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Introduction

1.1. Overview

111 STATs

Communication is one of the fundamental premises of life and occurs by sensing
signals from within or outside of cells and subsequent processing of these signals. Such
events are observed in both prokaryotes and eukaryotes. Multi-cellular organisms have
to coordinate a large number of physiological functions such as cell proliferation,
differentiation, response to external stimuli, which are orchestrated by complex
mechanisms known as a signal transduction cascades. There are several proteins,
peptides and small molecules that carry out cell-cell communications, for as cytokines.
Cytokines comprise a large number of peptides secreted by a variety of cells and
regulating events such as cell growth, development, neuronal, hemapoietic and
embryonic development of an organism, inflammatory processes and immune response

thus, they are of considerable medical importance.

Many of these molecules and their cognate receptors were functionally and genetically
characterized during the 1980s'. Cytokines are ligands for membrane bound receptors
which then transmit intracellular signals via second messengers to alter gene
expression levels. The known cytokines include interleukins (ILs)? type 1 interferons
(eg. IFN-a, IFN-B, IFN-w)? and type 2 interferons e.g. IFN-y, TGF-B family, chemotactic
factors and growth factors which have sub families®. The cytokine receptors are
transmembrane proteins with extracellular ligand binding motifs. The active form of
cytokine receptors is composed of homo-dimers, hetero-dimers, trimers or higher
oligomers. The vast majority of the receptors are hetero oligomers where one subunit is
shared among different ligands. This structural similarity allows cytokines receptors to
recognize and respond to more than one ligand, which is the basis for high cross-

reactivity and redundancy.

Over the past decade, research has clarified how cytokines transmit signals via

pathways using the cytoplasmic Protein Tyrosine Kinases (PTKs), Janus Kinases (JAK)
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and the Signal Transducer and Activator of Transcription (STAT) proteins. The study of
cytokines led to the identification of Signal transducer and activators of transcription
(STAT) in 1990s initially known as ligand induced transcription factors®®. STAT and JAK
proteins are central components in the signal transduction events in hematopoetic and

epithelial cells.

The human STATs genes (STATL, STAT2, STAT3, STAT4, STAT5A, STAT5B and
STAT6) have been identified in three chromosomal clusters on chromosomes 2, 12 and

17 "8, Table (figure 1.1) shows various cytokines responsible for STAT activation.

STATs Total no. of Cytokines Phosphorylation
amino acids (Ligands) site
STAT1 750 IFNs, IL-6, EGF 701
STAT2 851 IFNs 689
STAT3 770 IL-6, IL-10, LIF, OM, C- 705
T1, G-TFS, Leptin, EGF
STAT4 748 IL-12, IFN 722
STAT5A 734 PRL, GH, EPO 694
STAT5B 734 PRL, GH, EPO 694
STAT6 848 IL-4, IL-13 641
Figure 1.1: Table of STATs and their respective ligands and phosphorylation site.

EGF: epidermal growth factor; LIF: leukemia inhibitory factor; CNTF: ciliary neurotrophic factor; OM:
oncostatin M; CT-1: cardiotrophin-1; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-

macrophage colony stimulating factor; Epo: erythropoietin, PRL: prolactin

STATs play a regulatory role in the development and differentiation of T-cells, during
inflammations, apoptosis and oncogenesis®*®. Due to their involvement in different
diseases STATs have gained momentum as potential pharmaceutical targets. STAT1
and STAT2 were discovered as parts of the IFN signaling pathways. The generation of

STAT1 knockout mice confirmed that IFN-a and IFN-y induced expression of a wide

2
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range of proteins such as Major Histocompatibility Complex (MHC) class Il protein,
interferon regulatory factor-1 (IRF-1), guanylate-binding protein 1 (GBP-1), the MHC
class Il transactivating protein (CIITA), and the complement protein C3. They were
absent or diminished in STAT1 knockout mice. These mice were defective in IFN
dependent immune responses to both viral and microbial agents. Biochemical studies
demonstrated that these mice failed to induce transcription of STATL1 target genes in

response to IFN-a and IFN-y**.

STAT218 has 78% homology to STATL and differs only in its carboxy terminal region.
STAT2 is activated by type 1 IFNs and plays a role in promoting antiviral immune
responses. STAT3*!? is activated by IL-6 and is found in active murine and human
tumor cells. STAT4%%?! is activated by IL-12 and IFN cytokines and plays a critical role
in the development of Thl cells which is associated with rheumatoid arthritis disease.
STAT5A and STATSB share 96% similarity. They are activated by prolactin, growth
hormone (GH) and erythropoietin (EPO) and can be found in all tissues. STATS5 is also

found in cancer cells, similar to STAT3%%%3,

STAT6?*% is activated by interleukin (IL) -4 and -13 cytokines. IL-4?%?" plays a crucial
role in stimulating T-cells using STAT6 as the signaling protein, which promotes Th2 cell
differentiation and induces the expression of basal cell lymphoma-extra large
(Bcl2L1/Bcl-x1)?2% proteins. The Bcl-xI gene which contains a STAT6 binding motif
regulates the apoptotic and autophagic cell death pathway. STAT6 is found to be
activated in Th2 cell, although STAT6 is present in Thl and Th2 cell types. STAT6
defficient mice showed profound defects in their ability to develop Th2 cells. STAT6

activation has been connected to breast cancer and chronic diseases such as asthma®"
33

1.1.2 Structure of STATs

STATs are large proteins (85 -115 kDa) existing in the cytoplasm in their monomeric

inactive state and as active dimers in the nucleus. As parts of signal transduction
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cascades, they are multi domain proteins, which enable them to carry out a variety of
functions. STAT1 and STAT3 structural features were first reported by Chen et. al®.
and Becker et el in 1998%. Sequence comparison of these STATs has led to the
identification of several well-conserved domains; the protein consists of an SH2 domain
which is highly conserved. Carboxyl terminal to this domain is the tyrosine that becomes
activated by phosphorylation in response to ligands (cytokine, epidermal growth factors,
peptides) (figure 1.1) and subsequently mediates dimerization providing protein-protein
interaction sites in SH2 domain that is required to form homo-dimers or hetero-dimers
between two phosphorylated STAT monomers® (figure 1.2, A). Another conserved
domain, separated by ~80 amino acids from the amino terminus, is the DNA binding
domain helping also for protein-protein interactions during dimerization. The coiled-
coiled domain does not participate during the dimerization of STATs. The crucial
process of dimerization and STATs back and forth migration from cytoplasm to the

nucleus during signal transduction is still poorly understood.

The structure of an activated STAT1 (aa 132 - 713, MW = 67.3 kDa), crystallized with
an 18-mer duplex DNA containing a binding site for one STAT-1 dimer was determined
at 2.9 A resolution was first shown by Chen et. al. in 1998 (figure 1.2, A). The structure
consists of four tandem domains such as coiled-coil domain as the first domain (aa 136
- 317) consists of four long helices (a1 - 4), the DNA-binding domain follows next (aa
318-488) and contains an immunoglobulin-type fold. The next domain links the DNA-
binding domain to the SH2 domain, called as linker domain (aa 488 - 576). The SH2
domain (aa 577 - 683) is at the C-terminal end of the core structural unit. The C-terminal

01 and is connected to the SH2

tail segment (aa 700 - 708) is phosphorylated on Tyr
domain by a flexible linker of 17 residues. The coiled-coiled domain of STATs ranges
between residues 130 and 315 consists of a four-stranded helical coiled-coiled domain.
This domain associates with a number of potentially important IFN regulatory factors

(IRF)-9%7,
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s' SH2 domain

}’ n' Linker domain
; ety

01
N

4 Coiled-coil
“,domain

Dimer of STAT1

in [DNA binding domain TAD FOH

Domains of STAT6

641

Figure 1.2: Structure of STAT1
A: Crystal structure of STAT1 phosphorylated dimer solved by Chen et. al. in 1998 indicating the different
domains. B: Domain organization of STAT6.

The two coiled-coil domains project outward from the C-shaped core in opposite
directions and is not involved in the interactions with the DNA or with the other
monomer in the dimer. It has four a-helices, two long ones (a 1 and a 2, 50 residues
each) and two shorter ones (a 3 and a 4, 32 and 23 residues, respectively). The coiled-
coil domain is followed by a DNA-binding domain from amino acids 320 to 475. It is
structurally very similar to the immunoglobulin-like DNA-binding domain. Moreover, a
DNA-binding fold between residues 320 and 490 contains several 3-sheets that are
folded similarly to those found in the DNA-binding domains of the transcription factors

NF-kB*? or p53%. The B strands in the domain mainly run parallel to the major axis of

5
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the domain, and this axis is oriented perpendicular to the direction of the DNA axis. This

binding domain determines the DNA-binding specificity for each STAT protein®®.

The linker domain links the DNA binding domain with the SRC- homology-2 (SH2)
domain. The SH2 domain consists of amino acid residues 600 to 700. Itis required for
the recruitment of unphosphorylated STATs to the phosphorylated residue of the
receptor tail which occurs through the interaction of the SH2 domain on the STAT with
the phosphorylated tyrosine present on the docking site of the receptor. Further due to
reciprocal SH2-phosphotyrosine interaction between two monomeric STATs, dimers are
formed®. The differences in the STAT SH2 domain bring about the selectivity of the
STAT protein-binding to the different cytokine receptors. The last domain is the
transactivation domain (TAD) which is the largest part (aa ~350-750) of the STAT and is
involved in transcription of gene in the nucleus in addition to translocation of STAT to

the cytoplasm from the nucleus after transcription is completed.

1.1.3 Activation mechanism of STATs

The STAT proteins receive signals from receptor domains located in the cytoplasm and
transmit these signals to the nucleus. This occurs by passing of STATs through the
nuclear membrane to functionally link extracellular signals with the promoters of
cytokine-responsive genes. In the cytoplasm, STATs exits in an unphosphorylated
monomeric state and translocate to the nucleus in their active homo or heterodimeric
phosphorylated form. STAT proteins become activated by means of a variety of soluble
factors, such as cytokines, growth factors, and hormones. STATs are phosphorylated

on Tyr at their C-terminal domain which is catalyzed by JAK*%4%,

JAKSs are important intracellular protein tyrosine kinases (PTKs). In mammals, the JAK
family has four members, JAK1, JAK2, JAK3 and Tyrosine kinase 2 (Tyk2). They are
very large proteins of 120 - 140 kDa containing ~1,100 amino acids. JAKs contain

several characteristic domains named JAK homo domain-1 (JH1) immediately adjacent
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JH4
JH7 | JH6 |JH5 ’ |JH3 | JH2 | JH1
o | | |
N'[ FERM SH2  —| PSEUDOKINASE KINASE LOH
L I
Figure 1.3: Domains of Janus Kinase (JAK)

to a kinase-like domain (JH2), and five additional JAK homology domains (JH3-JH7).
The N-terminal domain contains a FERM (four point one, ezerin, radixin, moesin)
domain (JH7-6) which is useful for catalytic activity by binding with the common y chain
(Yc) a shared subunit of transmembrane proteins like cytokine receptors for interleukin
(L) 2, 4,7,9, and 15 *** (figure 1.3).

The canonical signaling cascade of JAK-STAT pathway is initiated when a ligand
interacts with two independent cytokine receptor chains, thereby promoting receptor

447 This leads to the activation of JAK and cross activation of the

dimerization
neighboring kinases, which is believed to be associated with the cytoplasmic tails of the
cytokine receptors. Activation of JAK may take place in the homo dimeric or hetero
oligomeric cytokine receptor complexes. Once active, JAK phosphorylates certain
tyrosine residues on the receptor, which generates docking sites for STAT monomers.
Monomeric STAT present in the cytoplasm binds to these docking sites on the receptor
tail through the C-terminal tail of STAT which has a phosphotyrosine binding domain
known as the SH2 domain*®. Having bound to the phosphotyrosine on the receptor, the
STATSs themselves become phosphorylated on Tyr residues, which enable them to form
homo or hetero dimers*®. The STAT proteins are activated by tyrosine phosphorylation
and this modification serves as a molecular switch to allow binding to its recognized
GAS-DNA. The active STAT dimers translocate rapidly to the nucleus, where they
activate or repress the expression of target genes by binding with the promoter region of
cytokines and thereby transcribing the responsive genes®. Since STAT6 is the main

topic in this thesis the activation scheme shown below is explained by using STAT6 as
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a model®*

(figure 1.4). STATG6, similar to other STATSs, receive and carry transducer
signal from their respective cytokines and upon activation by JAKs forms dimer and
migrates to the nucleus where they bind to the promoter region of interleukin’s and
transcribe genes responsive to their signals. This field is of great interest in

pharmaceutical companies for which STATS receive great significance.

Ligand

IL-4 receptor

Plasma membrane

Cytoplasm

STATE 8
P %

|

P

STATG §), !E'

S
b

Nucleus

Figure 1.4: Scheme describing JAK-STAT6 pathway.
Cytokine ligands such as IL-4 specific for STAT6 bind to its receptor IL-4R activating JAK, which
phosphorylates monomeric STAT6 from the cytosol. Upon phosphorylation, STAT6 dimerizes and

migrates to nucleus and binds to its specific GAS-DNA to induce transcription of specific genes.

Therefore, nuclear localization is very crucial for STATs. However, STATs are
structurally and functionally similar but their localization is distinctly regulated. Nuclear

localization signals (NLSs)®? and nuclear export signals (NESs) are recognized by
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amino acid sequences on STATs. These signals for import and export of STATs from
nucleus to cytoplasm work on post-translation modifications on STATs or their
interactions with other proteins, and can alter the conformation of the protein thereby
varying its localization. Dephosphorylation of STATs can occur by many phosphatases
such as SH2 domain-containing tyrosine phosphatase 1 (SHP1), SHP2, protein tyrosine
phosphatase 1B (PTP1B) and others. STATs interact with the specific cofactors to
mediate the specificity of their promoters®. DNA binding ability of STATs is responsible
for gene expression. This mechanism is not fully understood for STATSs. Itis only known
that STATs bind the Gamma-activated sequence (GAS) motif whose consensus

sequence is TTC (N)2.4 GAA with N denoting any nucleotide.>*>®

The inhibition of STAT dimerization in a cellular context is regulated by cytokine-
inducible SH2-containing protein (CIS), suppressor of cytokine signaling (SOCS)>*®,
JAK binding protein (JAB), STAT-induced STAT inhibitor (SSI), protein inhibitor of
activated STAT (PIAS)®?, by phosphatases, or by protein degradation via the ubiquitin-
proteosome pathway. Direct targeting of STAT domains is of great interest in molecular
therapies that can directly inhibit the dimerization of STAT and modulate the interaction
of STAT with other proteins. From a pharmaceutical point of view, STATs are very
attractive targets since the lack of responsiveness and resistance to existing drugs,
delivery problems and manufacturing costs make the search for new anti-inflammatory
agents necessary. As STATs possesses transcriptional activity only after dimerization,
hence blocking of this event can prevent the STAT mediated transcription of STAT
target genes. Peptidomics have been used to achieve inhibition of STAT3activity in

tumor cells by using S31-201 as an inhibitor®®*,

114 STAT6

Work in this thesis has been performed solely on STAT6 which has similar domains as
STAT1 (figure 1.2, B). However, no 3-D structure of STATG6 is available until now. The
only information obtainable was from NMR studies which have been carried out to show

its interaction with NF-Kappa R®>®". Tyr®*! is the crucial phosphorylation site in STATS6,
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present in the C-terminal region of the TAD. STAT6% " mediates a multitude of action
produced from the signal of interleukins (IL-4 and -13) which are relevant to
pathogenesis of allegoric disease, airway hyper responsiveness (AHR), esinophilic

71,72

inflammation’*’?, mucus production of late phase allergic responses of mast cells”?,

415 (figure 1.5).

—_—) ——» Mucus

( :) \‘ Epithelium
\”
l \ Smooth Muscle \
— Airway
PE0 hyperresponsiveness

% o 7
s
S:e

Macrophage Eosinophil

Dendritic cell
l TGF-{N

Subepithelial fibrosis

Inflammation

Figure 1.5: Interleukin (IL-4) and Interleukin (IL-13) responsive dieases’®.
IL-4/13 affects various cells such as dendritic cells causing inflammation, esonophil and macrophages

through TGF-B causing sub epithelial fibrosis, smooth muscle epithelial cells causing airway hyper
responsiveness.

STAT6 is also found in cancerous cells’’”"®

and hence is a good target for molecular
cancer therapy. Phosphorylated STAT6 has been found in patient samples isolated
from prostrate cancer tissues, Hodgkin lymphomas®®. The mechanism that leads to
increase in STAT6 activation in tumors is still not very clear hence more knowledge has

to be gained atits molecular level.

There are four naturally occurring isoforms of STAT6 (STAT6a, STAT6b, STAT6Cc and
STAT6d) which compete with the STAT6 signaling. The phosphorylation and

82,83

dephosphorylation of STAT6 at Tyr®*! has been studied in many cell based

experiments. IL-4 binding to its IL-4Ra receptor and IL-13 binding to its IL-13Ra1 and

10
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IL-13R0o2 causes many phosphorylation events in the cell by which JAK1 and JAKS3
(both JAK linked with IL-4Ra) are phosphorylated as explained above (section 1.1.3)
leading STAT6 to phosphorylate and dimerize. This is a key event as STAT6 upon
dimerization carries the signal from cytokines (IL-4 and -13) to the nucleus and
transcribes the specific genes which are responsible for fatal diseases such as cancer
and inflammatory diseases such as asthma (figure 1.4). There are still unanswered
guestions about the STAT6 nuclear import and export and the significance of their post-
translational modifications on C-terminus. Hence, in this thesis a light switchable system
that allows to turn STAT6 dimerization (as an activation process) was constructed by

combining chemical and biochemical strategies.

