T cells, CEs were
formed by expression of full-length IL-2Ry and JAK3-EGFP (green). Cells expressing the wt or mutant
He-IL-2Ry truncation mutants (red) showed trafficking of the expressed receptors in the preformed CEs by
colocalization of the JAK-EGFP signal and the H6-tag specific trisNTA-A647 signal. Moreover, mutant m5,
with its incomplete Box1 motif, showed a reduced trafficking rate in preformed CEs. In collaboration with
Gosia Poczopko (Schwille group, MPI of Biochemistry). Scale bar: 11 pm.

11.2 Covalent cross-liking of endocytosis factors

After the localization of an important region (A287 - R306, mature numbering) in the
IL-2Ry tail for CE formation and trafficking, the suggested cross-linking approach should
be established. The interaction of IL-2Ry and JAK3 is a well-known, strong protein
interaction and an excellent pair to test and improve the cross-linking procedure.“6l JAK3
binds the IL-2Ry intracellular tail at the Box1 motif, a nine AA long proline rich sequence.
We cloned five Box1 mutants and three control mutants in the extracellular domain
(ECD) for incorporation of AbK via GCE. Furthermore, the IL-2Ry was equipped with a
C-terminal triple haemagglutinin-tag (3HA-tag) for an immunoprecipitation (IP) assay to
concentrate the low abundance receptor. Only if the AbK is properly incorporated,
full-length receptors are expressed, which can then be purified and concentrated by
means of the 3HA-affinity-tag. For a cleaner and more specific sample an N-terminal
He-tag was also present to perform tandem IP as well as fluorescence imaging control
experiments. First of all, the expression and proper localization of the receptor mutants
at the membrane of living cells were tested with confocal microscopy (Figure 11.2.1). For
this purpose, HEK293T cells were transiently transfected with uAA modified IL-2Ry
(He-IL-2Ry-TAG-3HA; mature numbering) and JAK3-EGFP. Then the cells were labelled

with trisNTA-A647 for receptor detection and imaged. The wt control cells showed both
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Figure 11.2.1: Membrane localization of He-IL-2Ry-TAG-3HA mutants. HEK293T cells expressing the
AbK modified He-IL-2Ry-TAG-3HA mutants and JAK3-EGFP (green) were labelled with trisNTA-647A (red)
at the N-terminal He-tag. The wt constructs, the ECD mutants (S55Ab, S81Ab and S86Ab) and the Box1
motif mutants (E262Ab and P266Ab) showed CE formation and localization. The C-terminal Box1 motif
mutants P269Ab, K272Ab and E275Ab did not form CEs and JAK3-EGFP was homogenously distributed in
the cytoplasm of the cells. Scale bar: 11 pm.

proper localization on the cell surface and in CEs, allowing the conclusion that the
C-terminal 3HA-tag does not interfere with expression, localization and trafficking into
CEs of the wt IL-2Ry. Furthermore, the negative control without the receptor displayed a
low background signal on the cell surface with trisNTA-A647 labelling and a homogenous
cytoplasmic distribution of JAKS3. All ECD mutants (S55Ab, S81Ab, S86Ab; Ab, AbK
modified) as well as the Box1 mutants E262Ab and P266Ab were properly expressed at
the cell surface and showed trafficking into CEs. On the other hand, the Box1 mutants
P269Ab, K272Ab and E275Ab localized on the membrane, but the formation of CEs was
suppressed. These findings confirm that the intact Box1 motif, especially the C-terminal

part, is important for CE formation.

A missing incorporation of AbK into the intracellular domain, by the termination of
translation, can lead to truncated receptor fragments with an intact ECD and a shortened
tail. This was not possible for mutations in the ECD, because the short protein fragments
are supposed to be degraded soon after their formation. As the truncated receptors may
interfere with experimental settings and results, such as the replacement of full-length

with truncated receptors in ligand induced receptor dimers, further analysis of the
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truncated receptor population is necessary. To address the question whether two

different receptor populations were expressed, one population ending at the amber stop