1.2. Chemical protein synthesis

To study bioactive proteins means to control, at the molecular level, the mechanisms
and principles governing their structural and functional properties. In order to investigate
bioactive proteins it is necessary to obtain large amount of material to work with, hence
various methods to obtain native proteins such as natural sources, heterologous
expression and chemical methods were introduced. Obtaining proteins in native state
directly from the organism or organs is the most desirable option but the disadvantage
of this system is that obtaining an organism of choice and organ with high expression
level is rather expensive, difficult and there is no scope of performing any desired
modifications to study the proteins. Next choice is heterologous expression where
protein can be synthesized in high yield for which a host organism such as bacterial
cells, yeast cells or higher eukaryotic cells (mammalian cells and insect cells) has to be
selected. Expression of engineered proteins in such cells is well understood but it is
extremely difficult with standard expression techniques to generate proteins with desired
site-specific modifications or post translational modifications (PTMs)® such as to
incorporate unnatural amino acids, small fluorescent molecules, pegylations and
glycosylations into the protein chain to understand the structure and function of the

protein.

11
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Chemical synthesis has opened new areas to synthesize proteins in large quantities
with high purity. Organic synthesis has helped in generating natural amino acids which
can be combined together as per the desired sequence of a peptide from C-terminus to
N-terminus by a method known as solid phase peptide synthesis (SPPS)®>%,
Automated SPPS first introduced by Merrifield increased the speed and efficiency of the
peptide synthesis. The SPPS method was a major breakthrough in peptide science,
which enabled us to obtain proteins or peptides in higher vyield facilitating the
understanding of protein-protein interactions and cellular networking on a deeper level
by using chemical modification. Peptides are normally synthesized from C- to N-
terminus which is opposite to the natural protein synthesis. To synthesize short peptides
via SPPS requires a-protecting amino group which is either base sensitive 9-
fluorenylmethyloxycarbonyl (Fmoc) or acid sensitive tert-butoxycarbonyl (Boc). On
cleavage of Fmoc and Boc groups next protected amino acid with an activated carboxyl
group can be coupled to the unprotected resin bound amine. Boc methodology requires
HF for final cleavage and release of peptides, which is extremely toxic and not well
situated for phospho and glycopeptides whereas Fmoc methodology is an attractive tool
to generate these chemically sensitive peptides. Short peptides can be joined together
to generate large proteins ~50 kDa by methods such as native chemical ligation (NCL)

|91

introduced by Dawson et. al.”* and chemoselective ligation strategies.

1.2.1. Native chemical ligation

Native chemical ligation (NCL)% chemistry involves a chemoselective reaction
between a peptide carrying C-terminal thioester (a-COSR) and a second peptide or
protein with N-terminal Cysteine residue. An initial transthioesterification reaction
followed by a spontaneous intramolecular S—N acyl transfer generates the desired full
length peptide with a native peptide bond, which upon successful folding gives the

native protein or protein domains (figure 1.6).

The ligation can be carried out in agqueous conditions in the absence or presence of

chaotropes such as 6M Guanidine HCI| between two unprotected peptide fragments®"%.

12
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To prevent the thiol of the N-terminal Cysteine from oxidation, and thus forming an
unreactive disulfide linked dimer, it is necessary to add thiols or other reducing reagents
like tris-(2-carboxyethyl) phosphine (TCEP) to the reaction mixture. Furthermore, the
addition of excess thiol not only keeps the thiol-functions reduced but also increases the

reactivity by forming new more reactive thioester through transthioesterification.

SH N OH
NH W ( el 0 § 2 BN k.
- SO il i,
S \H\SR + S Nl _—OH
NH HS COO0
HN//J\NHg
N-terminal Peptide fragment J pH =7 C-terminal Peptide fragment
L Water
H /—SH
NHa\ W f OH
[ & LO—-0H
HN%\NHg o) CoOo
‘ Intermediate
0oc SH SH SH H,N OH
NH ) [ L7y o | L
3~ N — _
! L ¥ }/LLN S T \ Ao y—0OH
Nid R H 0o coo
HN//J\NH3

Folded active protein

Figure 1.6: Scheme of Native Chemical ligation.

The N-terminal peptide segment having C-terminal a-thioester reacts with its C-terminal portion having an
N-terminal Cysteine residue in a native chemical ligation reaction.

The most common strategy of native chemical ligation is described in figure 1.6. Using
this chemoselective coupling reaction a fully unprotected synthetic peptide based on the
predicted gene sequence ~99 amino acid long peptide of human immune deficiency
virus 1 (HIV-1) protease enzyme was generated in Kent Lab®, in aqueous solution at
pH 7. Many important peptides such as H-Ras'®'% erythropoiesis!®?, TASP®,

glycopeptides synthesis'® and total chemical synthesis of crambin shown by Bang et.
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al.® Although, NCL is carried out in solution, it has been reported that the same can
also be carried out on solid support as well as inside a living cell using cyclic peptides
demonstrated by Camarero et. al.'% To obtain thioester by NCL®' is the key step for
synthesizing the desired protein (figure 1.7). Back bone amide linker BAL?', safety

catcher linker.

rotecting group ~ Sm

lDOproteCl ion,
thioesterification
o]
msu-| L o P
s o S
RS A —
o
0
o A Cleavage lAm ivation
| freen) Me:AICIRSH o Thiolysis
C > 0 7 / —— —— Q. 0
— D u B Vg .
& Tsn T "{Res
R
C ] Acid
o .
1l &
. . . . . . 108
Figure 1.7: Methods to obtain thioester at C-terminal end of peptide or protein

109 110

A. Protective group cleavage, backbone amide linker—". B. Thiolysis on peptide, “safety catch” linker

C. Acidolysis, Lewis acid activated Cleavagem. D. auxillary methods, mercaptoalkyl linkers™*

A limitation of NCL method is that at every ligation site an N-terminal Cysteine residue
have to be generated hence the use of non-Cysteine residue has been developed
based on auxillary approach'®® in which thiol-containing auxiallaries are used (figure
1.7, D). A second limitation found was that only proteins containing ~150 amino acid
residues could be generated since there are enormous challenges remaining to produce
larger proteins. The difficulty faced in synthesizing larger peptides was often too many
ligations steps and hence purification problems such as the secondary structure
formation during synthesis resulting in many by products which are often difficult to
separate. Membrane spanning peptides have always been found to be the most

challenging peptides to synthesize due to their poor solubility in agueous solvents.

14



Introduction

Recently, the use of lipid bilayer systems and detergents for NCL has been shown to

give good NCL efficiencies for membrane peptides and proteins#11°,

Various chemoselective ligation strategies are available to understand the spatial and
temporal function of protein. These strategies include thioester-forming ligation'*® (figure
1.8, A), thioether-forming ligation*'” (figure 1.8, B), oxime-forming ligation*'®°  (figure
1.8, C), thiazolidine-forming ligation'®° (figure 1.8, D), copper (I)-catalyzed [3+2] cyclo

additions of an azide and an alkyne to form a triazole structure, termed as “click-”

. 121 . . . . .
chemistry™=~ (figure 1.8, E) and Staudinger ligations (figure 1.8 F).
o] (0]
A t:;igc:ﬁ:zr Peptide1 )I\SH + Br/\n/- Peptide1 *S/\ﬂ/-
[e] [¢]
B thioether Peptidel .~ _SH  + B/\I'I/- N Peptidet . ~_S o]
ligati N r ~
igation N I ﬁ ~ -
0O O o o (o]
C o= e T T L
o] o] o] (o]
D M o0 T e
H
HX HO\/&X
L Pz
E 3+2 cycloaddition Peptidel —== + N3- —— Pepuug):’
0  Peptide2
)L ~~_.Ph ~Ne o,
F Peptidet~ 5 p-PN N, (EERHAED — - N
Ph Peptide1 ~ (S” 1,
Staudinger
ligation
g
)CJ)\ - R 0
popticer 1y LRSS T papter oy D
- /TP—Ph
S "pPn
Figure 1.8: Different chemoselective ligation strategies (A-F) are useful for generating small

proteins and protein domains*®
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1.2.2. Expressed protein ligation

Expressed protein ligation (EPL)!?*% is a highly useful extension of native chemical
ligation (NCL). Combining the two approaches of recombinant expression of protein and
SPPS it is possible to make a modification on a specific domain of even very large
protein. The main advantage of EPL over total chemical synthesis of protein is that it
does not limit the size of the protein. EPL requires an a-COSR at the C-terminal of the
recombinant protein and N-terminal Cysteine at the synthetic peptide building blocks.
DNA mutagenesis techniques are used to generate the recombinant protein with an
intein fusion which is expressed in bacterial. Mycobacterium xenopi DNA gyrase A (Mxe
GyrA)H132 or Saccharomyces cerevisiae vacuolar ATPase (Sce VMAL) are some of
the common inteins which are self-splicing protein fragments. Protein splicing involves
the removal of the intein from a precursor protein and the ligation of the two flanking

sequences to produce a mature protein.

The fusion protein can be bound to the affinity resin (chitin beads) where the developing
a-COSR can be trapped with small molecule thiols, thus eluting the recombinant protein
with a C-terminal a-COSR leaving the intein protein on the affinity resin (figure 1.9).
Various molecules are used as thiols for protein splicing reactions e.g. B-
mercaptoethane sulphonic acid (MesNa) and thiophenol. A C-terminal a-COSR, which
IS generated on the recombinant protein, undergoes initial reversible
transthioesterification reaction followed by spontaneous irreversible S—N acyl shift with
the N-terminal a-Cysteine of the synthetically modified peptide to obtain the desired

semisynthetically modified full-length protein (figure 1.9).
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Figure 1.9: Scheme of Expressed protein ligation.
Expressed protein ligation deals with the expression of recombinant protein with an intein fusion protein
which undergoes a transthioesterification reaction to generate a-thioester at its C-terminal followed by

native chemical ligation to bind with the desired peptides having free a-Cys.

EPL has been used to investigate several important proteins: Muir et. al. synthesized a
semisynthetic C-terminal Src kinase (Csk) protein (50 kDa) that catalyzes the
phosphorylation of a highly conserved tyrosine within the C-terminal tail of Src family.
This modification results in an intramolecular interaction between the Src homology 2
(SH2) domain and the C-terminal phosphotyrosine within Src, this association leads to a
significant conformational change and catalytic repression in vivo. Hence, Csk which
lacks the C-terminal activating tyrosine-containing loop, as well as an N-terminal
myristoylation site. An extension of CsK was carried out by semisynthetic strategy to
observe the conformation and catalytic behavior. Phosphorylated semisynthetic
terminus of Csk showed evidence of an intramolecular phosphotyrosine-Src homology 2
interactions and an unexpected increase in catalytic phospho transfer efficiency towards
a physiologically relevant substrate compared with the terminus which lacked
phosphorylation as a control. Human interleukin (IL) -8, a neutrophile-activating and
chemotactic cytokine, known to play an important role in the pathogenesis of a large

number of neutrophile-driven inflammatory diseases was first time generated by
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semisynthesis and was found to be active. Several important proteins such as Smad-

2133134 Rab7GTpases™** and protein phosphatase®” have been modified using EPL.

EPL has also been reported for ligation of two recombinant proteins and the positions
that should be modified. Depending on the size of the protein of interest, number of
ligation sites can be increased. Several groups have also shown that inteins can be cut
into two pieces, which individually have no activity but upon combination give rise to an
active intein. The splicing process of these inteins is known as protein-trans splicing.
Thus, EPL has been successfully used to investigate protein-protein interactions,

139,140

isotopic labeling™®®, protein cyclization , incorporation of unnatural amino acids and

cytotoxic proteins** and many more. Many bioactive proteins such as protein

143,144

phosphatase*?, ion channels , labeled dihydrofolate reductase®® have been

synthesized. Caged compounds®*® have also been used to control EPL reactions.

1.2.3. Caged compounds

Caged compounds**”1*° have been introduced in cell biology, molecular physiology,
and pharmacology since Kaplan et. al. developed caged ATP in 1978%°%%! Caging a
molecule of interest renders it biologically inert by chemical modification with a photo
removable group. Caging the biological molecule facilitates in studying the inert (or
caged) state of the molecule which upon uncaging their active state. Caged ATP, GTP,
neurotransmitters, second messengers, inhibitory peptides, enzymes and fluorescent

dyes have been widely studied using this approach.

The caging groups are generally small molecules such as 2-nitrobenzyl which can be
covalently attached to polar groups in a biologically relevant substances rendering them
inactive. These photolabile protecting groups are rapidly cleaved upon exposure to UV
light (depending on light intensity), hence it is a very useful tool to study fast reactions
and processes (figure 1.9, A). Studies with caged compounds have revealed spatial and
temporal information inaccessible by other methods. The absolute speed for uncaging

depends on the application but is generally faster than cellular processes. Applying
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caged compounds to investigate signal transduction cascades in a biological system,
such as, by constructing switchable STAT6 by caging their phosphorylation site to see
their monomeric behavior and upon decaging of the caged group their dimeric behavior

can open new areas to understand protein-protein interactions of STAT6.

Light sources used for uncaging can be flash lamps (xenon or mercury lamps) or lasers.
Quantification of the uncaging reaction in situ is often very challenging and requires
fluorophore conjugation. To explore the cell adhesion events, cell adhesive (RDG)

2 mediated cell adhesion were prepared by Svea

peptides that promote integrin®
Petersen et. al., 20083 which showed no integrin binding activity in their caged form,
however, on illumination with UV light decaged RGD effectively mediated cell adhesion

154198 are recently

to surfaces with spatiotemporal precision. Caged phosphopeptides
being studied to investigate the key phosphorylation in cellular process. Photochemical

gated Ca®* channels®®*° have been generated recently.

Caged compounds attached to the peptides or proteins®®* can be brought into to the cell
by various methods like microinjection, patch pipette, passive diffusion, cell penetrating
peptides (CPPs)'®? and detergent membrane permeablization. Microinjection!®®1%* js
one of the fastest method to load the peptides or proteins into the cells there by giving a
wide platform to study the inactive form of the biological molecule. The only
disadvantage is the expensive equipment that is required and laborious practice to

master the technique and relatively small number of cells that can be microinjected.
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Figure 1.10: Mechanism of light induced removal of caged group165.

A: Scheme of photolysis of caged compounds. B: Examples of functional groups that can be caged.

Caged molecules can be attached to peptides and proteins by three different
techniques, by using chemical synthesis'®® or SPPS®’, nonsense codon suppression

techniques®1%°

. Chemical modification can be carried out by different methods
depending on the side chains. Amino groups in peptide or proteins can be modified with
chloroformate or chlorocarbamate and the urethane bond can be cleaved off by UV
irradiation (figure 1.10 A and B). Thiol groups in peptides and proteins can be modified
by 2-nitrobenzyl bromide. Pan et. al., 1997'"° used this method to prepare a caged
derivative of C-kemptide which is a substrate of cyclic AMP-dependent protein kinase.
Carboxyl groups in peptides or proteins can be modified with diazo-derivatives. SPPS
enables to make caged peptides in a straightforward method in larger scales by using
Fmoc- and Boc- amino acids derivatives. NCL methods have been used extensively to
incorporate Fmoc-amino acid derivatives of Tyrosine'®®, Threonine and Serine’”
containing photolabile group which can be easily prepared and incorporated in the

peptide sequence. Muir et. al., demonstrated the activity of Smad-21"21"® (~50 kDa) in
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live cells by using semisynthetic protein chemistry to generate caged Smad-2 a cellular
signaling protein. Smad-2 is phosphorylated on two C-terminal serine residues by TGFf3
receptor. This event is the key step in Smad-2 activation, and results in accumulation of
Smad-2 in the nucleus where it acts as a transcription factor to modify expression of

hundreds of target genes.

kGC <AG A/aa
o
Cc
Site-directed L -

plasmid mutagenesis plasmid Transcription translation
AUC
mRNA UAG

Figure 1.11: Nonsense codon suppression methodology to insert unnatural amino acid into

proteins.*”

Nonsense codon suppression technique'’

Is the most critical method to generate
caging on peptides or proteins. This method involves incorporating a non sense
mutation into the sequence encoding the amino acid of interest (figure 1.11). Caged
protein is synthesized by an in vitro or in vivo translation system. Caged lysozyme (T4L)
containing an aspartyl B-nitrobenzyl ester in the active site was generated by Schulz
group using this method. T4L is a stable, well-characterized enzyme whose lysis of E.
coli provides a convenient and sensitive assay for catalytic activity. To accomplish this,
an amber mutant (D20-TAG) of T4L was constructed and suppressor tRNA linked to
nitrobenzyl aspartic acid was synthesized. Using an in vitro translation system, caged
protein was synthesized, that was catalytically active upon exposure to UV irradiation
(figure 1.11). Caged neurotransmitters and caged second messengers have been

utilized to study fast and local biological processes such as synaptic neurotransmission.
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2.1. Aim of the project

The aim of this thesis was to generate a light switchable system which turns STAT6
dimerization (activation process) and visualize it's in vivo localization. It was previously
identified that misregulations in JAK-STAT pathway can increase STAT6 activation
leading to diverse kinds of diseases such as cancer and asthma. Therefore, any method
to deactivate STAT6 can open new understanding of their behavior at a molecular level

to enhance knowledge on formulating future therapeutic applications.

Semisythesis strategy for C-terminally truncated STAT6

STAT6 + ® P
Peptide variants

Recombinant expression lNat'Ve chemical

ligation

In vivo STAT6 STATE In vitro

e N

-]

Bioactivity test st s, ? 7_
4)6;}]_-; :~_£-,

P

Dimerization of STAT6 variant with GAS-DNA

= .tlﬁ

Localization of Semisynthetic variant of STATGE in the cells

@®  Caged phosphorylated Tyr®™

state STAT6

< —- Fluorophores

Figure 2.1: Aim of the project

Semisynthetic truncated STAT6 generated by using expressed protein ligation (EPL) can help in
understanding the posttranslational modifications at its C-terminus and bioactivity should be

demonstrated by microinjection, EMSA and FRET experiments.
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It was hypothized that a semisynthetic caged phosphorylated STAT6 can only form
dimer upon irradiation with UV light in view of the fact that STAT6 is biologically active
only upon phosphorylation. Such semisynthetic truncated caged phosphorylated STAT6
should move to the nucleus and not bind to GAS-DNA whereas the semisynthetic
phosphorylated variants should mimic the known physiological behavior. The idea was
to employ chemical synthesis for carrying out phosphorylation of STAT6, which is

performed by JAK in a physiological environment.

To investigate the bioactivity of semisynthetic truncated STAT6 protein variants, novel
techniques of expressed protein ligation (EPL), solid phase synthesis (SPPS), organic
synthesis, tissue culture have been used. Organic synthesis can be applied to
synthesize the caged phosphorylated tyrosine, which can subsequently be incorporated
into a C-terminal of STAT6 peptide obtained by SPPS. The large N-terminal fragment
can be obtained by expressing the protein with an intein fusion protein in bacterial cells.
To visualize semisynthetic STAT6 variants in cell based experiments, fluorophore such
as Cy5 can be incorporated at the C-terminal fragment of the protein instead of large
natural fluorophores such as GFP or CFP. Thus, EPL can be used to explore the spatio-
temporal aspect of pharmaceutically important large proteins such as STAT6 by
controlling its site-specific post-translational modifications and bioactivity. The
challenging part would be to build such a large protein, which requires several steps of
chemical, and biochemical synthesis and further to judge, the bioactivity of such a post

translationally modified protein.

Bioactivity of semisynthetic truncated STAT6 variant can therefore be investigated by
using sophisticated cell based (in vivo) methods such as microinjection followed by
photolysis experiments to mimic the physiological activity of STAT6. Similarly in vitro
studies on semisynthetic STAT6 were designed based on western blotting,
electrophoretic mobility shift assay (EMSA) and fluorescent resonance energy transfer
(FRET) principles.
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3.1. Materials and instruments

311 Materials

Chemicals:

Sigma (Steinheim), Aldrich (Heidenheim), Fluka (Neu-Ulm), Baker (Gro3-Gerau),
Bio-Rad (Munich), Merck (Darmstadt), Roth (Karlsruhe), Applied Bioscience

(Berlin) and Serva (Heidelberg).

Biological materials:
Ni-NTA superflow
Oligonucleotides
Plasmid

6 x Orange G

Low molecular weight marker

High molecular weight marker
Dialysis kit

Dialysis tube

Silver staining kit

Centricons

Mattrek dishes

Microinjection needles
Nitrocellulose paper

Quartz cuvette (5 pl, 12 pl, 1 cm)

Suppliers

Qiagen, Hilden, DE

Eurofins MWG, Ebersberg, DE

New England Biolabs, Frankfurt, DE

Fermentas, St. Leon Rot, DE

Amersham Pharmacia Biotech,
Freiburg, DE

Invitrogen, Karlsruhe, DE

Pierce

Spectrum (Gardena, CA, USA)

Pierce

Amicon-Milipore, Schwalbach, DE
Matrek Corporations, USA
Eppendorf AG, Hamburg, DE
Schleicher & Schull (Dassel, DE)
Hellma Optik GmbH, Jena, DE
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3.1.2 Instruments and suppliers
Instruments
HPLC

AKta prime system with REC112
Recorder (FPLC)

Spex Fluromax-3 spectroflurorometer

UV/Visible-spectroscopy
HPLC-ESI-MS
MALDI

Suppliers

Systems Gold and Waters, Beckman
coulter Palo Alto, CA, USA

Akta, Munich, DE

Jobin Yvon Horiba Group (NJ, USA)
Beckman Coulter (Palo Alto, USA)
LCQ, Finnigan, Bremen, DE
Voyager-DE Pro
Weiterstadt, DE

Biosystems,

FLA-5000 (fluorescence image reader) Fuijifilm, Japan

NMR

'H (400 MHZz), 3C (100.6 MH2)
'H (500 MHz), *3C (125.8 MH2)
PH-meter 761

Sephadex columns

Rotors SS-34

Cell harvesting, Avanti J-20 XP
Centrifuge, JLA 8.1 000 rotor
Centrifuge 5415C/D benchtop

Cell lysis in Microfluidizer

Ultra sonic cell diruptor (SONIFER)

Gel electrohoris system

Bruker DRX 400

Bruker DRX 500

Calimatic knick ,Berlin, DE
Amersham Pharmacia Biotech, Freiburg
Sorvall, Bad Homburg

Beckman coulter Palo Alto, CA, USA
Beckman coulter Palo Alto, CA, USA
Eppendorf, Hamburg, DE

M-110, Microfluidics Corporation,
Newton, MA, USA

Branson (Danbury, CT, USA)

Biorad (Munich, DE)
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3.2. Chemical Methods
3.2.1 Synthesis of caged phosphorylated tyrosine building block

Solution phase synthesis over 5 steps yielded a caged phosphorylated tyrosine
building block. All procedures are based on from Rothman et. al. 2003 17

NC
0
P ~"CcN

NO,
NaBH, J\
8% Et,N
87%
1

Figure 3.1. Synthesis of (3)

3.2.2 1-(2-nitrophenyl) ethanol (NPE- OH) (2)

2-nitroacetophenone (1) was added to (1.0 g, 6.05 mmol) in 14.4 ml of methanol/
dioxane (3:2) (v/v) in a dry round bottom flask Sodium borohydride (687 mg,
18.17 mmol) was added slowly and stirred at 0°C for 20 min. The mixture was
allowed to stir for 2.5 h at room temperature (progress monitored by TLC in
chloroform). The reaction was quenched by addition of 50 ml of water and stirring
at room temperature for 30 minutes. The mixture was extracted with chloroform
(3 x 30 ml), the organic phase was dried over sodium sulfate and concentrated
under reduced pressure. The alcohol was dried in vacuum over night to give
yellow oil, 990.9 mg (97.9%).

' H NMR (500 MHz, CDCI3) & (ppm): 7.7 (d, Ju= 8 Hz, 1H); 7.64 (d, Jur= 8
Hz,1 H); 7.48 (t, Jus= 8 Hz,1 H); 7.26 (t, Juw= 7 Hz,1 H); 5.23 (q, Ju=7 Hz, 13
Hz, 1 H); 3.95 (s,1 H); 1.35 (d, Jus=7 Hz, 3 H).

13 C NMR (500 MHz, CDCI3) & (ppm): 141.21; 133.80; 128.26; 127.74; 127.74;

124.43;65.7, 24.5
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3.2.3 O-1-(2-nitrophenylethyl-O’-B-cyanoethyl-N,N-diisopropylphosphora-
midite (3)

2-cyanoethyl diisopropyl chlorophosphoramidite (471 pL, 2.11 mmol) in 1.7 ml of
dry DCM was added to solution of (2) (294 mg, 1.76 mmol) in freshly distilled
triethylamine (589 pL, 4.23 mmol) and 8.8 ml of dry DCM at room temperature in
the dark. The reaction was monitored by the disappearance of (2) by TLC in
methanol/ chloroform/ water 65:25:4 (v/v). The reaction mixture was washed
twice with 10% NaHCO3 solution (30 ml). The organic layer was then dried over
Na,SO, and concentrated under reduced pressure. The product was dried in
vacuum overnight to give dark yellow oil, (392 mg), 98% yield.

1 H NMR (500 MHz, CDCl3) & (ppm): 7.8 (m, 1 H); 7.5 (m, 1 H); 7.3 (m, 2 H); 5.4
(m, 1 H); 3.7 (m, 2 H); 3.5 (m, 2 H); 25 (m, 2 H); 1.5 (m, Jys= 5 Hz, 7 Hz, 3 H); 1.
2 (m,12 H).

3P NMR (400 MHz, CDCl3) & (ppm): 148.2 (d, J44=61); 15.0
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Figure 3.2. Synthesis of caged phosphorylated tyrosine (8)

3.2.4 N-a-Fmoc-L-tyrosine tert- butyl Ester (5)

N-a- Fmoc-L-tyrosine (4) (440 mg, 1.10 mmol) was added in a dry 25 ml round-
bottom flask in DCM/THF (4 ml, 4:1) (v/v) and cooled to 0°C under argon, and
tert-butyl trichloroacetimidate (720 mg, 3.28 mmol) was added to the resulting
solution. The reaction mixture was allowed to stir overnight at room temperature.
DCM (100 ml) was added, and the solution was washed with 2.5% NaHCO3; (2 x
50 ml). The organic layer was dried with Na,SO, and concentrated. The residue
was purified by flash column chromatography (1:1 EtOAc/hexanes) to give the
desired product as a sticky solid (342 mg) in 68% vyield.
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IH NMR (400 MHz, CDCI3) & (ppm): 7.7-7.6 (d, Juw= 7 Hz, 2 H); 7.5-7.4 (m, 2
H): 7.3 (M, 2 H); 7.2-7.3 (M, 2 H); 6.9-7.0 (d, Jur= 8 Hz, 2 H); 6.67- 6.65 (d, Jyu=
8 Hz, 2 H); 4.4-4.2 (m, 3 H); 4.13 (m, 1 H); 2.9 (m, 2 H); 1.5 (s, 1 NH); 1.3 (d, 9
H).

3¢ NMR(500 MHz, CDCI3) & (ppm): 171.0; 155.8; 155.0; 144: 141.0; 141.5;

130,8; 128.1; 127.9; 127.3; 125.3; 120.1; 115.5; 82.6; 67.1; 55.5; 47.4; 37.8; 28.2
ESI-MS: [M+ Na]* ops : 482.13 , [M+ HJ" ca 459.13

3.2.5 N-a-Fmoc-phospho (1-nitrophenylethyl-2-cyanoethyl)- L-tyrosine tert-
butyl ester. (7)

(5) (440 mg, 0.96 mmol) was dissolved in dry THF (4 ml) in a round bottom flask
provided with 4 A molecular sieves (400 mg). In a separate flask (3) was
dissolved (600 mg, 1.63 mmol) in 1H- tetrazole in 98% acetonitrile (115 mg, 1.63
mmol) and dry THF (4 ml). After 5 min activation the mixture was added to the
Fmoc- L-tyrosine tert-butyl ester solution, and the resulting mixture was allowed
to stir in the dark for overnight under argon. The reaction mixture was filtered
over Celite and concentrated under reduced pressure, and the residue was
redissolved in DCM (25 ml) and washed with 1% NaHCO;3; (2 x 25 ml). The
combined organic layers were dried over Na,SO, and concentrated under
reduced pressure. The oily residue was redissolved in dry DCM (25 ml), and tert-
butyl hydroperoxide was added drop wise to the solution (300 pyL of 5 - 6 M
solution in decane). The reaction was stirred for 1 h at room temperature and
then washed with 2% NaHCO3 (2 x 50 ml). The organic layer was dried with
Na,SO4 and concentrated under reduced pressure. The resulting residue was
purified by flash column chromatography (1:1 hexanes/ EtOAc) (v/v) to give the
product (442 mg) in 63% vyield.

'H NMR (400 MHz, CDCI3) & (ppm): 7.9-7.4 (m, 7 H); 7.33 (t, 2 H); 7.26 (t, 2 H);
7.24 (t, 2 H); 7.22 (t, 2 H); 7.0 (d, 1 H); 6.94-6.96 (d, 1 H); 6.97-6.99 (d, Juw= 5
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Hz, 8 Hz, 1 H); 6.2 (m, 1 H); 4.1-4.0 (m, 6 H); 2.9 (m, 2 H); 2.55-2.50 (m, 2 H);
1.66-1.68 (m, 3 H); 1.35 (s, 9 H).

13C NMR (400 MHz,CDCl3) & (ppm): 170.5; 155.7; 149.2; 147.0; 144.0; 143.9;
141.5; 137.0; 134.1; 133.0; 131.10; 129.2, 129.1; 127.9; 127.8; 127.2, 125.3;
124.7,120.1;120.0; 119.9; 116.2; 82..8; 74.0;67.0; 62.7;55.2; 47.4; 37.7; 28.2;

24.4:19.7.
31p NMR (400 MHz,CDCl3) & (ppm): 7.93 ;7.85; -7.077; -7.140; -7.140.

ESI-MS: [M+ Na]* ops : 764.13 [M+H]*car: 741.13

3.2.6 N-a- Fmoc-phospho (1-nitrophenylethyl-2-cyanoethyl)-L-tyrosine (8)

(7) (440 mg, 590 mmol) was dissolved in dry DCM (8 ml) in a 25 ml round-bottom
flask, and the solution was cooled to 0°C. TFA (8 ml) was slowly added to the
solution, and the reaction mixture was allowed to stir in the dark for 1h at room
temperature under argon. The solvents were removed under reduced pressure,
and the residue was redissolved in chloroform and concentrated again to
eliminate any residual TFA. The residue was purified by flash column
chromatography (1% AcOH/5% MeOH/DCM) (v/v) to give the product (8) (329
mg) in 50% yield.

'H NMR (500MHz, CDCl3) & (ppm): 8.4 (br, s, 1 H); 7.8 (d, Jyu=8 Hz, 1 H); 7.6
(m, 3 H); 7.5-7.4 (m, 3 H); 7.3-7.2 (m, 3 H); 7.17-7.19 (m, 2 H); 6.9 (m, 4 H); 6.1
(m,1H);5.4 (m,1H);452(s,1H);4.34(s,1H);4.25(s,2H);4.0(s,2 H); 3.0
(m, 2 H); 2.50 (m, 2 H); 1.64 (dd, Juyy= 2 Hz, 6 Hz, 3 H).

13C NMR (400 MHz, CDCl3) & (ppm): 177.8, 156.0, 149.1, 146.9, 143.9, 1415,
136.8, 134.2, 134.1, 131.1, 129.2, 127.9, 125.2, 124.7, 120.2, 120.15, 120.1,
116.2,74.3,67.2,63.0,54.9,47.3, 37.2,24.3, 20.9.

31p NMR (400 MHz, CDCl3) & (ppm): -7.74.

ESI-MS: [M+Na]"ops: 708.13, [M+H]"c4: 685.13
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3.2.7 Synthesis of Cy5-NHS and coupling to the e— amino group of Lysine

SO,
1.1eq DCC
1. 1eq NHS /
0° C_.rt12 h
OH
(o}
Cy5-acid O  Cy5-NHS

Figure 3.3. Synthesis of Cy5-NHS

Cy5"17® was used for fluorescent labeling of STAT6 as a highly useful
fluorophore for in vivo imaging. Cy5-acid was first activated over night before it
was coupled to the required peptides of STAT6. Boc protected N-terminal Cys
was used instead of Fmoc since Cy5 can label any free amino group on the
peptide. 50 mg of Cy5-COOH, 18 mg DCC (1.1 eq), NHS 10 mg (1.1 eq) in DMF
(2 ml) was stirred ~12 h at 0°C to room temperature in the dark. DMF was
removed on rotational evaporator. Dried Cy5-NHS was analyzed by MALDI by
first dissolving it in CH3CN/H»0 (1:1) (v/v) buffer. Linking of activated Cy5 to the
required peptide was performed by removing a base labile ivDde group which
protects e—amino group of Lys on the peptide. ivDde group cannot be removed
by mild base such as 20% piperidine which was used during Fmoc group
cleavage. It was removed with 3% hydrazine monohydrate in DMF (3 x 10 min).
Coupling time was three overnight.

MALDI: [M+Na] ops: 752.0
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3.2.8 Synthesis of Cysteine capture beads

According to the procedure from Matteo et. al. 2001'"° capture beads were
synthesized for which PEGA beads (2 g, 0.8 mM) were washed with DMF and a
mix of succinic anhydride (0.800 g, 8.0 mM), with HBTU (1.08 g, 8.0 mM) and
DIEA (1.390 ml, 8 mM), was added and left at RT overnight. Bead were washed
with DMF, CDI (5.84 g, 32 mM in DMF) was added and reaction mixture was left
for 30 min. Beads were washed again, amino acetaldehyde diethylacetal (24 mM,
3.192 g) with HOBT (2.16 g, 16 mM) were added and reaction mixture was left
for 3 h at RT. Beads were finally washed with DMF and stored in CH3CN/H,O
(1:1) at RT. Capture beads were tested by incubation with fluorescently labeled

peptide containing an N-terminal Cys.
3.2.9 Peptide synthesis

Six variants of STAT6 peptides were synthesized using Fmoc based SPPS®18L,

Peptide 1 (aa 635-668) with a caged phosphorylated Tyr®*' and Cy5 labeled,

peptide 2 (aa 635-668) with only a caged caged phosphorylated Tyr®*
(aa 635-668) with a phosphorylated Tyr®*! and Cy5 labeled, peptide 4 (aa 635-

666) with only a phosphorylated Tyr®*!, peptide 5 (aa 635-666) with a non-
641

, peptide 3

phosphorylated Tyr*" and peptide 6 (aa 635-668) with a non-phosphorylated

641

Tyr’*> and Cy5 labeled peptides were synthesized on solid phase using Fmoc

182 at the C-terminal

strategy. All the above mentioned carry a C-terminal Hisg-tag
region. The reactive side chain of the following amino acids was protected as
follows His(Trt), Lys(ivDde), Glu(OtBu), Thr(tBu), Gin(trt), Asp(OtBu), Arg(Pbf),

Thr(tBu), Lys(Boc), Thr(tBu), Tyr(PO(NMey),, Cys(Trt).