H,-IL-2Ry-TAG-3HA
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Figure 11.2.2: Expression without AbK of He-IL-2Ry-TAG-3HA mutants. To distinguish between the two
different populations of full-length and truncated receptors, HEK293T cells were transfected with
He-1L-2Ry-TAG-3HA mutants and JAK3-EGFP (green) and incubated with cell growth media lacking AbK.
The receptors were labelled N-terminally with trisNTA-A647 (red). Cells transfected with the wt receptor
showed CEs, whereas in cells with the ECD mutants membrane localized receptors and CEs were absent.
The Box1 motif mutants showed a membrane localization of a truncated receptor population which
JAK3-EGFP was not able to bind at. Scale bar: 11 um.

codon where AbK is incorporated and another population ending at the designated stop
codon of the open reading frame, experiments without the addition of AbK into the cell

growth media were performed. The cells were transfected with receptor DNA and
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JAK3-EGFP and were cultivated for 24 h in growth media in the absence of AbK. All
three ECD mutants showed JAK3-EGFP signal in the cytoplasm but receptor signal on
the membrane of cells was not detected, only the usual background of trisNAT-A647
showed up (Figure 11.2.2). All Box1 motif mutants of truncated He-tagged IL-2Ry were
localized in the cell membrane, representing one of the two receptor populations
expressed in the previous experiment with AbK supplemented in the growth media. This
result also showed that the CEs in the mutant E262Ab and P266Ab are only formed by
one receptor population, the full-length receptor with incorporated AbK. JAK3-EGFP was
not able to bind to the truncated receptor population. Moreover, the lack of AbK and the
two receptor populations confirm the results of the experiments with the truncated
receptor tail, in which the m25 - m5 mutants were located at the plasma membrane but

were not able to form CEs or recruit JAK3 to the membrane.

To distinguish between the two receptor populations, an IP approach to select the
full-length receptor with the C-terminal 3HA-tag was set up. Before an MS experiment
was performed with purified protein samples, a WB analysis was made. This fast analysis
method was used to optimize the IP assay ensuring a high protein concentration, which
is necessary for MS analysis. First, we tested different Hs-IL-2Ry-8HA and JAK3-EGFP
DNA ratios as well as the IP assay to increase the protein concentration. For this
purpose, HEK293T cells were transiently transfected, lysed after 24 h, concentrated with
IP for 3HA-affinity-tag and analysed by western blot (IL-2Rg ECD antibody and EGFP
antibody) (Figure 11.2.3). The WB analysis of the cell lysate showed a single band in all
transfected cells for each He-IL-2Ry-3HA and JAK3-EGFP (lanes 1 - 9). The wt receptors
lacking the 3HA-tag were located slightly beneath the other bands because of their
reduced molecular size (lanes 10 and 11). All 3HA-tag modified receptors were also
detected in the IP sample analysis, but the signal of the bands was not increased and
was inhomogeneous for all samples. In the IP analysis the wt receptor, in which the
3HA-tag is absent, lacks a signal band. The IP of the He-IL-2Ry-3HA and JAK3-EGFP
complex was not detected in the WB analysis, although JAK3-EGFP was present in the
cell lysate. This led to the conclusion that, in our experimental settings, the protein

complex was not stable enough to be co-immunoprecipitated and analysed. For further
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experiments, a DNA ratio of 1.5 pug He-IL-2Ry-3HA and 1.0 pg JAK3-EGFP as well as
1.5 pg AbK-tRNA synthetase/tRNAAK was used.

lane 1 2 3 4 56 6 7 8 9 101112

IL-2Ry |6 8 - -.---.-

IL-2Ry A I T IP
JAKS-EGFP (& & - - == = 5 o «= o ==
JAKSB-EGFP IP

H-IL-2Rg-BHA + + + + + + + + + w w -
DNA/ug o5 10 15 05 1.0 15 05 1.0 1.5 10 15 -

JAK3-EGFP + + + + + + + + + + + -

DNA/ug o5 05 05 10 1.0 1.0 15 15 1.5 1.0 1.0 -

Figure 11.2.3: Immunoprecipitation and western blot analysis of He-IlL-2Ry-3HA. To establish an IP
protocol, HEK293T cells were transfected with different DNA ratios of He-IL-2Ry or He-IL-2Ry-3HA and
JAKSB-EGFP. After the cell lysis and IP (3HA-affinity-tag) a WB analysis was made, which showed the protein
expression of the He-IL-2Ry-3HA constructs and JAK3-EGFP in all samples. The receptor signal after the IP
was inhomogeneous and an increased signal was only measured in some samples. The wt receptor lacking
the 3HA-tag was not increased and was located slightly beneath the other receptor bands due to its reduced
size. An IP and WB analysis of JAK3-EGFP bound to the receptor was not possible with our IP protocol.

In the following step, an IP with the TAG receptor mutants was made in order to
distinguish between the two He-IL-2Ry-TAG-3HA populations. For this reason, HEK293T
cells expressing the different mutants were analysed by WB as described earlier. Figure
11.2.4 shows the WB data with three different kinds of receptors: the full-length ECD
mutants (green box, lanes 1 - 3), the full-length Box1 motif mutants (blue box, lanes 4 - 8)
and the truncated Box1 motif mutants (red box, lanes 4 - 8) as well as two positive control
lanes with the wt receptor (lanes 9 and 10). The truncated Box1 motif mutants showed
a stepwise patterning on the membrane, which represents their different molecular sizes.

However, it was not possible to increase the full-length receptor population with IP. Only
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for the mutant E275Ab and the wt receptor samples an accumulation of the protein was
detected (Figure 11.2.4, orange box, lanes 8 - 10). The strong band in all lanes of the IP
data represents the heavy chain of a fragmented antibody, which was stained during the
immunostaining process. The WB data are consistent with the microscopy data
discussed before and confirm the expression of truncated receptor populations at the
membrane of living cells. The data also showed that the IP assay was not efficient
enough to accumulate full-length receptor. For this reason, we stopped the experiments
with the He-IL-2Ry-TAG-3HA and propose instead cross-linking experiments with JAK3

highly abundant in the cytoplasm and easier to handle in IP assays.
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Figure 11.2.4: Immunoprecipitation and western blot analysis of He-IL-2Ry-TAG-3HA mutants. Cells
expressing the different receptor mutants and JAK3-EGFP were analysed by WB before and after IP. Three
different receptor populations were detected: the full-length ECD (green box) and Box1 motif (blue box)
mutants as well as the truncated Box1 motif mutants (red box). The WB analysis of the IP showed an
increased protein concentration for E275Ab and the wt receptor. Furthermore, an unspecific signal in all
samples was generated by a contamination of an antibody heavy chain fragment in the IP experiment.
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IV Discussion and Outlook

The research of cell signalling pathways, especially their activation at the cell membrane,
is difficult and time consuming. However, covalent fluorescent labelled receptors in
combination with confocal microscopy are an excellent research tool to get a better
understanding of such complicated cell pathways. To overcome the problem of
site-specific covalent labelling, the previously reported method of GCE together with click
chemistry was used and quantified in detail. For this purpose, we optimized the
expression of the IL-4Ra by use of GCE and the uAA BCNK. To establish a convenient
protocol for covalent labelling and to address various biological problems, the efficiency
of the click reaction had to be analysed. For this reason, simple confocal imaging was
combined with in solution FCS to convert the fluorescence intensities into particle
numbers. First experiments of the labelling reaction between the strained alkyne of
BCNK and the tetrazine-dye constructs exhibited a clearly reduced labelling efficiency
with negligible background at the cell surfaces, which was analysed either by CRMI or
by single cell FCCS. Moreover, the data confirmed that the labelling efficiency was
depending both on the tetrazine-group used and the labelling concentration and time.
The uAA BCNK displayed a major side reaction with thiol containing biomolecules.
Titration experiments with IL-4-A647N confirmed that the quantification with the medium
throughput method CRMI was reliable and, in addition, that the receptor population at
the cell surface was accessible to fluorescent molecules. All IL-4Ra* mutants exhibited
a reduced ligand occupancy, whereas labelling-sites in the ligand binding pocket
(interaction effects) and near or on the activation loop (allosteric effects) were drastically
decreased. In a three-colour experiment, the allosteric mutants (E141B and E189B)
displayed a bimodal-shaped distribution for the ligand binding and the click labelling
efficiency. In the following step, the click labelling efficiency of the occupied and
non-occupied IL-4Ra* mutants was analysed. The click reaction showed a site-specific
behaviour with different mean values for the click labelling efficiency, with a higher value
for the D1-domain than the D2-domain. Moreover, a reduction of the efficiency in the
occupied receptor state was detected for all mutants, except S44B and E189B, which