The synthesis was carried out in a reaction vessel attached to the vacuum. Wang
resin preloaded with Fmoc-His-(Trt)-Wang (0.2 mmol) was swelled for 2 h in

DMF. Resin was washed for 1 min with DMF. The base labile Fmoc group was
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removed by 20% piperidine in DMF (3 x 12 min). Each Fmoc protected amino
acids (1 mmol) were activated by using HBTU®® (4.5 eq from 0.5 M stock
solution in DMF) followed by addition of DIEA (10 eq, 2 mmol) for 3 min and
immediately added on to the resin. Coupling time for each amino acid was for 30
min. Resin was washed again with DMF (1 x 1 min) before starting the next
coupling cycle. Couplings were checked by Kaiser's test'®. Attachment of the
unnatural amino acid (8) caged phosphorylated Tyr was performed similarly
except the coupling time was prolonged for 2 h. Cy5 was coupled to the peptide
as mentioned in 3.2.7. Finally, resin-bound peptide was washed with DMF, DCM

and MeOH followed by drying over night in vacuum.

3.2.10 Cleavage of peptides attached to Wang resin

Peptides were cleaved from Wang resin by dissolving in a mixture of 95% TFA +
2.5% H0 and 2.5% TIS for 3 h. Peptides were finally precipitated with diethyl
ether and cooled on ice. Precipitated peptides were dissolved in (1:1)
CH3CN/H,O (v/v) and separated from the resin by vacuum filtration. Peptide

solutions were frozen in liquid nitrogen followed by lyophilization.

3.2.11 Peptide purification

Purification of peptides for analytical purposes was performed over analytical C4
(125 x 4mm, Beckman coulter) columns with 1 ml/min flowrate and bulk
purification was performed over preparative C4 (250 x 22 mm) columns with 7 to
10 ml/min flowrate. For bulk purification each peptide (70 - 200 mg) was
dissolved in 6 M Guanidine-HCI, 100 mM NaPi, at pH 5 and a linear gradient
from 5% buffer A (H20 + 0.1% TFA) to 70% buffer B (CHsCN + 0.08% TFA)
eluted the peptide at 30% - 40% of buffer B. Absorbance was monitored at 214

nm and 280 nm or 585 nm (for Cy5 detection). Fractions were analyzed by ESI-
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MS and MALDI-TOF followed by lyophilization of the desired fractions and stored
at -20°C.

3.3. Biochemical methods
3.3.1 Buffers and Media

2TY - Medium: 16 g Trypton
10 g yeast
5 g NacCl
pH7.2-7.4
STAT6 buffer: 1 M NacCl
50 mM NaH,;PO4
1 mM TCEP
1 mMEDTA
pH 8.0
+/- DDM
Lysis buffer: 1 M NacCl
50 mM NaH;PQOyq,
1 mM TCEP,
pH 8.0,
Washing buffer: 200 mM NacCl
50 mM NaH,PO,4
Imidazole buffer: 10 - 250 mM Solution in STAT6 buffer
Ampicillin: 1gin10 mldd HO
PTG: 2.38gin 10 mldd H,O
Purification: Ni - NTA super flow
Chitin beads
Centricon (10 - 50 kDa)
Dialysis kit (10 - 50 kDa)
Nap5
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Biobeads
Gel filtration columns (S - 75 and S - 200

analytical)

3.3.2 Expression of recombinant STAT6MxeCBD in E. coli

A single colony of plasmid (pTXB1) containing STAT6 (aa 1 - 634) and His7-tag
as insert was inoculated in 2 ml of 2 TY - medium containing ampicillin (100
pug/ml) and shaked at 37°C for nearly 8 h at 150 rpm. 250 ml preculture
containing ampicillin (100 mg/ml, 0.250 ml) were prepared and shaked at 37°C
for overnight at 150 rpm. Cells with ODs7g= 0.05 from this overnight culture were
grown in 1.5 | volume of 2 TY - medium in six 5 | flasks containing 100 pg/ml
ampicillin, shaked at 37°C, 150 rpm. 1 mM of IPTG (238 mg/ml) was added for
induction at 18°C when ODs7g = 0.6 - 0.8 was obtained. Cells were harvested
after 4 h, the pellet washed with washing buffer, centrifuged at 5000 rpm at 4°C
for 15 min. The supernatant was discarded and pellets were stored at -80°C.

3.3.3 Purification of STAT6MxeCBD

Cells were thawed and suspended in lysis buffer and protease inhibitor 3 tablets/
100 ml and suspended cells were lysed by microfludizer at 850 KPa pressure.
Immediately the lysed cells were centrifuged at 18,000 rpm in SS - 34 rotor for 30
min, 4°C. The supernatant was immediately loaded on 5 ml of Ni - NTA super
flow beads pre - equilibrated with 10 mM - 20 mM imidazole in STAT6 buffer with
varying concentrations of DDM (see results). Washing of Ni-NTA beads was
carried out with STAT6 buffer containing 5 mM - 20 mM imidazole followed by
elution of the protein by using 250 mM imidazole solution in STAT6 buffer + DDM
(0.05% - 0.1%) or glycerol (25% - 50%). The protein was dialyzed against non -
imidazole containing STAT6 buffers through membranes or by ultrafiltration

having 5 - 10 kDa cutoff size. Imidazole free protein was loaded on chitin beads
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to undergo cleavage reaction using MesNa. Finally by eluting the protein from
chitin beads, STAT6 MesNa a-COSR was flash freezed and stored at -80°C.

3.3.4 Determination of Protein Concentration

Concentration of fluorescently labelled protein was determined by measuring
absorption at 649 nm for Cy5 using glass cuvette, 1 cm width. Concentration of
non Cy5 labeled protein was estimated by comparison with protein bands on
SDS - PAGE and Bradford test using absorption at 280 nm.

3.4. Analytical methods

3.4.1 Electro Spray lonisation (ESI) - Mass spectrometry

All peptides and synthesized amino acids were identified and analyzed by this
method using LCQ machine. Samples were dissolved in volatile solvents such as
MeOH, EtOH or 1:1 Acetonitrile/ dd H,O.

3.4.2 Matrix-assisted laser desorption ionization (MALDI)

Alternatively the molecular weight of amino acids, peptides, activated Cy5-NHS
were determined by matrix-assisted laser desorption ionization (MALDI). A
concentrated amino acid were dissolved in ethanol and peptide was dissolved
with a mixture of water/ Acetonitrile solution (1:1) + 0.1% TFA and matrix (for
peptides > 10 kDa: saturated sinapinic acid and peptides < 10 kDa: saturated a-
cyano-4-hydroxy cinnamic acid) were used to measure MALDI. Data were

acquired on a Voyager DE- Pro (Applied Biosystems).
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3.4.3 Nuclear Magnetic Resonance Spectroscopy

'H and ®*C NMR spectras for the synthesis of the building block of caged
phosphorylated tyrosine were recorded on one of the following instruments
Varian Mercury 400, Bruker DRX 400/ 500. Tetramethylsilane (TMS) was used
as the internal reference. The chemical shifts are provided in & (ppm) and the
coupling constants in Hz. The abbreviations for multiplicities used are: s, singlet;
d, doublet; dd, double doublet; t, triplet; g, quadruplet; m, multiplet; br, broad; ar,
aromatic.

3.4.4 Thin-Layer Chromatography (TLC)
Thin-layer chromatography (TLC) plates were obtained from Merck (Silica gel 60,
F254). The TLCs were visualized by UV light (A = 254 nm, 366 nm) or by staining

with one of the following stains:

Stain A: 0.3 g Ninhydrin, 3 ml acetic acid, 97 ml ethanol.
Stain B: 1.6 g KMnQOy4, 10 g K2CO3, 2.5 ml 5% NaOH, 200 ml H,0O.
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3.4.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE)

To check the molecular weight and purity of protein samples SDS-PAGE was

used, following the procedure first described by Schagger and von Jagow &,

4% stacking gel for 1 gel  10% Separating gel

Gel buffer 0.600 ml
Dd H,0 1.450 ml
Acrylamide 49.5% 0.180 ml
TEMED 0.002 ml
APS 10% 0.012 mi

1.250 ml
1.730 ml
0.775 ml
0.002 ml
0.019 ml

Figure 3.4. Reagents for 10% Schagger /Jagow gels

Gel buffer
Acrylamide
Cathode buffer

Anode buffer

2xSDS

Staining solution

Distaining solution

Glass-Slides

3.0 M TrisHCI, 0.3% SDS, pH 8.45

48% acrylamide, 1.5% bisacrylamide

0.1 M Tris HCI, 0.1% SDS, 0.1% Tricine, pH
8.25

0.2 M Tris pH 8.9

6% SDS, 35% glycerol, 120 mM Tris HCI, 0.41
M Monothiogylcerol, 0.05% bromophenol blue,
pH 8.0).

0.1% Coomassie Briliant blue R 250, 40%
ethanol, 10% acetic acid

10% acetic acid, 5% ethanol

0.75 mm (Bio-rad)

Gels were run in BioRad electrophoresis chamber by using constant voltage

settings from 95 mV - 120 mV.
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Low molecular weight

protein marker (LMW):

High molecular weight

protein marker (HMW):

3.4.6 Silver staining

Solution 1 (Fixer):

Solution 2:

Washing:
Solution 3:
Washing:
Solution 4:

Solution 5:

Phosphorylase (97.0 kDa), Albumin (66.0 kDa),
Ovalbumin (45 kDa), Carboanhydrase (30.0
kDa), Trypsin inhibitor (20.1 kDa), a-Lactalbu-
min (14.4 kDa) were the mixture of Low
molecular protein marker

Myosin (250 kDa), Phosphorylase (148 kDa),
BSA (98 kDa), Glutamic Dehydrogenase (64 k
Da), Alcohol Dehyrogenase (50 kDa), Carbonic
Anhydrogenase (50 kDa), Carbonic anhydrase
( 36 kDa), Myoglobin Red (22 kDa), Lysozyme
(16 kDa), Aprotin (6 kDa), Insulin, B chain (4

kDa) were mixture of HMW.

40% MeOH, 10% Acetic acid

15 ml EtOH, NaOAc.3H,O (2 mM), Na»S,0s
(31 pM),

(3 x5 min, dd H,0)

0.05 g AgNO3, 30 pl Formaldehyde

(3 x20s, dd HyO)

0.5 mM Na,C0Os.1 H, O, 15 ml EtOH

Stopping Solution 0.04 M EDTA, pH 8.0, 0.745
g EDTA

After the completion of the run, the gel was stored in solution 1 for 30 min. On

discarding the fixer, solution 2 was added for 10 min which was followed by

washing the gel with water. The gel was further soaked in solution 3 for 10 min

followed by washing with water and finally solution 4 was added. Gel was shaked

till the bands were visible. The reaction was stopped by addition of solution 5.
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3.4.7 Non-denaturing gels

5% Acryl amide for 2 gels 12% Acryl amide for 2 gels

10x TBE 1.000 ml 1.000 ml

dd H2O 7.292 ml 4.958 ml

Acrylamide 30% 1.666 ml 4.000 ml

TEMED 0.012 ml 0.012 mi

APS 10% 0.030 ml 0.030 ml

Figure 3.5. Reagents for making non-denaturing gels

10 x TBE: 107,8 g Tris-HCL, 55 g Boric acid, 7.44 g Di Na-

EDTAin1 lofdd H,O, pH8.0
Loading buffer: 30 mM Tris-HCI, pH 7.5, 40% sucrose, 0.2%

bromophenol blue

Orange G (Fermenta)

Silver staining for non-denaturing gels was carried out by using silver staining kit
from Pierce as the proteins bands were not visible after using silver staining
method described in 3.4.4. The gel was run by using 100 mV in ice. Coomassie

staining was performed by the same method used for SDS-PAGE.
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3.4.8 Western blots

Cathode buffer 300 mM Caproic acid, 30 mM Tris, pH 8.6 - 8.7
Anode buffer 300 mM Tris, 100 mM Tricine, pH 8.7 - 8.8
Anti body Phosphotyrosine-HRP (Zymed)

Non-stained SDS-PAGE was sandwiched in the following order from top to
bottom: two sheets of nitrocellulose paper soaked in cathode buffer: SDS-PAGE:
Whatmann filter paper: two sheets of nitrocellulose paper soaked in anode buffer.
This stack was placed in Fast blot apparatus (Biometra). Transfer of the proteins
was achieved by passing 5 mA/cm? current for 20 min. After the transfer of the
protein on the nitrocellulose membrane, the same was blocked for 2 h in 10%
PBS + 5% non-fat dry milk powder. Next, phosphotyrosine-HRP antibody in the
ratio of 1:10000 with the buffer (10% PBS+ 5% non-fat dry milk powder + 0.1%
Tween) was rinsed with the membrane for 1 h followed by washing with 10%
PBS + 0.1% Tween (3 x 15 min). Membrane was incubated with the enhanced
chemiluminecence kit (ECL) according to the manufacture’s protocol (Amersham,
UK).

3.5. Native chemical ligation

Recombinant STAT6 MesNa a-COSR and peptides 1-6 were ligated via native
chemical ligation obtain six variants of semisynthetic STAT6 (1-6). Proteins were
mixed with excess of peptide with addition of ~250 uM MesNa. The reaction
mixture was mixed on rotating wheel at RT for three days. Each day ligation
reaction was monitored by SDS-PAGE. Ligation products containing fluorophore

were additionally indentified by fluorescence scanner.
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3.5.1 Purification of semisynthetic STAT6

Protein was loaded on 1 ml of Ni-NTA super flow beads, pre equilibrated with 10
- 20 mM imidazole in STAT6 buffer+ 0.1% - 0.05% DDM or glycerol (25% - 50%).
Washing was performed with STAT6 buffer with 5 mM - 20 mM imidazole. Elution
of protein was carried out by 250 mM imidazole in STAT6 buffer + (0.1% to
0.05%) DDM or glycerol (25% - 50%) at pH 8.0. Further dialysis against

imidazole free buffer gave semisynthetic STAT6 variants.

3.5.2 Separation of peptide from semisynthetic STAT6

Since ligated STAT6 variants and peptides 1-6 carry C-terminal Hisg-tag, excess
peptide was removed by capture beads, and subsequent gel filtration or
ultrafiltration over centricon membrane with Molecular weight cutoffs (5 - 30 kDa).
500 pl of freshly synthesized capture beads were added with protein/ peptide
mixture and rotated at 4°C for 14 h. Gel filtration was carried out via NAP ™5,
Sephadex -75 and -200 analytical columns. Molecules larger than the largest
pores in the Sephadex matrix are excluded and elute first. STAT6 buffers were
used to loading and elution by keeping the flow rate 1 ml/min. Ligated protein

was concentrated by ultrafiltration using 5 - 50 kDa molecular weight cutoffs.
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3.6. Biological activity

3.6.1 Electrophoretic mobility shift assay (EMSA)

Oligonucleotides Sequence

Recognized DNA Tamra 5-TC GAC TTC CCAA GAA CA GAG -3¢
3“AG CTG AAG GGTT CTT GT CTC -5¢

Mismatch DNA Tamra 5~TC GAC TTC CCCA GAA CA GAG -3¢
3‘“AG CTG AAGGGGT CTT GT CTC - 5°

Random DNA Tamra 5- GTC TG GGT AGCG ACG GC TCT -3'

3'-CAG ACCCATCGCTGC CG AGA-5

Figure 3.6. Sequences to make DNA variants

Binding buffer: 10 mM Tris-HCL, 50 mM NaCl, 10 mM EDTA
indd H,O,pH7.2-7.4

The electrophoretic mobility shift assays also known as the gel retardation assay
or gel shift assay is a widely used method that allows studying the interactions of
proteins with DNA or RNA respectively. Binding specificity and kinetics of a given
system can be studied. The assay is based on the observation that complexes of
protein and DNA or RNA migrate through a non-denaturing polyacrylamide gel

slowly than double stranded.

The oligonucleotides comprising the consensus recognition sequence of STAT6
binding region in the protein were obtained from Eurofins MWG (Ebersberg) with
Tamra as fluorophore was incorporated at 5° Terminal region of one of the
oligonucleotide sequence. 20 puM of binding DNA, 10 pM of mismatched DNA
and 20 uM random DNA were hybridized by dissolving respective oligonucleotide
sequences (fig 3.6) in the binding buffer and heating them at 95°C for 5 min,

followed by rapid cooling in 1 hto rt and stored at 4°C overnight. Hybridization of
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DNA was checked by running them over a 12% polyacrylamide gel at 0°C and 60
mV constant voltages.

DNA-binding experiments were carried out with 5 uM of STAT6 and 20 puM of
DNA variant, mixed at room temperature from 5 minto 1 h. Binding was checked
by a 5% polyacrylamide gel (section 3.4.5) using 100 mV voltage at 0°C. Stock
solutions of oligonucleotides and DNA were flash frozen and stored at -80°C.
Gels were first analyzed by Fujitsu scanner to detect the Tamra fluorescent

followed by Coomassie or silver staining.