represents a higher flexibility of these loops during ligand binding. The fluorescence
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lifetime data of the ligand binding exhibited a domain rearrangement of the D1- and
D2-domain around the linker region as well as a reorientation of the activation loop, which
may trigger the JAK/STAT pathway activation. At last, the cell surface lifetime of IL-4Ra
and its truncated version with and without EGFP-tag was measured. The data showed a
short lifetime at the cell surface for the full-length receptor but a very long one for the
truncated versions. Moreover, all receptor constructs measured were properly diffusing
on the cell membrane. These results indicate that the signal for trafficking and the
involved proteins bind between the full-length and truncated receptor tail. Nevertheless,

the involved proteins and their positions at the receptor tail remain unclear.

In a further project, we analysed the location of the JAK/STAT pathway activation in
experiments with the covalently modified IL-4-B ligand located in the Lo domains of a
phase separated SLB. With a positively charged SLB, a ligand dependent recruitment of
the IL-4Ra* and, in addition, the type 1 complex components, IL-2Ry and JAK3-tRFP,
were detected. However, the lifetime of the ligand SLB complex with NA was not stable

enough for experiments with cell membrane specific JAK/STAT pathway activation.

Covalent cross-linking by photo-activatable AbK in combination with MS should be
established to reveal important JAK/STAT pathway proteins responsible for trafficking
and signalling. First, two important regions of the receptor tail were identified for their
trafficking and endocytosis behaviour. IL-2Ry tail truncation studies showed that the AA
sequence between S286 - R306 (M35 and m45) was important for receptor JAK3
membrane localisation and CE formation, whereas the sequence between AA
L261 - S286 (m5 - m25) was only important for JAK3 binding. Different IL-2Ry ECD and
Box1 motif mutants, modified with photo-activatable AbK and a C-terminal 3HA-tag, were
expressed and were used to optimize an IP assay. The incorporation of AbK into the
Box1 motif of the full-length receptor showed two receptor populations, a full-length and
a truncated version. However, the IP of the receptor to concentrate the amount of protein

and the simultaneous co-precipitation of the associated JAK3 have never been achieved.
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12 Covalent click labelling of the IL-4Ra

In this thesis, the JAK/STAT pathway activation by the class I cytokine receptor IL-4Ra.,
with the help of covalent modifications of the pathway components, was analysed. One
advantage of the covalent fluorescence modification is that spatiotemporal analysis of
cell processes, without the risk of false signals, is possible. Labelling with fluorescent
probes such as trisNTA-A647 or IL-4-A647N is usually done under equilibrium conditions
to avoid dissociation. This approach often leads to problems, such as high background
signal in cellular compartments and on the glass surface of the imaging slide or the
restriction of the experimental setup. For example, receptor research with a fluorescently
labelled ligand is limited to the occupied structure, which may influence the receptor
behaviour and lead to incorrect results. Covalent click labelling reduces these
background problems by a fast labelling step combined with several washing steps and,
in addition, experiments with occupied and non-occupied receptors are possible.
Moreover, long-term experiments, such as single particle tracking, to investigate receptor
trafficking at the cell surface or their internalization pathways into the cell could be
performed. The combination of GCE and click chemistry not only allows the site-specific
labelling at various positions in the POI, it is also possible to use many different
fluorescent labels or even other functionalities to address all kinds of scientific questions.
Over the years, various studies showed in proof of principle experiments that protein
labelling with click reactions yield acceptable fluorescence signals on the POL.[112 113, 189]
However, only few publications used a systematic approach to optimize and quantify the
click labelling efficiency in live cell experiments. Most publications use WB assay to
analyse the click reaction.['® 1241 One disadvantage of this method is that the results are
not always compartment or protein specific, as the click labelling is often done in whole
cell lysates and, for example, not exclusively at the cell membrane. Moreover, only
fluorescence intensities are analysed by the WB method but particle numbers or
concentrations are not. Another approach is the comparison of fluorescence microscopy
data of the click reaction with another labelling technique, such as SNAP-tag or antibody
labelling, which are not quantitative analysis methods either.[2%0. 2011 A particle-based