3.6.2 Cell Culture

Mammalian cells: A 431, COS-7, MDCK

Media: Dulbeccos's modified Eagle's medium (DMEM)
450 ml + (50 ml) of 10% fetal calf serum + 5 ml
P/S antibiotic penicillin. (GIBCO, Invitrogen)

Trypsin

PBS buffer: 137 mM NacCl, 2.7 mM KCI, 4.3 mM Na;HPO,4
1.4 mM KH;POq4, pH7.5

Materials Mattrek dishes, Needles

Confocal Microscope Leica TCS SP5 X, Leica TCS SP1

To recultivate cryopreserved stocks of A431, COS-7 and MDCK cells were
supplemented with 10% DMSO, the cells were thawn at 37°C in a water bath or
by hand and 1.5 x 10° cells were added under sterile workbench to 10 cm dishes
and incubated with 10 ml DMEM for two hours at 37°C, 7.5% CO, and relative
humidity of 95%. After cell adhesion, the medium was aspirated to remove
DMSO and fresh medium (DMEM + 10% FCS) containing antibiotic (P/S:
Penicillin, 100 U/ml; Streptomycin, 100 pg/ml) was added and incubated under
similar condition. Each plate was maintained up to a cell density of 80%

confluence at 37°C and 7.5% CO, with 95% humidity. Shortly before complete
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confluence, as monitored under a light microscope, the cells were passaged to
new subcultures. The medium was aspirated; cells were washed with sterile PBS
and treated with Trypsine-EDTA for 5 - 10 minutes at 37°C, 7.5% (CO,) and
relative humidity of 95%. Once the cells were detached, fresh medium was
added to resuspend the cells. Cell density was counted by using a Neubauer cell
counter were, the average number of cells in four wells out of a total of sixteen
were multiplied by 1 x 10* to calculate the cell density (cells/ml). 1 x 10° cells

were thereafter transferred to new containers or mattrek dishes.

3.6.3 Microinjection:

Cytoplasm of the cells was microinjected with peptide 1 and STAT6-1 by using
an Eppendorf microinject Man NI 2/Femtojet system. Hoechst 33445 and
propidium iodide were used as nuclear marker. RabAYFP was used as
cytoplasm marker. Excitation of Cy5 was performed using helium laser, Argon
laser for exciting YFP and propidium iodide and UV 405 diode was used for
excitation of Hoechst 33445.

Samples for microinjection should be free of particulates and aggregates to avoid
clogging the microcapillary tip. Samples were therefore centrifuged in cold room
at 15,000 g for 10 - 20 min. The needles were loaded with the supernatant of the
centrifuged sample (0.5 to 1.0 pl). The needles used for microinjection are
borosilicate glass capillaries drawn to a fine tip 0.2 - 0.5 uM in diameter using
microprocessor-controlled capillary puller or excellent commercial microcapilla-
ries were purchased from Eppendorf (Fermotips) and are designed to operate
with the Eppendorf capillary holder. The base pressure of the system was
adjusted via the visual adjustment. Cells were microinjected in the chamber at
5% CO, and 37°C. During imaging, cells were incubated in imaging solution from
PAN Biotech and placed under an inverted Leica SP5 microscope equipped with
an AOTF/AOBS (Acousto-Optical Tunable Filter/Beam Splitter), HCL-X-PL-APO
lambda Blau 63.0x N.A 1.40 OIL IMM obijective.
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3.6.4 Photo activation

Decaging of caged phosphor Tyr was achieved with a Xenon lamp adjusted at
365 nm in vitro. To deprotect the same group within the cell a UV diode laser (A =

405) was used.

3.6.5 Fluorescence measurement

(Fluorescence resonance energy transfer) FRET was performed by acceptor
photo bleaching with a Fluoromax 3 spectrophotometer. Cy5 labeled STAT6-3 in
presence of binding buffer was added to a quartz micro cuvette of 12 pl volume
capacity and emission maxima of Cy5 at 660 nm was observed. Similarly
emission maximum at 580 nm for Tamra ds DNA was observed in the presence
of binding buffer. Binding assay was performed by addition of small aliquots of
Tamra ds GAS-DNA to STAT6-3 in binding buffer. Negative control was
performed by STAT6-3 and Tamra ds random DNA. The change in the
fluorescence was corrected for dilution for each reading. A plot of fluorescence
intensities of Cy5 against the concentration of DNA (nM) determined the binding

reaction.
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Results

4.1 Peptide synthesis

Previous studies of STAT6 protein were all based on cellular experimentsi®®!®’. The
structure of STAT6 and its biological pathway is still under investigation. Earlier studies
on STAT were carried out by enzymatically phosphorylating the essential tyrosine
following the canonical JAK-STAT pathway that occurs in the natural environment within
the cell by indispensible interleukin (IL)/ interferon (IFNs) stimulations by using various
biological catalyst like kinases that were activated by IL/ IFN stimulation (section
1.13)'®8. To investigate the behavior of monomeric and dimeric form of STAT6 in vivo
and in vitro, a combination of biochemical methods such as expressed protein ligation
(EPL) and chemical methods (figure 4.1) were used to obtain different variants of native
STAT6.

The generation of full-length, site specifically modified STAT6 C-terminal portion was
impossible by total chemical synthesis with the presently existing methods due to the
large size of the protein (95 kDa), hence; truncated isoform of STAT6MxeCBD was
expressed in E coil cells until amino acid residue 634. STAT6 MesNa a-COSR was
generated with MxeCBD protein (figure 4.1). The remaining C-terminal part containing
aa 635 - 668 was generated by Fmoc based SPPS (figure 4.2) having one glycine to
cysteine mutation at position 635 which is required for native chemical ligation. The C-
terminal fragment also included a Hiss-tag and a Lys for incorporating the fluorophore
Cy5 and Gly as a spacer. EPL enabled to incorporate C-terminal site specifically
modified peptides (1-6) to the N-terminal fragment of STAT6 MesNa a-COSR

togenerate six variants of semisynthetic truncated STAT6 -(1-6) very efficiently in good
yield. Seven different analogues of STAT6 (aa 635 - 660) peptides were synthesized
(figure 4.2) as described in section 3.2.9 by SPPS.
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Figure 4.1: Scheme of EPL to produce site specifically modified STAT6.

Scheme representing recombinant STAT6MxeCBD expressed in E.coli cells, which undergoes
transthioesterification reaction in presence of MesNa to generate STAT6 MesNa a-COSR. STAT6 MesNa
a-COSR is thus capable to ligate the remaining C-terminal part obtained from SPPS with required

modification.

To generate light switchable semisynthetic STAT6, peptide with caged phosphorylated

Tyr641

was synthesized by using solution phase synthesis following the procedure from
Rothman, D et. al. 2003, Over five steps, N-a-Fmoc-phospho-(1-nitrophenylethyl-2-
cyanoethyl)-L-tyrosine (5) was synthesized with an yield of 50% (figure 3.1 and 3.2). O-
1-(2-nitrophenyl)-ethyl-O’-B-cyanoethyl-N,N-diisopropyl phosphoramidite (2) as the
photolabile caged analogue of phosphate bonded with tyrosine was synthesized over
two steps. The key P-O bond construction was carried out using a reactive trivalent
phosphoramidite species, and phosphite was then oxidized to the corresponding

phosphate by using tert-Butylhydroperoxide. The B-Cyanoethyl protecting group was
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retained until the next Fmoc-amino acid was coupled. Commercially available tyrosine
building block N-a-Fmoc-L-tyrosine was converted to N-a-Fmoc-L-tyrosine-tert-butyl
ester (4) using tert-2, 2, 2-butyltrichloroacetimidate. Final coupling of N-a-Fmoc-
phospho-(1-nitrophenylethyl-2-cyanoethyl)-L-tyrosine (5) was performed manually to the
STAT6 peptide, which was synthesized until Val®*® or by using a peptide synthesizer
(figure 4.2). All synthesis steps are explained indetail in the section 3.2.1. NPE group
can be released by illumination with far UV light of 365 nm that doesnot severarly
damage cells during in vivo analysis. The byproducts generated during photoysis of
caged group are non toxic to cells. NPE was also stable during basic Fmoc group

removal in SPPS synthesis and strong acidic treatment during cleavage.

To synthesize peptides by SPPS, an insoluble solid support such as the resin (Fmoc-
His-(Trt)-Wang) was selected to incorporate amino acids natural and modified
depending on the native STAT6 sequence. Furthermore, because of the repetitive
nature of peptide synthesis (deprotection, washing, coupling, washing, deprotection),
the use of an insoluble support in a single reaction vessel allows for automatization of
the processes in contrast to the solution phase chemistry where product has to be
isolated, purified each time with the retardation in the yield of the final product.
Byproducts during SPPS are removed by simple vacuum filtration. Another advantage
of using SPPS was to incorporate small flurophores such as Cy5 to study the
progression of ligations as well as to investigate the activity of STAT6 in vivo and in vitro
which was linked to Lys®®! by cleaving the ivDde protecting group. Hiss-tag was
incorporated in all the peptides for the purpose of purification via Ni-NTA superflow

beads.
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1. Cleavage
2. Coupling of amino acids in
presence of HBTU and DIEA in DMF
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3. Fluorescent labelling
\ 4. Cleavage of resin
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HZNJ\( Y STAT6 (635-668) K] Hisﬁ]

Cy5 Fluorophore

Figure 4.2: Scheme for Fmoc based SPPS

%41 and with or without Cy5 at

Modifications on STAT6 peptides were carried out at Tyr
Lys®®l. STAT6 peptide with caged phosphorylated tyrosine was synthesized with Cy5
(figure 4.3, peptide 1) and without Cy5 (figure 4.3, peptide 2). To synthesize the non-
caged phosphorylated STAT6 variant, Fmoc-Tyr-[PO(OBz)OH]J-OH was used and two
variants were generated, one with Cy5 (figure 4.3, peptide 3) and another without Cy5
(figure 4.3, peptide 4). Commercially available Fmoc-Tyr-OH was used to synthesize
the wild type STAT6 along without (figure 4.3, peptide 5) and with Cy5 (figure 4.3,
peptide 6). Peptide 7 was synthesized with N-terminal Fmoc on Cys to test the removal

of NPE group (figure 4.3).
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Figure 4.3: Different variants of STAT6 peptides synthesized by Fmoc based SPPS.

Modifications of Tyr641 and Lys661 are asindicated.

4.1.1. Synthesis of Peptide 1

635 H-CKDGRGY*'VPATIKMTVERDQPLPTPEK**GHHHHHH-OH 668
MW = 4779.0 Da [X1= NPE-PO3, X,= Cy5]

Peptide 1 contains the caged phosphorylated Tyr®** which will enable STAT6 to behave

as native truncated monomeric form after NCL with STAT6 MesNa o-COSR as
described in section 4.2.2. Peptide 1 will also be used for in vivo experiments in the later

sections. Modification on this peptide was achieved by incorporating synthesized N-a-
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Fmoc-phospho (1-Nitrophenylethyl-2-cyanoethyl)-L-tyrosine (8), by labeling Cy5 on

Lys®®! of the linker domain and Hise-tag at the C-terminus thus having all combinations
of modifications (figure 4.3, peptide 1).
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Figure 4.4:

Analysis of peptide 1

A: Single peak of purified peptide 1 was eluted at a retention time of 20.22 min from analytical C4-RP-
HPLC by using a gradient of buffer B from 5% (v/v) to 65% (W v) in buffer A over 30 min with a flow rate of
1 ml/min. Cy5 signal was detected at A= 596 nm. B: ESI-MS of purified peptide 1. MS signals at 956.0

Da, 1195.0 Da, and 1593.0 Da correspond to the desired (M= 4779.0 Da) pure peptide.

Hisg-tag was used to facilitate the purification after NCL with STAT6 MesNa a-COSR.
As shown in figure 4.2, the peptide was synthesized until Val®** manually or by using
peptide synthesizer on solid phase using Fmoc-His-(Trt)-Wang (0.2 mmol) resin (w/w)
following the general strategy of Fmoc synthesis.!®® The remaining amino acid
couplings to complete the sequence were carried out manually. Coupling of N-a-Fmoc-
phospho (1-nitrophenylethyl-2-cyanoethyl)-L-tyrosine was carried out for 1 - 2 h.
Activation of each amino acid and cleavage of Fmoc group at each step was carried out
by standard procedures as described in section 3.2.10. Unsure couplings of the amino

acids were monitored by Kaiser’s test.
After completion of the entire sequence of the peptide, the resin was washed with DMF,
DCM, MeOH and lyophilized overnight in the dark. Later 0.1 mmol (w/w) of the same

resin was allowed to swell in DMF for 1 h to deprotect the side chain ivDde group from
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Lys®®! to couple the fluorophore Cy5. Deprotection of ivDde group was carried out, by
using 5 ml of 3% Hydrazine solution in DMF (3 x 12 min). Cy5-NHS ester was finally
coupled in equimolar amounts in DMF for 72 h as described in section 3.2.7 in the dark.
The coupling of Cy5 could not be analyzed by a negative Kaiser’s test since Cy5 will
block the free amino terminal of Lys®®* and due to the high solubility of unreacted Cy5
sticking to the resin which dissolves in any organic solvents. Alternatively, a test
cleavage was carried out and MS analysis indicated the successful coupling of Cyb5.
Test cleavage of the resin was carried out in a solution of 95% TFA, 2.5% TIPS and
2.5% water for 3 h (section 3.2.10). The resulting peptide was precipitated with cold
ether. The peptide was dissolved in water/ acetonitrile (1:1) (v/v) solution and separated

from the resin by centrifugation or vacuum filtration followed by overnight Iyophilization.

Lyophilized crude peptide was dissolved in 6 M Guanidium-HCL, 300 mM NaH,PO4, pH
7.5 for RP-HPLC purification on a preparative C4-RP-HPLC column with a linear
gradient of 40% (v/v) to 60% (v/v) buffer B in buffer A over 80 min. Fractions from
purification were analyzed by ESI-MS, lyophilized and stored at -20°C in the dark. From
200 mg of crude peptide, 10 mg (5% vyields) of pure peptide were finally obtained. The
preparative HPLC-purified peptide was rechromatographed on an analytical C4 RP-
HPLC column. The purity of the peptide was detected by a single peak with a retention
time of 20.22 min (figure 4.4, A) at absorption 595 nm in the chromatogram indicating

the successful coupling of the fluorophore Cy5.

The ESIMS shows different charge states of peptide 1, with five (956.0 Da), four
(1195.0 Da), and three (1593.0 Da) positive charges corresponding to a deconvoluted
mass of 4779 Da (Mcq= 4779.0 Da). The peak at 1271 m/z is caused by an artifact from
HPLC purification since no mass corresponding to (Mca = 3813.0 Da), was found (figure

4.4, B). Since the same peptide was used for generating of peptide 2 where peak at

1271 m/z was not observed, it can be concluded that it was an artifact from HPLC.
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4.1.2. Synthesis of Peptide 2

635 H-CKDGRGY*VPATIKMTVERDQPLPTPEK GHHHHHH-OH 668
MW = 4140.0 Da [X= NPE-PO3]

Peptide 2 has a caged phosphorylated Tyr in position 641 similar to peptide 1 only no
fluorophore was incorporated here. Peptide 2 when ligated with STAT6 a—COSR will
generate native monomeric truncated STAT6 without fluorescent label as described in
section 4.2.3. This variant was used to detect the decaging of the STAT6 in vitro as
described in section 4.3.1. Peptide 2 is peptide 1, which was synthesized without
incorporating Cy5, hence the side chain protecting group ivDde from Lys®®! was

removed. After completion of the sequence, the peptide was cleaved from the resin
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Figure 4.5: Analysis of peptide 2.

A: Single peak corresponding to purified peptide 2 was eluted at a retention time of 14.42 min from
analytical C4-RP-HPLC by using buffer B from 5% (v/v) to 65% (v/v) in buffer A over 40 min with a flow
rate of 1 ml/min. B: ESI-MS of purified peptide 2. MS signals at 1036.4 Da, and 1380.9 Da, corresponds
to the desired mass M, = 4140.0 Da of pure peptide.

following the general technique of Fmoc cleavage (section 3.2.10) and 200 mg of crude
peptide were obtained. The purification of the crude peptide was performed by using
preparative C4-RP-HPLC column with a linear gradient of 40% (v/v) to 60% (v/v) buffer
B in buffer A over 80 min. Fractions were analyzed by ESI-MS and required fraction was
lyophilized and stored at -20°C in the dark. 10 mg (20% yields) of pure peptide were
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obtained from 50 mg of crude peptide after purification. The preparative HPLC-purified
peptide was rechromatographed on C4-analytical RP-HPLC column. A single peak with

a retention time of 14.42 min (figure 4.5, A) confirmed the purity of the peptide. ESI-MS
data showed differently charged signals corresponding to peptide 2 with four (1036.4

Da) and three (1380.9 Da) positive charges of the deconvulated mass of the pure
peptide (Mcq=4140.0 Da) (figure 4.5, B).

4.1.3. Synthesis of Peptide 3

635 H-CKDGRGY*'VPATIKMTVERDQPLPTPEK**GHHHHHH-OH 668
MW = 4629.0 Da [X1= PO4, X,= Cy5]

Peptide 3 has two modifications on its usual sequence. It has no caged phosphorylated
Tyr®* as compared with peptide 1 and 2. Peptide 3 was generated to mimic the native
bioactive STAT6 which is found in dimeric form in the cytoplasm and enters nucleus to
trasncribe gene. Hence after its ligation with the STAT6 MesNa a-COSR, in vitro
experiments were carried out to prove the dimeric behavouir of STAT6 with the DNA as
described in section 4.2.4. Peptide 3 was also used for western dot blot experiments as

control as described in section 4.3.1.

In order to synthesize peptide 3, commercially available Fmoc-Tyr[PO(OBz)OH]-OH

(Novabiochem) was coupled at position 641 of the peptide. Similar to the above
mentioned synthesis for peptide 1, Fmoc-His-(Trt)-Wang resin in 0.2 mmol (w/w) was

used to prepare peptide 3 keeping the peptide 1 sequence constant. Peptide 3 was

labeled with Cy5 fluorophore following the procedure as described for labeling peptide
1.
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Figure 4.6: Analysis of peptide 3

A: Single peak of purified peptide 3 was eluted at a retention time of 15.45 min from analytical C4-RP-
HPLC by using buffer B from 5% (v/v) to 65% (v/v) in buffer A over 40 min with a flow rate of 1 ml/min.
Cy5 signal was detected at A= 596 nm. B: ESI-MS of purified peptide 3. MS signals at 772.5.Da, 926.9
Da, 1158.0 Da and 1543.8 Da correspond to the desired mass of pure peptide (Mca= 4629.0 Da).

After completion of the sequence, peptide 3 was successfully cleaved from the resin
following the general technique of Fmoc cleavage (section 3.2.10). 150 mg of the crude
peptide was obtained after cleavage. Purification of the crude peptide was performed by
using preparative C4- RP-HPLC column with a linear gradient of 10% (v/v) to 50% (Vv/v)
buffer B in buffer A over 60 min. Fractions were analyzed by ESI-MS, pooled
accordingly and stored at -20°C in the dark. From 30 mg of crude peptide, 10 mg (33%)
of pure peptide was obtained finally. A single peak from the analytical C4-RP-HPLC

column confirmed the purity of the peptide with a retention time of 15.45 min. (figure 4.6,
A) and absorption at 545 nm indicated the presence of Cy5 labeled peptide 3. ESI-MS

signals detected different charged states of peptide 3 with six (772.5.Da), five (926.9
Da), four (1158.0 Da) and three (1543.8 Da) positive charges corresponding to the
desired deconvulated mass of the pure peptide 3 (Mca= 4629.0 Da) (figure 4.6, B).
Appearance of ghost peak at 32 min came from the C4 column, which was unavoidable.
The peak was not a matter of concern since a pure peptide was obtained after final

purification over preparative RP-HPLC.
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4.1.4. Synthesis of Peptide 4

635 H-CKDGRGY*VPATIKMTVERDQPLPTPEHHHHHH-OH 666
MW = 3806.0 Da [X= PO4]

The sequence of peptide 4 contains non-caged phosphorylated Tyr in position 641
synthesized by using commercially available  Fmoc-Tyr[PO(OBz)OH]-OH
(Novabiochem), Cy5 as fluorophore was not attached to the peptide, hence linker
domain was not incorporated in the sequence (figure 4.7). Ligation of peptide 4 with
STAT6 MesNa a-COSR will generate STAT6 as a dimer as described in section 4.2.5.

This was used for many DNA binding assay experiments as described in section 4.3.2.
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Figure 4.7: Analysis of peptide 4

A: Single peak of purified peptide 4 was eluted at a retention time of 17.2 min from analytical C4-RP-
HPLC by using buffer B from 5% (W/v) to 65% (v V) in buffer A over 40 min with a flow rate of 1 ml/ min. B:
ESI-MS of purified peptide 4. MS signals at 762.5.Da, 952.6 Da, 1269.3 Da and 1903.3 Da corresponds
to the desired mass of pure peptide (M¢y= 3806.0 Da).

To generate peptide 4, 0.2 mmol (w/w) of Fmoc-His-(Trt)-Wang resin was used to
synthesize the sequence manually. Similar to the above mentioned peptides 1-3
synthesis and cleavage of this peptide was performed following the general technique

of Fmoc synthesis. 300 mg of crude peptide was obtained after cleavage of the resin.
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The purification of the crude peptide was performed by using preparative C4- RP-HPLC
column with a linear gradient of 15% (v/v) to 55% (v/v) buffer B in buffer A over 60 min.
Fractions were analyzed by ESI-MS and required fractions were lyophilized and stored
at -20°C. From 30 mg of crude peptide, 10 mg (33%) of pure peptide was obtained
finally. The preparative HPLC-purified peptide was rechromatographed on analytical
C4-RP-HPLC column. The purity of the peptide was detected by a single peak with a
retention time of 17.2 min (figure 4.7, A) at absorption 214 nm. ESI-MS signals detected
different charged states of peptide 4 with five (762.5 Da), four (952.6 Da), three (1269.3
Da) and two (1903.3 Da) positive charges corresponding to the desired mass of pure
peptide the (Mca= 3806.0 Da) shown in (figure 4.7, B). No corresponding mass of three

(1537) charge state was observed.

4.1.5. Synthesis of Peptide 5

635 H-CKDGRGYVPATIKMTVERDQPLPTPEHHHHHH-OH 666
MW = 3726.0 Da

Peptide 5 was generated to obtain a truncated, wild type STAT6 after NCL with STAT6
MesNa a-COSR as described in section 4.3.6. Peptide 5 when ligated to STAT6 MesNa
a-COSR will lead to the formation of monomeric STAT6 without Cy5 fluorophore.

641 \was not

Peptide 5 consists of the same sequence as peptide 1-4 except Tyr
phosphorylated, labeling with Cy5 fluorophore was not included, hence linker domain

was not incorporated.
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Figure 4.8: Analysis of peptide 5

A: Single peak of purified peptide 5 was eluted at a retention time of 16.87 min from analytical C4-RP-
HPLC by using buffer B from 5% (W/v) to 65% (v/V) in buffer A over 40 min with a flow rate of Iml/ min. B:
ESI-MS of purified peptide 5. MS signals at 746.4.Da, 932.7 Da, 1242.8 Da and 1862.9 Da corresponds
to the desired mass of pure peptide (M¢y= 3726.0 Da).

To synthesize peptide 5, 0.1 mmol (w/w) resin pre-loaded peptide with the sequence of
peptide 4 until Val®* was used and the complete sequence was synthesized manually.
Synthesis and cleavage of this peptide was performed following the general technique

of Fmoc synthesis. 150 mg of the crude peptide was obtained after cleavage.

The purification of the crude peptide was performed as described above with a linear
gradient of 10% (v/v) to 60% (v/v) buffer B in buffer A over 45 min. Fractions were
analyzed by ESI-MS and fractions containing the right peptide 5 were lyophilized and
stored at -20°C in darkness. From 30 mg of crude peptide, 10 mg (33%) of pure peptide
was finally obtained. The purity of peptide 5 was analyzed in RP-HPLC by the deletion
of a single peak with a retention time of 16.87 min (figure 4.8, A) at 214 nm. ESI-MS
signals detected four different charged states of peptide 5 with five (746.4.Da), four
(932.7 Da), three (1242.8 Da) and two (1862.9 Da) positive charges which corresponds
to a deconvoluted mass of the desired pure peptide (M¢q= 3726.0 Da) (figure 4.8, B).

4.1.6. Synthesis of Peptide 6

635 H-CKDGRGYVPATIKMTVERDQPLPTPEK*GHHHHHH-OH 668
MW = 4551 Da [X= Cy5]

Peptide 6 was generated to obtain wild type Cy5 labeled STAT6 variant as described in
section 4.2.7. Peptide 6 when ligated to STAT6 MesNa a-COSR will lead to the
formation of monomeric STAT6 with Cy5 fluorophore. Fmoc-His-(Trt)-Wang (0.2 mmol)
resin (w/w) was used for synthesis of the complete sequence. Synthesis and cleavage
of this peptide was performed following the general technique of Fmoc synthesis. ~150
mg of the crude peptide was obtained after cleavage from the resin. 30 mg of the

peptide was dissolved in STAT6 buffer A.
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Figure 4.9: Analysis of peptide 6

A: Single peak of purified peptide 6 was eluted at a retention time of 17.2 min from analytical C4-RP-
HPLC by using buffer B from 5% (W/v) to 65% (v/V) in buffer A over 40 min with a flow rate of 1 ml/min .B:
ESI-MS of purified peptide 6. MS signals at 786.3 Da, 1139.1 Da and 1517.4 Da which corresponds to
(Mcq= 4551.0 Da) the pure peptide.

The purification of the crude peptide was performed as above, with a linear gradient of
15% (v/v) to 80% (v/v) buffer B in buffer A over 45 min. Fractions were analyzed by ESI-
MS and required fractions were lyophilized and stored at -20°C in the dark. From 30 mg
of crude peptide, 10 mg (33%) of pure peptide was finally obtained. As above peptides
a single peak with a retention time of 16.73 min at absorption 214 nm (figure 4.6, A)
detected the purity of the peptide. ESI-MS signals detected different charged states of
peptide 6 with five (786.3 Da), four (1139.1 Da) and three (1517.4 Da) positive charges
corresponding to the pure desired mass of the peptide (Mca= 4551.0 Da) shown in
figure 4.9, B.

4.1.7. Synthesis of Peptide 7

635 H-*'CKDGRGY**VPATIKMTVERDQPLPTPEK**GHHHHHH-OH 668
MW = 4567.0 Da [X1= Fmoc] [X2= NPE-PO3] [X3= ivDde]
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Peptide 7 was generated with Fmoc protected Cys at position 635 region of the peptide
chain. It was generated to investigate the removal of NPE group. The peptide was
synthesized with similar sequence as peptide 1 and 2 without deprotecting ivDde group
from Lys®®'. Peptide was not purified in HPLC since the ESI-MS showed 98% pure
peptide after cleavage from the resin. Presence of impurity would not deter the
decaging experiment nor the peptide would be used for any ligations with STAT6
MesNa a-COSR. As above synthesis and purification procedures for peptides, peptide 7
after completion of the sequence was cleaved from the resin and ESI-MS signals
detected different charged states with six (762.40 Da), five (914.53 Da), four (1142.03
Da) and three (1523.33 Da) positive charges corresponding to the desired mass of the
peptide (Mcq=4567.0 Da) shown in figure 4.10.
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Figure 4.10: ESI-MS of peptide 7
ESI-MS signals 762.4 Da, 914.53 Da, 1142.03 Da and 1523.33 Da which corresponds to (M¢y= 4567.0
Da) peptide 7
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4.2 Expressed protein ligation

4.2.1 Expression and purification of STAT6MxeCBD protein

To study the activity of STAT6, which is ~118 kDa in size, a truncated isoform of STAT6
was designed so that specific modifications could be made at the C-terminal portion by
chemical tools as described in the section 4.1. The truncated STAT6 was designed to
have a-COSR which can later undergo native chemical ligation with the modified
peptides. STAT6 gene is cloned into an expression vector pTXB1 (New England
Biolabs) as an N-terminal fusion to the intein from Mycobacterium xenopi (Mxe GyrA)
followed by a Hisz-tag at its C-terminus finally leading to chitin binding domain (CBD)
(figure 4.11). Expression of STAT6MxeCBD was carried out in E.coli cells and
performed at 37°C until O.Dsgg= 0.6 - 0.9 in 2 TY medium and ampicillin (100 pg/ml) as
antibiotic. Highly expressed STAT6MxeCBD (protein band above 67 kDa, figure 4.12 A)
was seen after 4 h of induction with IPTG at 14 - 18°C. Temperature was lowered to
obtain high yield of soluble native STAT6MxeCBD since there are no folding methods
available for this multi-domain proteins. Minor amount of protein was observed before
induction (figure 4.12, A). Large amount of protein was observed in the inclusion bodies
of E.coli, compared with the cytosolic fraction Purification from the cytosolic fraction of
E.coli was detrimental since STAT6 MesNa a-COSR was required in the native form
and no standard method was developed to refold the protein after purification in

denaturing conditions.

PTxB1
STAT6MxeGyrCBD
Amp"®

Figure 4.11: pTXB1 vector with STAT6MxeGyrCBD and Hisz-tag insert.
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Expression was monitored at each 1 h after addition of IPTG at 14°C-18°C to obtain
soluble STAT MesNa a-COSR. Purification was performed using the crude E.coli cell
extracts from the cytoplasm. First step in purification was carried out by Ni-NTA super
flow beads as affinity chromatography as described in section 3.3.3 with the help of
internal Hisz-tag. Purifying STAT6MxeCBD was found to be the most difficult part due to

its instability while handling.

Two methods were performed to bind STAT6MxeCBD with pre-equilibrated Ni-NTA
beads. First method was immediate loading of supernant solution obtained after lysis of
STAT6 pellets was performed in a flask in presence of 5 mM - 20 mM imidazole solution
in STAT6 buffer + 0.1% DDM. The suspension of Ni-NTA beads and protein solution
was rotated on table top rotating wheel at 4°C for 1 h to 2 h. Overnight binding with Ni-
NTA beads with protein was found to be unstable leading to precipitation during further
purification steps. Second method was performed by using gravity flow for loading
impure protein solution over the column containing Ni-NTA beads. This was very time
consuming and since protein was unstable direct mixing of protein with Ni-NTA beads

was preferred, which saved purification time providing soluble protein.

Washing of Ni-NTA beads was very challenging because upon using STAT6 buffer
containing 5 - 60 mM imidazole STAT6MxeCBD eluted with 30 mM imidazole solution
onwards until 250 mM imidazole solution. Hence, larger volumes of washing with
STAT6 buffer were used for removing impurities such as non-His-tag proteins and cell
components. Finally, STAT6MxeCBD was eluted from Ni-NTA beads with 250 mM
imidazole solution in STAT6 buffer + 0.1% DDM. Elution from the Ni-NTA matrix
containing STAT6MxeCBD was dialyzed against 100 volumes of STAT6 buffer free of
imidazole corresponding to the total volume of the Ni-NTA elution. Minor impurities were
ignored in this step, as protein would be further purified over chitin beads through the
chitin binding domain to obtain STAT6 MesNa a-COSR and later again after native
chemical ligation with the various analogues of the modified peptides to obtain
semisynthetic STAT6 (aa 1 - 668 ) proteins.
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Figure 4.12: Expression and purification of STAT6MxeCBD protein

A: SDS-PAGE showing expression of STAT6MxeCBD protein in E. coli cells induced at O.D = 0.9. E. coli
cell extracts after addition of 1 mM IPTG were analyzed at every 1 h (lanes 1, 10 pl and lane 2, 5 ul), 2 h
(lanes 3, 10 pl and lane 4, 5 pl), 3 h (lanes 5, 5 pl and lane 6, 10 yl) and maximum yield was observed
after 4 h of inductions (lanes 7, 10 yl and lane 8, 5 pl). B: SDS-PAGE analysis of the expression of
STAT6MxeCBD fusion protein. Crude cell extract from E.coli cells before induction (lane 1), after
induction (above 67 kDa shown by an arrow) with IPTG at 18°C for 4 h (lane 2), inlay showing low
molecular weight marker. C: STAT6MxeCBD purifications with Ni-NTA. Washings with 10 mM - 20 mM
imidazole in STAT6 buffer (lanes 1 - 3), final elution of the protein by 250 mM imidazole (lane 4) shown by
an arrow. D: SDS-PAGE of intein splicing from STAT6MxeCBD by loading it on chitin beads. Washing
elution from chitin beads (lanes 1 - 2), chitin beads showing STAT6 and MxeCBD intein before cleaving
with MesNA. (lane 3), pure STAT6 MesNa a-COSR after cleavage from chitin beads (lanes 4 - 5) shown

by an arrow.

Moderately pure STAT6MxeCBD after Ni-NTA purification was loaded onto chitin
beads, which was pre-equilibrated with STAT6 buffer + 0.1% DDM for 3 - 12 h at 4°C.
The best results were obtained after 3 h of loading onto chitin beads. Strong binding of
the protein with the chitin beads was observed when few amount of suspension of
beads with protein were washed with STAT6 buffer, mixed with 2 x SDS, heated for 5
min at 95°C and later analyzed over SDS-PAGE (figure 4.12, D). After loading
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suspension of chitin beads and protein, beads were washed with STAT6 buffer three
times the bead volume. MesNA (~250 mM) was used to cleave the intein from STATG6.
The amount of MesNA was varied to observe the yield of STAT6 MesNa a-COSR.
Higher concentration of MesNA lead to precipitation of the protein. The
transthioesterification reaction was monitored before and after cleavage of the protein
from the chitin beads by SDS-PAGE by heating the chitin beads as described above.
The shift in the pure STAT6 MesNa a-COSR band (figure 4.12, D, lane 4 and 5)
compared to the non-cleaved STAT6MxeCBD on the SDS-PAGE (figure 4.12, D, lane

3) shows the successful transthioesterification reaction.

Concentration of protein at every step of purification was determined by using Bradford
assay or by comparing the protein band against the standard LMW -bands from SDS-
PAGE. Calculated yield of STAT6 MesNa a-COSR after Bradford’s test corresponds to
1 mg/ml from 9 | of culture corresponding to the concentration of 1 g/l calculated from

Expasy, Prot pram.

It was necessary to purify STAT6 MesNa a-COSR without detergent as it interfered with
the interpretation of many bioactivity experiments as described in the section 4.3.2. Only
once STAT6 MesNa a-COSR was purified in absence of detergent and many bioactivity
(DNA binding) experiments could be carried out without any problems. However, it was
observed that purification of STAT6 MesNa a-COSR was very challenging since in the
absence of detergent protein was very unstable as precipitation being the major
difficulty. Precipitation occurred at various stages, e.g. as during dialysis to remove
imidazole from the protein solution. Hence, to avoid precipitation from dialysis,
STAT6MxeCBD was loaded directly onto the chitin beads but later protein precipitated

while concentrating the cleaved protein as thioester.

Precipitation was also seen while protein solution was stored on ice. Protein stabilizers
such as DDM and Glycerol were tested during various stages of purification starting
from the lysis of the bacterial cells, during Ni-NTA purification and finally during

cleavage of the protein from the intein through chitin beads.
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Best condition was found to be when stabilizers were used during lyses of bacterial cells
and throughout the purification steps. Concentration of detergent (DDM) was reduced
from 0.1% - 0.05% that avoided the precipitation in larger scale however; any amount of
detergent was not compatible with EMSA experiments as described in 4.3.2. Hence, it
was necessary to obtain native STAT6 MesNa a-COSR in detergent free buffer to
generate semisynthetic STAT6 protein. Several techniques to remove detergent as well
as to purify STAT6 in detergent free buffer by using different other stabilizers were
performed. First step was to use EMSA compatible stabilizers such as using Arg -
glutamate (1:1) but it was not found to be the best method since peptide 1 was
inseparable which was ligated to obtain semisynthetic truncated STAT6 (aa 1 - 668).
Stabilizer such as Glycerol (25% - 50%) in STAT6 buffer was found to be the best
stabilizer. The yield of purification was enhanced since in presence of DDM the yield of
the protein was only 1 mg in total volume of 1 ml and in presence of 50% glycerol the
total volume was 4 ml containing same concentration of protein 1 mg/ml. In addition, the

DNA binding assay experiments could be carried out efficiently (section 4.3.2).