quantification method is the fluorescence fluctuation analysis, in which the sample is
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imaged by a laser scanning unit and the intensity is correlated to result in a particle
number per pixel. With this method, the fluorescent IEDDAC labelling of different GPCRs
was analysed for its click labelling efficiency. Usage of the TCO* and
tetrazine-fluorophore system led to various efficiencies and quantitative labelling of the
clicked receptors was measured.['®! In our quantification method we used a two
measurements approach, in which confocal imaging and in solution FCS were combined.
The advantage of our method, compared to previously reported methods, is that the
calibration is made in solubilized fluorophores and not in cells.!'62 1631 Cell measurements
are more prone to errors, time consuming and difficult to handle. Calibration in solution
can be done within a couple of hours for three laser lines and, in addition, it offers a
quality control for the microscope. Even in experiments performed over a longer period
of time, at a confocal setup with lots of users or by use of different microscopes with
various laser intensities, imaging results can be easily compared. Moreover, reference
measurements with slow and time consuming FCCS showed similar results as CRMI.
Titration experiments with the well-defined biological system of IL-4Ra* and IL-4-A647N

also confirmed the superior performance of the CRMI method developed by our group.

Experiments with the GCE system showed an overall reduced expression level of all
IL-4Ra* mutants. It is important for proper segmentation that the intracellular
fluorescence signal, caused by receptors stuck in the expression machinery, is as low
as possible, otherwise a false positive signal is segmented by the automated ImageJ
plug-in. Therefore, we started our GCE expression experiments with the weaker
expressing SV40 viral promoter. None of the tested mutants showed acceptable
expression level, confirming that, for GCE, a strong promoter such as CMV is necessary.
However, the system could not be improved for high expression levels but showed
comparable protein levels similar to the IL-12Ra system expressed previously with the
same system.!'?4 Moreover, the GCE system proved to be very selective for the
site-specifically incorporated TAG stop codon, as labelling experiments with the GCE
system but without a stop codon led to a neglectable background labelling. In studies
published recently, the expression levels could either be increased by an optimized tRNA
or by coupling of the tRNA synthetase to a nuclear export signal (NES), because the

localization of the tRNA synthetase in the cytoplasm increases the expression level of
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the POL.202. 2031 Another study optimized the expression levels by engineering the
intracellular eukaryotic peptide chain release factor subunit 1 (eRF1), which is important
to stop the translation at the three natural stop codons.?%4 It is also crucial that the simple
things like the cell line, the DNA ratio, the transfection reagent and the incubation time in
uAA are optimized for the specific experimental setup, as it was done in our project.!86l
In addition, the titration of the BCNK concentration showed that the levels of receptor
expression can be regulated very easily. A similar concentration range was previously
shown.['19. 18] This approach could be used to lower the expression levels in regions
where single molecule methods operate. These methods are often limited because of
too high expression levels when transient transfections are used. Furthermore, the
different mutants, which were chosen depending on their position in the structure and
their water surface accessibility, showed a huge variation in expression. Similar results
for other proteins were also communicated by other groups leading to the conclusion
that it is crucial to screen a mutant library for the expression levels at the beginning of a

new labelling project.[189. 190]

Our first experiments of the click reaction showed that the charge of the fluorescent dye
is important for the unspecific uptake and intracellular background of the tetrazine-dye
construct. Since positively charged tetrazine-dye constructs were internalized in high
quantity, only negatively charged fluorophore were used to label the IL-4Ra* ECD. Minor
influences were detected for the tetrazine groups, which all showed a low internalization
rate, with tet1 showing the lowest.['2 1351 On the other hand, the reactivity and hence the
click labelling efficiency are strongly influenced by the tetrazine-groups. Click labelling
efficiencies that were measured at the membrane of living cells followed the order of tet2,

tet1 and tet3, representing the lowest efficiency and were in line with previous literature,
100.[135. 205]

For the labelling reaction itself, the chosen tetrazine-dye concentration range was similar
to results previously described in literature.l'8. 190 Nevertheless, the concentration
dependent click labelling efficiency as well as the kinetic of the labelling reaction at the
membrane of living cells did not correspond with the results of in solution labelling with
purified proteins.['2 2081 Qur results showed a non-linear behaviour of the click labelling

efficiency at increased tetrazine-dye concentrations. This may be caused by exclude
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volume effects and electrostatic repulsion of the double negatively charged A568-tet1 or
by the spatial orientation of the reactive groups at the cell surface. The kinetic data were
interpreted as a two-step mechanism: first, a fast reaction taking place in the near
surroundings of the cell surface and, second, a slow diffusion-controlled step leading two
a flat slope. It may also be possible that a self-inhibition by the accumulation of
tetrazine-dye conjugate at the cell surface interferes with the kinetic. The small increase
of click labelling efficiency after temperature increase confirms the diffusion-controlled
reaction model and showed that the whole receptor population on the membrane is
accessible. Although the click labelling efficiency was reduced, the labelling reaction of

the IL-4Ro* ECD was highly reproducible over more than one year.