Next challenging part was to generate largest semisynthetic truncated STAT6 variants
by mixing STAT6 MesNa a-COSR and peptide variants, which followed the general
method of chemoselective ligations. It was challenging to generate these semisynthetic
variants since it involved many chemical and biochemical steps along with purification in
each step. STAT6 stability during ligations and bioactivity test after ligations would be
the essential elements to investigate. Below are the detailed description of the six
variants of semisynthetic truncated STAT6-(1-6) obtained from six different peptides 1-6

are described.
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4.2.2 Preparation of STAT6-1
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Figure 4.13:  NCL of STAT6-1

A: Schematic representation of semisynthetic truncated STAT6-1. B: Ligation of STAT6 MesNa a-COSR
protein with peptide 1 was monitored by SDS-PAGE (lanes 1 - 3), STAT6 MesNa a-COSR protein without
peptide 1 (lanes 4, 5) and LMW (lane 6). C: Fluorescence scans of the corresponding gel at ex: 635 nm

and em: 670 nm.

The first variant of STAT6-1 was obtained by ligating recombinant STAT6 MesNa a-
COSR (72 kDa) with peptide 1 (4.7 kDa) as shown in figure 4.13. STAT6-1 was
assumed to behave as a monomer and was used for the decaging experiments (in
vivo), which is described in section 4.3.1 and 4.3.3. To obtain this variant, STAT6
MesNa a-COSR in 1 mg/ml concentration was mixed with excess of peptide 1 in the
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presence of MesNa (200 uM), STAT6 buffer + 0.1% DDM. Ligation mixture was rotated
at room temperature in the dark. Each day the ligation was monitored by SDS-PAGE
(shown by an arrow in figure 4.13, A) which was first scanned by fluorescence scanner

atex: 635 nm, em: 675 nm (figure 4.13, B) and subsequently stained with Coomassie.

Detection of the ligation product was facilitated by the presence of the fluorophore since
fluorescent bands at the molecular weights corresponding to STAT6-1 could be seen
(figure 4.13, B and lanes 1 - 3) when compared with the lanes showing no fluorescent
band which was loaded with non-labeled STAT6 MesNa a-COSR (figure 4.13, B, lanes
4 - 5). Ligation reaction was performed until the STAT6 MesNa a-COSR band had
completely disappeared along with the reduction of the band peptide 1 from the bottom
of the SDS-PAGE. Coomassie stain of the SDS-PAGE showed ~95% formation of the
ligated STAT6-1 after 72 h of overall reaction time. The difference in the protein band
shift on the SDS-PAGE between ligated product and the STAT6 MesNa a-COSR along
with the fluorescent band proved the successful formation of STAT6-1. Scanning of the

gel could only provide evidence of successful ligation reaction. STAT6-1 is in the

monomeric form due to the caged group on phosphorylated Tyr®*.

STAT6-1 was purified via Ni-NTA matrix by taking advantage of the Hisg-tag attached at
the C-terminal region of the ligated protein to remove excess of STAT6 MesNa a-
COSR. Ni-NTA purification was carried out similarly to the procedure described for
STAT6 MesNa a-COSR purification. All the steps were analyzed by 10% SDS-PAGE.
Gels were first scanned by fluorescence scanner and later stained with Coomassie.
STAT6 MesNa a-COSR was separated from the STAT6-1 but unreacted peptide 1,
which has a Hisg-tag at its C- terminus, could not be separated by this method. Final
yield of STAT6-1 was 35%. Since STAT6-1 was constructed for in vivo experiments to
obtain, pure protein was essential. Hence, to remove excess of peptide 1 different

p™

purification methods via NAP'™-5 column, Sephadex column, capture beads and

ultracentrifugation was performed which are described below.
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Figure 4.14: Purification of STAT6-1 by NAP ™.5 and S-75

A: Purification of STAT6-1 by NAP ™.5 column was monitored on SDS-PAGE. First elution from NAP ™5
column (lane 1). Washings by STAT6 buffer in absence of detergent first washing shows the presence of
both STAT6-1 and peptide 1 (lane 2), second and third washing from the column sows presence of minor
amount of STAT6-1 (lanes 3 and 4). Final elution from the column containing both STAT6-1 and peptide 1
(lane 5), LMW (lane 6) B: Fluorescence of the corresponding gel. C: Gel filtration of STAT6-1 on S-75
analytical column and STAT6-1 was eluted together with peptide 1 at 20.93 min.

NAP™.5 columns containing Sephadex with 5 kDa cutoff size were generally used for
purification of oligonucleotides, DNA fragments, desalting and buffer exchange was
equilibrated with STAT6 buffer + 0.1% DDM and loaded with the ligation product by

gravity flow. The column was first washed with the loading buffer. Prior to loading of
STAT6-1 over the column the protein was rotated on table top rotating wheel at 4°C with
bio-beads which has a capacity to adsorb detergent. STAT6-1 (50 ul) was loaded to the
column in a maximum volume of 0.5 ml volume with the STAT6 buffer in absence of
detergent (as described in the company protocol). The eluted volume was concentrated
by ultra filtration with 5 - 30 kDa molecular weight cutoff and analyzed over SDS-PAGE.
Gels were first scanned by fluorescent scanner to observe Cy5 labeled protein bands
followed by Coomassie staining. Filtrate showed the presence of both peptide 1 with
STAT6-1 protein (figure 4.14, A and B, lanes 2 and 5 shown by an arrow) showing no
separation of peptide 1 from the STAT6-1.

Further separation of STAT6-1 from excess of peptide 1 was attempted by gel filtration
through Sephadex S-75 gel filtration column (figure 4.14, C). The gel filtration column
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was equilibrated with STAT6 buffer + 0.1% DDM. It was observed that STAT6-1 (75
kDa) eluted together with the peptide 1 (Figure 4.14, C) and no separate peak for
peptide 1 was observed. These experiments were repeated with detergent-free buffer.
The eluted volume was concentrated by ultra filtration with 5 - 30 kDa molecular weight
cutoff and the concentrated samples were analyzed on SDS-PAGE. Protein bands were
detected first by fluorescence detector and later stained by silver staining. STAT6-1 (75
kDa) eluted together with the peptide 1 (4.7 kDa despite of the larger difference in size).
This behavior can be explained by the formation of detergent micelle in the sample
solution that changed the elution peak during the course of purification. Since peptide
could not be separated by gel filtration it was not considered a probable method for

purification and was not further used for optimization of the purification method.

The semi purified STAT6-1 protein was further purified via capture beads that
specifically capture peptide with N-terminal free Cys. Capture beads were prepared
freshly and washed with STAT6 buffer + 0.1% DDM before loading them with STAT6-1.
Free peptide 1, which has an N-terminal L-Cysteine, should form a thiozolidine with the
aldehyde group on the capture beads (section 3.2.8). Ligated protein was incubated
with capture beads for 4 - 12 h at 4°C. The protein was filtered and beads were washed
10 times the column volume. Capture beads turned blue in color due to the Cy5 labeled
peptide indicating the success of the capture reaction. The eluted fraction was analyzed
via SDS-PAGE and monitored first by fluorescence later gel and subsequent silver
staining. SDS-PAGE showed the peptide band at the bottom of the gel showing that the

capture beads where not able to remove all of the peptide 1 from the ligation.
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Figure 4.15: Ultrafiltration of STAT6-1

A: Coomassie stains of STAT6-1 before purification over Ni-NTA (lane 1). Ultrafiltration removed large
amounts of peptide (lanes 2 - 3) as compared from lane 1. Peptide 1 as an elution from ultrafiltration (lane

4). B: Cy5 fluorescence scans of the corresponding gel.

The STAT6-1 was further purified by using ultrafiltration with a 50 kDa molecular weight
cutoff were 80% of the peptide was removed by washing several times with detergent-
free STAT6 buffer. The eluted fractions were checked by SDS-PAGE, which were
fluorescently scanned and later stained by Coomassie. As shown in figure 4.15, A and
B, lanes 2 - 3 minor amount of the peptide was always seen along with the protein
which was assumed not to interfere with the in vivo and in vitro analysis of the protein.
Fluorescence scan of the corresponding gel clearly shows the presence of peptide 1
due to the presence of Cy5 in peptide 1 before ultrafiltration (figure 4.15, A and B, lane
1) and absence of the same after ultrafiltration (figure 4.15, A and B, lane 2 and 3).
Figure 4.15, B, lanes 1 containing STAT6-1 before ultrafiltration when compared with
figure 4.15, B, lane 4 containing the elution from ultrafiltration showed approximately
same Cy5 intensity due to the presence of excess peptide 1. Figure 4.15, B, lanes 2
and 3 shows the reduction in the intensity of Cy5 (shown by an arrow). Due to the
ultrafiltration concentration of STAT6-1 had increased when compared to (figure 4.15)
lane 1 against lane 2 and 3. The wavy shape of the band containing peptide 1 on the

SDS-PAGE (figure 4.14 and 4.15) was seen due to the presence of high concentration
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of DDM that accumulated during the ultracentrifugation step of STAT6-1. This indicates
the presence of DDM in the STAT6 buffer.

4.2.3 Preparation of STAT6-2
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Figure 4.16: NCL of STAT6-2

A. Schematic representation of semisynthetic truncated STAT6-2. B. Ligation between STAT6 MesNa
a-COSR protein with peptide 2 monitored by SDS-PAGE to generate STAT6-2 (lanes 1, 2) shown by an
arrow. STAT6 MesNa a-COSR without peptide 2 (lanes 3, 4) and LMW (lane 5).

To study the decaging of the caged phosphorylated Tyr®* in vitro STAT6-2 was
generated, which was assumed to behave in monomeric form. This variant was used for
DNA-binding assays and investigating the decaging of photolabile group using EMSA
and western blot methods respectively. STAT6 MesNa a-COSR was ligated with
peptide 2 to form STAT6-2. It was synthesized following the similar protocol as
described for STAT6-1 (section 4.2.2). An arrow in figure 4.16 indicates the ligation
product, lanes 1 - 2. The difference in the protein band shift between the ligation product
and the STAT6 MesNa a-COSR on SDS-PAGE confirmed the successful formation of
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the ligation product. The ligation was carried out for 72 h, and gave yield of ~95% from
SDS-PAGE analysis. Final yield of STAT6-2 after purification was ~33%. Peptide 2 was

also inseparable from STAT6-2 like peptide 1 from STAT6-1. Ligation was carried out in
the presence of two different stabilizers like DDM 0.1% and glycerol 50%. It was
necessary to find to different stabilizers since DDM interfered in interpretation of results
in bioactivity test. More details for changing the buffer from DDM to glycerol are as
described in section 4.3.2.

STAT6-2 in presence of 50% glycerol was not purified by Ni-NTA matrix. Since this
variant was used to investigate the decaging of photolabile group by western blot
methods which requires SDS-PAGE. It was hypothized that presence of excess of
peptide 2 would not interfere in determining the decaging reactions since decaged
STAT6-2 having 75 kDa will not migrate faster than peptide 2 (4140.0 Da) over SDS-
PAGE. Second advantage of not separating peptide 2 from STAT6-2 was that large

amount of ligated product would be available for the investigation.

4.2.4 Preparation of STAT6-3

STAT6-3 was assumed to be in the dimeric form due to its free phosphate group on
Tyr®* and can mimic the native STAT6 found in physiological system. The benefit of the
presence of Cy5 in STAT6-3 was utilized for FRET experiments to study the kinetics of
dimerization as a control for the cell assays. STAT6-3 was generated by ligation
between STAT6 MesNa a-COSR and peptide 3 following similar conditions as
described for ligation 1 in dark due to the presence of Cy5.
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Figure 4.17: NCL of STAT6-3

A: Schematic representation of semisynthetic truncated STAT6-3. B. Ligation of STAT6 MesNa a-COSR
(lanes 2 and 3) without the presence of the peptide, STAT6 MesNa a-COSR protein (lanes 4 and 5) and
peptide 3 and LMW (lane 1). C: Fluorescence scanning of the corresponding gel at ex: 635 nm, em: 670
nm shows the ligation between STAT6 MesNa a-COSR protein with peptide-3 (lanes 4 and 5) shown by

an arrow, whereas shows lanes (2 - 3) no fluorescence band.

The ligation product is shown in figure 4.17 by an arrow. The formation of the ligation
was analyzed by the presence of fluorescence band from Cy5 (figure 4.17, B and lanes
4 - 5) and absence of Cy5 bands (figure 4.17, B and lanes 2 - 3) which were loaded with
STAT6 MesNa a-COSR. The presences of minor fluorescence band below the ligation
product were always seen which could be due to the COSR artifacts. The shift in the
protein band between STAT6-3 and STAT6 MesNa a-COSR on Coomassie staining
over 10% SDS-PAGE was not observed very clearly since ligation product was not
concentrated to avoid precipitation of protein during concentration step. In addition, a
very small difference in the molecular weight of the peptide 3 and STAT6-3 made it
difficult to analyze the difference in the band shift by Coomassie staining. The ligation

yield was ~30% from SDS-PAGE analysis since loss in yield occurred during the Ni-
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NTA purification. The ligation product was purified over Ni-NTA matrix and final yield
was ~36%.

4.2.5 Preparation of STAT6-4

To study the dimeric behavior of STAT6 protein STAT6-4 was synthesized without the

presence of Cy5. This variant like STAT6-3 was assumed to be also in dimeric form due

641

to the phosphate group on Tyr™™ mimicking the native STAT6. It behaved as a very

good positive control in western blot experiments against the decaging of NPE group for
STAT6-1. STAT6-4 was also used for DNA-binding assays. Hence, this was one of the

essential semisynthetic truncated STAT6 variant that was generated.
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Figure 4.18: NCL of STAT6-4

A. Schematic representation of semisynthetic truncated STAT6-4. B. Ligation of STAT6 MesNa a-COSR
protein with peptide 4 was monitored by SDS-PAGE (lanes 2, 3) shown by an arrow, STAT6 MesNa a-
COSR protein without the presence of the peptide (lane 4) and LMW (lane 1).

STAT6 MesNa a-COSR was ligated with peptide 4 to form STAT6-4 following the
similar method used for STAT6-1. Due to the absence of any fluorophore, the formation
of ligation product was analyzed by the shift in the band between STAT6-4 and STAT6
MesNa a-COSR via SDS-PAGE (figure 4.18, B). Only 48 h were needed to generate
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STAT6-4. Final yield of STAT6-4 after Ni-NTA purification was ~20%. Here again
peptide 2 was unable to separate but it was not of much concern since this was not
designed to be used for any in vivo experiments as it lacks flurophore. STAT6-4 was
used for DNA binding assays where it was necessary to remove DDM because it
interfered with interpretation of data from DNA-binding assays. Ligation was carried out
in presence of two different stabilizers (DDM 0.1% or glycerol 50%) due to the problems
as described in section 4.3.2 with protein stability. Ligation product in presence of 50%
glycerol was not purified via Ni-NTA matrix as explained in section 4.2.3. Consequently,
good amount of STAT6-4 was generated after ligation, which can be used for further
experiments such as for western blots and DNA-binding assays as described in

sections 4.3.1 and 4.3.2 respectively.

4.2.6 Preparation of STAT6-5
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Figure 4.19: NCL of STAT6-5

A: Schematic representation of semisynthetic truncated STAT6-5. B: Ligation of STAT6 MesNa a-COSR
protein with peptide 5 was monitored by SDS-PAGE (lanes1 and 2) shown by an arrow. STAT6 MesNa a-
COSR without peptide 5 (lane 4) and LMW (lane 3).
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The wild type variant of STAT6 (STAT6-5) contains a non-phosphorylated Tyr in
position 641, which was generated by mixing STAT6 MesNa a-COSR and peptide 5
using the similar conditions as for previous ligations. STAT6-5 was assumed to behave
as monomer due to the non-phosphorylated Tyr®*!. The presence of new band above
66 kDa from the formation of STAT6-5 figure 4.19, B, lanes 1 and 2 shows the
successful NCL reaction after STAT6-5 was purified with Ni-NTA superflow beads to
remove unreacted STAT6 MesNa a-COSR. After purification, the ligation yield of STAT-
5 was ~ 25% observed from SDS-PAGE analysis. Ligation was carried out in two
different stabilizers such as DDM 0.1% and 50% glycerol as described in section 4.2.3.
Ligation product in presence of 50% glycerol was not purified by Ni-NTA matrix, which is

explained in detail in section 4.2.3.

4.2.7 Preparation of STAT6-6
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Figure 4.20: NCL of STAT6-6

A: Schematic representation of semisynthetic truncated STAT6-6. B. STAT6 MesNa a-COSR protein
without the presence of the peptide 6 (lanes 1, 2), LMW (lane 3) and ligation of STAT6 MesNa a-COSR
protein with peptide 6 (lanes 4, 5) shown by an arrow was monitored by SDS-PAGE. C: Fluorescence

scanning of the corresponding gel at ex: 635 nm em: 670 nm shows the ligation between STAT6 MesNa
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a-COSR protein with peptide 6 (lanes 4, 5) shown by an arrow whereas lanes (2, 3) shows no

fluorescence band.