Previous studies suggested showed that the strained triple bond can undergo an addition
reaction with H>O under acidic conditions.l207. 2081 The formed ketone product is
unreactive to the tetrazine-group. This small change in the reactive group of BCNK is
probably not recognized by the BCNK-synthetase so that unreactive BCNK modified
receptors are expressed at the surface of HEK293T cells. The EGFP signal of these
unreactive receptors would lead to a reduced labelling efficiency. Nevertheless, this
small unreactive receptor population itself could not explain the low labelling efficiency
of the click system. Further addition reactions with thiol groups, in various oxidation
forms, which interact with the strained triple bond of the BCNK molecule, were reported.
For example, the glutathione cysteine, sulfenic acid or persulfides react with the
BCN-group.[191.192,2091 Moreover, the reactions between free thiol groups and the strained
triple bond can spontaneously react or be catalysed under basic conditions.[20. 211]
Similar reactions are also possible either in the cell growth media, which contains an
undefined protein mixture when supplemented with FBS (contains glutathione), or BCNK
reacts intracellularly alongside the secretory pathway with various proteins.['9% However,
BCNK did not interact with the thiol groups of the incorporated cysteines of IL-4Ra*,
which are located either in the D1-domain forming disulfide bridges or with a single
cysteine near the ligand binding pocket, when supplemented within the growth medium.
The missing interaction was proved by a titration experiment, with cells incubated with

or without BCNK, which displayed the same signal behaviour.
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13 IL-4Ra activation by its ligand IL-4

The BCNK modification leads to an overall reduction of the ligand binding. Especially in
the binding pocket, the AA exchange to a BCNK leads to exactly the same results as the
ones measured before in vivo by alanine screening and surface plasmon resonance
spectroscopy.”3 However, with our approach of GCE in combination with CRMI in vitro,
ligand binding could be analysed in order to measure kinetic data such as the Ky at the
membrane surface of living cells. Moreover, proper ligand binding offers an effective and
diagnostically conclusive result for proper receptor expression, localization and
functionality. Therefore, an assay with easy handling for ligand binding studies would be
a major advantage and would allow a fast screening of whole receptor mutant libraries.
Receptor distributions of all mutants were measured under IL-4-A647N equilibrium
conditions and resulted in a Gaussian-shaped normal distribution, whereas mutations in
or near the activation loop were bimodally shaped. The bimodal distribution shape of the
two mutants E141B and E189B changed during incubation at different concentration
levels of ligand. This change seemed to be caused by the different affinities of the
receptor populations. However, a differentiation between folded, partially folded and
unfolded receptors is not possible by confocal microscopy. The bimodal distribution of
the click labelling efficiency data gained from the three-colour experiment confirms the
different receptor populations of the activation loop mutants, which are located at the cell
membrane. Previously, a molecular switch was proposed for this region in the prolactin
receptor.l'8] Moreover, the increased structural flexibility of this loop highlights the
potential transmission function between the ligand binding hotspot Y183 at the apex of
the loop and the C-terminal transmembrane domain.l3® The L2-loop in the binding
pocket of the receptor is another flexible region. This unpolar region shows a certain
flexibility in all IL-4Ra. crystal structures available. The flexibility of the loop as well as a
backfolding of the BCNK head group in the hydrophobic core of the loop may lead to an
increased click efficiency after ligand binding. The SPAAC reaction with a strained DBCO
and an azide containing uAA also showed that the microenvironment of a protein is an
important factor for proper reaction.?'?2l The comparison of the click labelling efficiency of

the occupied and non-occupied IL-4Ra* displayed a common decrease of labelling for
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the click reaction in the occupied structure. Therefore, a structural rearrangement of the
receptor during ligand binding was proposed, which ended up in a more compact and
stiffer ligand bound form. The reduced click efficiency in the D2-domain seems to be
caused by the membrane proximity of the mutant positions. Previous literature indicates
that the IEDDAC reaction rate is much faster in water than in unpolar solvents.['49 A
similar reaction behaviour at the water-membrane interface, with a polar region at the
top of the receptor and an unpolar region near the membrane, was suggested by our
approach.’?'8l The click and CRMI approach allows structural insights in the dynamic
properties of transmembrane receptor at the cell surface. To further test our system,
receptor or protein constructs with known crystal structure and rearrangement behaviour
should be tested or dynamic computer modelling should be performed. Further
experiments with the viscosity sensor Cy3-tet2 confirmed a possible activation
mechanism by a domain movement in the activation loop. Moreover, a huge lifetime
variation in the linker region between the D1- and D2- domain during ligand binding was
detected, which supports the model of a rearrangement process during ligand binding.
Nevertheless, the kind and direction of the rearrangement could not be analysed with
our experimental setup. However, it seems that the D2-domain stays perpendicular on
the plasma membrane and that the D1-domain performs a search-like rotation
mechanism. Similar rotation and scissor-like domain movements were already described
before, but the analysis of such small structural variations remains difficult.[63 6469 Even
crystal structures of occupied and non-occupied receptors show only small variations.
But crystal structures are only a short snapshot of the receptor dynamics in a solution
environment and may not represent the receptor behaviour bound to the membrane of

living cells.

Previous publications showed that the half-life of membrane proteins in eukaryotic cells
range between a couple of minutes up to 100 h.[24 2151 |n that broad time range, the
endocytosis of cytokine receptors is located at the very beginning with half-lives between
approximately 5 min to 24 h.[2162201 The |L-4R type 1 complex of IL-4Ra., IL-2Ry and a
radioactive ligand '251-IL-4 show a membrane surface half-life of about 5 - 10 min and a
maximal plateau of approximately 20 min. The same half-life was also detected for the

single IL-4Ra leading to the conclusion that the endocytosis process is independent of
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IL-2Ry.l2211 Further experiments with the fluorescence tagged IL-4R type 1 components
showed similar half-lives for the ligand independent internalization into CEs of about
8.5 min for IL-4Ra and 6.6 min for IL-2Ry.?% In experiments with our clicked full-length
receptor we obtained slightly higher results with a receptor surface half-life of 40 min.
The reduced internalization rate of the truncated receptor constructs supports our
conclusion that the intracellular tail of the receptor controls the trafficking behaviour.
Further kinetic studies could be performed with our approach. For example, the
membrane half-life of the other IL-4R components or the recycling rate of the receptors,
while using a quenchable system, could be determined. Previously, a similar labelling
approach was used to analyse the protein turnover by the example of IL-12Ra.['24 In this
earlier approach, a click labelling pulse was set and the whole cells were analysed by
WB analysis, whereas in our approach, the specific position of the POl in the cell can be

analysed by confocal microscopy.

14 JAK/STAT pathway activation from the membrane

Our experiments with phase separated SLBs proved to be very difficult because the
membrane is very sensitive and quickly disrupts. Different buffer conditions and cell
numbers were tested before the main experiments were performed. Moreover, a
deformation of the membrane and the Lo domains, caused by the cells, was detected.
Nevertheless, experiments with the phase separated SLB showed the localisation of the
type 1 IL-4R complex in the ligand occupied Lo domain. However, overexpression of all
the IL-4R components was necessary. To investigate the JAK/STAT pathway activation
at a native receptor expression, starved HelLa cells transfected only with STAT6 as
activation readout were incubated on a ligand presenting SLB. Control experiments
showed that the complex of lipid, NA and IL-4-B was not stable for a longer period of
time. For this reason, we switched to the previously reported streptavidin mutant TA.[1%.
1991 This mutant shows a longer half-life for the protein complex, but is only commercially
available as a He-tag containing protein. As the Hs-tag interfered with our improved

labelling protocol with the trisNTA-A647 fluorophore construct, the purification of a
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tag-free variant was tried but was not successful. For this reason, we suggest to use click
chemistry instead of trisNAT-A647 labelling to generate fluorescent protein label free
receptor variants. Natural activation conditions with freely defusing transmembrane
receptors and ligands are in general not possible to initiate with our system or with similar
systems described before, which used covalent attachment of ligand and receptor
constructs to the glass surface by Halo-tag binding. 58 59 Therefore, the question
whether JAK/STAT pathway activation can occur from the outer plasma membrane could
not be answered and remains unclear. However, the approach of SLB bound ligand
might be used to confirm the recruitment of downstream signalling components such as
Rac1 and Pak1 or new factors might be discovered by co-localisation studies. Moreover,
the quantification of the receptor system by calibrated imaging may help to understand
the protein composition and ratios which are necessary for the JAK/STAT pathway

activation at the surface of living cells.

We further investigated the pathway activation by screening different intracellular
truncation mutants of IL-2Ry to detect important regions for endocytosis. Different
splicing forms and single AA polymorphism in the intracellular tail of the IL-2Ry were
previously reported and connected to (X)-SCID, confirming the importance of that region
for receptor trafficking and signalling.l??? Although all receptors are expressed at the cell
surface, a precise differentiation of important receptor regions is possible. The tail region
between R306 and the C-terminal end has no influence at all on the receptor. AAs
between S286 and R306 are important for CE formation whereas the region between
the TMD and S286 is decisive for JAK3 binding. Similar truncation mutant experiments
have already been done in our lab showing the same important tail regions for trafficking
and JAK3 binding.®'l Rescue experiments with preformed CEs led to the trafficking of
the truncated receptors into CEs. These results confirm that the formation of CEs and
the trafficking into the CEs are differently regulated processes. One possible interaction
candidate is the guanine-nucleotide-exchange factor (GEF) Vav2, which colocalises in
CEs.B% To identify further interaction partners, cross-linking with a photo-activatable uAA
in combination with MS was planned. An IP assay was set up to concentrate the IL-2Ry
for MS. The purification of membrane proteins is known to be difficult, because the cell

lysis and the separation of the protein from the membrane parts are hard to accomplish.
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Most often, the receptors are lost during the centrifugation step in bigger membrane
patches, which leads to a drastic reduction of the receptor concentration in the
supernatant. In addition, hydrophobic parts of the protein are prone to stick to surfaces
and, thus, also reduce the concentration. For this reason, different lysis buffers,
supplemented with the detergents NP-40 or triton X-100, and incubation times were
tested. However, a sufficient receptor concentration has never been achieved, although
an IP was used to concentrate the receptor. Moreover, the receptor expression with GCE
led to two receptor populations at the surface of living cells, a full-length receptor and a
truncated one, which ended at the TAG stop codon. A similar expression is also possible
for the ECD mutants, but the short polypeptides are degraded whereas receptor peptides
with a TMD are already incorporated in the membrane and fast degradation is not

possible anymore.

In conclusion, the covalent fluorescence labelling of the IL-4R system revealed not only
a receptor rearrangement during ligand binding but the membrane half-lives of the
occupied and non-occupied full-length receptors were also obtained. Moreover, the
recruitment of the type 1 receptor complex at the membrane of living cells, by a SLB
surface bound IL-4 ligand, was confirmed. Experiments with truncated IL-2Ry exhibited
receptor tail regions which are important for trafficking or JAK3 binding. These diverse
results display the broad applicability and the convincing advantages of covalent protein

modification.
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VI Appendix

15 Chemicals

o N=N
HN Jl\o/\)k
HoN COOH
AbK

Alexab568-tet1

Alexa568-COOH

SO; 805 ¢

Alexa488-tet2

ATTO488-COOH

144



APPENDIX

o)
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HO o 0
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16 Protein sequences

Selected representations of important DNA/protein constructs used in this study:

IL-4 (N38C, F82D)

MHKCDITLQEIIKTLNSLTEQKTLCTELTVTDIFAASKCTTEKETFCRAA
1] T 10] T 20] T 301 T a0 T 50

Initial methionine for translation (+1aa) 'N38C'

TVLRQFYSHHEKDTRCLGATAQQFHRHKQLIRDLKRLDRNLWGLAGLNSC
60| ! 701 ! sol ! sol ! 100]

'F82D"

PVKEANQSTLENFLERLKTIMREKYSKCSS
! 110] ! 120] T 130l
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