STAT6-6 was a fluorescent derivative of STAT6-5. STAT6 MesNa a-COSR was ligated
with peptide 6 following the similar scale and conditions as described for ligation of
STAT6-1. The ligation product is shown in figure 4.20, B, lanes 4 and 5 by an arrow.
The ligation product was observed by the presence of Cy5 fluorescence and the
difference in the protein band shift of the ligation product and the STAT6 MesNa o-
COSR shows the successful NCL reaction. Yield reduces during the purification during
Ni-NTA chromatography and final yield was ~25%. Ligation was carried out in two
different stabilizers such as DDM 0.1% and glycerol 50% as described in above
sections. Ligation product in presence of glycerol 50% was not purified by Ni-NTA

matrix, which is explained in detail in section 4.3.1
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Figure 4.21: Different semisynthetic STAT6 -(1-6) with their final yields after purification.

Figure 4.21 shows the final yields of semisynthetic truncated STAT6-(1-6) after ligation
of STAT6 MesNa a-COSR with variants of peptides (1-6) as described in above
sections. Next, step was to show the bioactivity of these semisynthetic variants for
which first, the decaging of caged group was performed followed by DNA-binding

assays and microinjections. These are described in detail in proceeding sections.
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4.3 Bioactivity of semisynthetic STAT6

4.3.1 Decaging of caged phosphorylate tyrosine

Decaging of STAT6-2 will transform this variant into an activated STAT6-2 with free

641

phosphate group on Tyr>*" that will enable it to form an active dimer. The challenging

guestions such as how the semisynthetic STAT6 will behave during and after exposure
to UV light, whether STAT6-2 can perform its physiological activity by behaving like its
native form and finally how to determine the photochemical reaction were to be
answered. As shown in figure 4.22, decaged STAT6 should bind to a specific phospho

tyrosine-HRP antibody which can be easily monitored by western blotting.
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‘? ) ® Caged phosphorylated Tyr*'
Noncaged phosphorylated Tyr
Anti-phosphotyrosine antibody
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Figure 4.22:. A phospho tyrosine specific antibody is used to test removal of the caging group
on STAT6 variants.

Removal of the caged group by UV light converts the bio-inactive STAT6-1 into its activated dimeric form
with a phosphorylated tyrosine. The decaged phospho tyrosine can be efficiently detected by western

blotting using a specific anti-phospho tyrosine antibody. Caged phosphorylated STAT6 which has not

been exposed to UV light should not bind to the antibody.
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The concentration of anti-phospho tyrosine-HRP antibody to bind free phosphate group
and its efficiency was determined using peptides 2 and STAT6-4 consisting of
phosphorylated tyrosine as positive control and peptide 3 and 5 consisting of caged
phosphorylated tyrosine and non phosphorylated Tyr was used as negative control for
dot blot experiments. As shown in the scheme in figure 4.22, the decaged STAT6

should bind to a phospho tyrosine specific antibody which can be monitored by western
blotting. Peptides 2, 3, peptide 5 and STAT6-4 were loaded directly onto a nitrocellulose

membrane. 1 ul from stock solution of peptide 3 (2.65 uM, 12.2 ug) was diluted in a
series to make final concentration of 2.6 nM (figure 4.23, dot 1), 5.3 nM (figure 4.23, dot
2), 26 nM (figure 4.23, dot 3) and 88 nM (figure 4.23, dot 4) to load 1 pl from each stock
on nitrocellulose membrane. Figure 4.23, dot 5 contains 1 pl from 245 pg of peptide 3
stock solution. STAT6-4 (4.4 uM, 132 ug) at different concentrations ranging from 0.33
ug to 3.3 pg was directly loaded on nitrocellulose membrane. Peptide 5 from 89 uM to

27 nM and Peptide 2 (0.95 pg) dot 9 and 10 was used as negative control.

Spots were dried for a few sec and later analyzed by the western blotting with anti-
phospho tyrosine-HRP antibody as described in section 3.4.8. The efficient binding of
the antibody to peptide 3 (figure 4.23, A) and STAT6-4 (figure 4.23, B) confirmed the
presence of phosphorylated Tyr®?. The negative control for the experiment was carried
out with peptide 5 which has no phosphorylated Tyr which did not show any signal after
incubation with antibody. Another negative control for the experiment was peptide 2
which has caged phosphorylated Tyr, dot 9 shows a faint binding of phosphorylated
Tyr®* to the antibody as compared with the positive controls and dot 10 donot show any
spots confirming the presence of caged phosphorylated Tyr®*!. The appearance of very
faint signal from antibody can occur due to the minor exposure of the caged group inthe
visible light during loading of the sample (Figure 4.23, dot 9) which is very difficult to
avoid.
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Peptide 3

Figure 4.23:.. Western dot blot analysis of peptides 2, 3 and STAT6-4

A: Positive control for western blot was performed by using 1 pl of Peptide 3 at different concentration.
2.65 nM (dot 1), 5.3 nM (dot 2), 26.5 nM (dot 3), 88 nM (dot 4), 2.6 mM (dot 5). B: 1 yl of STAT6-4 at
different concentrations. 0.33 pg (dot 1), 0.99 pg (dot 2), 1.65 pg (dot 3), 3.3 ug (dot 4) and negative
control for the same was performed by using 1 pl Peptide 5 89 nM (dot 5), 27 nM (dot 6), 0.05 nM, 0.27

nM and Peptide 2 0.95 pg, 5 pl (dots 9 and 10).

The data suggests that the antibody is very specific for phosphorylated tyrosine of
STAT6-3. Figure 4.23, red bar showed the change in the dot intensity from lower to
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higher which was due to the increase in the concentration of the peptide 3 and STAT6-4

loaded onto the nitrocellulose membrane.

After obtaining evidence from the dot blot experiment described above for peptides 2, 3
and STAT6-4 protein it is proved that antibody specific to free phospho tyrosine group
can successfully bind to free phosphate group on Tyr®*!. Thus, antibody must detect the

formation of free phosphate group on Tyr®

present in STAT6-2 after its illumination
with UV light. The decaging experiment was performed in a plastic cuvette with 5 puM of
STAT6-2 protein exposed to 800 W UV light for 10 min to ensure complete removal of
caged group. SDS-PAGE followed by western blotting resolved the protein. The
developed X-ray film shown by an arrow in figure 4.24 indicates a very high intensity
band for dimeric and monomeric form of the decaged STAT6-2. Dimers of STAT6 were
seen due to the tight binding between themselves which was not separated in the
presence of detergents such as SDS. STAT6-2 which was not exposed to UV light had
almost no binding to antibody indicating the absence of free phosphorylated Tyr®.
STAT6-3 was used as a positive control for antibody binding as it has a free phosphate
group on Tyr**t. HMW protein marker which has fluorescent phosphorylase (Invitrogen)
binds to the antibody and shows a band after western blotting (figure 4.24, lane 4).
Lanes 1 and 3 in figure 4.24 shows STAT6-2 before and after exposure to UV light
respectively. A significant increase in antibody binding in lane 3 shows that caged group
in STAT6-2 is efficiently uncaged after 10 min of exposure to UV light showing the
presence of free phosphate group in Tyr®*. The very minor signal in figure 4.24 (lane 1)
was similar to the signal in figure 4.23 (dot 9) which was due to the accidental removal
of the caged group through visual light during the loading of the sample which cannot be

avoided.
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Figure 4.24:. Decaging of STAT6-2

Western blot analysis on SDS-PAGE after removing caged group from STAT6-2 by flashing UV light of
800 W for 10 min: 0.95 ug of caged phosphorylated STAT6-2 (lane 1), 1.65 pg of phosphorylated STAT6-
4 (lane 2), 0.95 pg decaged phosphorylated STAT6-2 (lane 3) and pre-stained HMW 5 pl (lane 4)

Similar western blot experiments were carried out and protein was resolved via 5% non-
denaturing gel since it was important to find out the stability of semisynthetic STAT6-2
after exposure to UV light. Decaging experiments were carried out as described above
by UV light. The obtained results showed a highly intense band on the X-ray film
showing that STAT6-2 is in the native state (figure 4.25, lane 1) as it could migrate
within 60 min through non-denaturing gel without any presence of aggregation. Several
attempts with the decaging experiments showed the same intense band of STAT6-2 on
non-denaturing gel. This can be explained due to the large pore size of the
polyacrylamide gel which enables dimeric STAT6-2 (144 kDa) (1.9 pg) to spread over
the gel without further migration when compared to STAT6-4 (0.42 pg) non caged

phosphorylated Tyr®*

(figure 4.25, lanes 2 and 3) which did not show highly intensity
band. The presence of STAT6-4 in native gels was proved by DNA-binding assays,
explained in sections 4.3.2 which showed that it can only in the presence of dimeric

form can bind to its specific DNA conjugated with Tamra fluorophore.
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1 2 3 4

Decaged —_HMW
STAT6-2 '

Figure 4.25.. Decaged STAT6-2 in native gel.

STAT6-2 was decaged and ran over 5% non-denaturing gel followed by western blotting. The high
intense decaged STAT6-2 (lane 1) showed that STAT6-2 on exposure to UV light did not precipitate.
STAT6-4 (lane 2-3) and HMW (lane 4)

To further examine the release of caged group, in vitro analysis was performed. Peptide

7 when exposed to UV 365 nm from a Xe lamp present in a stop flow machine released

NPE group in 20 min. Every 10 min sample was collected from the reaction mixture and

%41 with a

was monitored via ESI-MS. Peptide 7 having caged phosphorylated Tyr
deconvulated mass of Mps) = 4569.0 Da and Ms) = 4419.0 Da of the decaged
phosphate group after 20 min shows the beginning of photolysis reaction on release of
NPE group which converts into a peptide having a free phosphate group (figure 4.26,
A). Figure 4.26, B shows the final conversion of the caged phosphate group into free
phosphate with 100% yield since no trace of peptide with Mps) = 4569.0 Da was

observed. No external scavenger was added.
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Figure 4.26.. Decaging of
peptide 7
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4.3.2 Binding of STAT6 variants to ds DNA

Western blotting experiments demonstrate the successful decaging of semisynthetic
STAT6-2. Further experiments were designed to provide evidence that semisynthetic
STAT6 was functionally active to form dimer. From previous results from Georg B Ehert
et al, 2001, it is known that STATs bind to a consensus sequence known as Gamma
activated sequence (GAS), N4 motif 5-TTCN,.4GAA-3 through its DNA binding
domain. Other STAT family members do not bind to the sequence recognized by
STAT6. To find more proof on semisynthetic STAT6 variants if they depict the specific
binding of DNA of native STAT6, EMSA was demonstrated.

In vivo binding of STAT6 monomers occurs when they are released from the cytokine
receptor tail after JAK/TyK phosphorylates the STAT6 proteins and forms dimers which
are translocated to the nucleus where they bind to GAS-DNA to transcribe IL-4/IL-13
responsive genes. This phenomena of STAT6 binding to GAS-DNA can be
demonstrated in the following experiments by applying the technique of electrophoretic
mobility shift assay (EMSA). This technique was used to demonstrate the biological
functionality of semisynthetic truncated STAT6-4 (72 kDa), which is a phosphorylated
variant, assumed to form dimer and interact with ds GAS-DNA in its dimeric active form

641

and STAT6-1 which has caged phosphorylated Try>™" was assumed as a monomer

which should not bind to ds GAS-DNA (figure 4.27).
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STAT6 Sy GB G jjf 4)*6. N
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p 8 + N0 - Dimer of STAT6
GAS-DNA/ N4 oligonucleotide
=t smam <~ GRO
S N + N
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Caged Monomer of STAT6

< Tamra fluorophore

Figure 4.27: STAT6 binds to GAS-DNA
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To obtain ds GAS-DNA, two complimentary oligonucleotides of 20 base pairs with
(Tamra 5'-TCGACTTCCCAAGAACAGAG-3‘and 3‘-AGCTGAAGGGTTCTTGTCTC-5)
in the (1:1) ratio of 20 uM concentration was used. The presence of Tamra on one
oligonucleotide allows easy monitoring of STAT6 binding to GAS-DNA with STAT6-4
dimer. The oligonucleotides were heated for 5 min at 95°C and cooled to 37°C in 1 h
and immediately stored at 4°C over night. The binding buffer was 10 mM Tris HCI, 1
mM EDTA, 50 mM NacCl in ddH20 at pH 7.4 (section 2.6.1). The hybridization of DNA
was followed in 12% non-denaturing acrylamide with 60 mV at 0°C and Orange G was
used as the loading buffer for single and double stranded oligonucleotides. The gel was
later scanned by a fluorescence scanner at Tamra ex: 510 nm, em: 575 nm (figure 4.28,
C). The shift in the fluorescence band of Tamra shows the efficient hybridization of the
oligonucleotides to form double stranded Tamra labeled GAS-DNA. Fluorescence scan

data gives a very accurate detail to monitor the Gel-shift experiments (figure 4.28, C).

Initial tests were carried out with STAT6-4 (5 uM), ds GAS-DNA (20 uM) in 10 pl of
binding buffer which was incubated at RT with GAS-DNA at different time intervals
protecting it from light to avoid bleaching of Tamra fluorophore. Mixture of STAT6-4 and
GAS-DNA after incubation was divided equally (v/v) into two parts in 1.5 ml tube and
later loading buffer was added and all samples were run at 100 mV, 0 degrees, via 5%
native gel . It was observed that binding between STAT6-4 and GAS-DNA which was
not indicated in the first experiment presumably due to micelles generated by DDM as
STAT6-4 was stabilized in STAT6 buffer + 0.1% DDM. Recombinant STAT6 was hence
purified in detergent free buffer as described in section 4.2. Similar binding reaction was

performed in detergent free buffer. Results are shownin figure 4.28, A and B.
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Figure 4.28: Tamra ds GAS-DNA binding of semisynthetic STAT6-4

A: EMSA analysis was carried out via 5% native gel, 100 mV at 0°C, which was monitored first by
fluorescence scanning at ex: 510 nm and em: 575 nm. Binding complex of truncated semisynthetic
variant STAT6-4 with Tamra ds GAS-DNA was performed for 5 min, 1 h and 3 h at RT (lanes 8, 6, & 5
respectively) shown by an arrow. The negative control was observed by mixing STAT6-2 with Tamra ds
GAS-DNA for 5 min and 1 h (lanes 7 & 9 respectively). STAT6-4 (lane 3), STAT6-2 (lane 4), Tamra ds
GAS-DNA (lane 2) shown by an arrow and pre-stained HMW protein marker (lane 1). B: Silver stain of
the corresponding gel showed presence of the proteins in the absence of ds DNA (lanes 3, 4, 7 & 9). C:
Hybridization of GAS-DNA was observed by running the DNA and the oligonucleotides over 12%
polyacrylamide gels at 0°C, 60 mV. Fluorescence scanning of the corresponding gel at ex: 510 nm, em:

575 nm showed Tamra labeled oligonucleotides (lane 1) and hybridized DNA (lanes 2, 3)

The binding was indicated by a change in electrophoretic mobility of Tamra ds GAS-
DNA (figure 4.28, A, lanes 5, 6 and 8) indicating the formation of a complex between
semisynthetic STAT6-4 dimer and DNA. The Tamra fluorescence was observed on the
top part of the 5% non-denaturing polyacrylamide gel with an excess of DNA at the
bottom of the gel. When compared, the new Tamra band of ds GAS-DNA complexed
with dimer of STAT6-4 (144 kDa) protein was in good agreement with the expected
molecular weight of such a complex compared against the prestained HMW protein
marker (Invitrogen) phosphorylase (148 kDa). This observation provides proof that
semisynthetic STAT6-4 protein forms a functional dimer that binds to its known GAS
recognition sequence in vitro. The negative controls were used to show that GAS-DNA
only binds to the dimer of STAT6. STAT6-4 in the absence of Tamra ds GAS-DNA

showed no Tamra fluorescence (figure 4.28, A, lane 3) also can be compared with silver
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stained gel (figure 4.28, B, lane 3) showing the presence of STAT6-4. Similarly STAT6-
2 in presence of Tamra ds GAS-DNA showed no binding due to the presence of caged

phospho Tyr®#

group on the protein indicating STAT6-2 existing in its monomeric state
(fig 4.28, A, lanes 7 and 9). The corresponding silver stain of the same native gel shows
the presence of STAT6-2 protein in absence of Tamra ds GAS-DNA (figure 4.28, B,

lane 4).

To ensure that only the consensus sequence GAS-DNA binds to the dimer of STAT6-4
further experiments were carried out. All the samples were prepared as described in
section 3.6.1. For positive controls STAT6-4 (5 pM and 3 pM) in varying amounts was
used for binding with Tamra ds GAS-DNA (20 uM). To answer the question if the
consensus ds GAS-DNA binds STAT6 specificallyy, Tamra ss GAS-DNA 5’-
TCGACTTCCCAAGAACAGAG-3'was mixed in the ratio with the protein described
before section 3.6.1. One set of samples were incubated for 5 min and the other for 1 h
in dark in total volume of 10 pl and later divided into two parts (v/v) followed by mixing
with 40% sucrose loading buffer. The samples were run over standard 5% non-
denaturing polyacrylamide gel, followed by scanning the gel in fluorescence scanner

with Tamra ex: 510 nm, em: 575 nm.

Binding of semisynthetic STAT6-4 with Tamra ds GAS-DNA (figure 4.29, A and lanes 7
- 10) was reproducible as was confirmed by the appearance of Tamra fluorescence
band which was in the range of a band in the prestained HMW protein marker (148 kDa)
showing the dimeric form of STAT6-4 (144 kDa). The presence of high intensity bands
containing STAT6-4 (5 uM) (figure 4.29, lanes 9 and 10) and low intensity bands for
STAT6-4 (3 uM) (figure 4.29, lanes 7 and 8) with constant concentration of DNA (20
KUM) in the reaction mixture shows that varying concentrations of STAT6-4 did not affect
the binding. The presence of the Tamra fluorescence band from ss GAS-DNA when
mixed with STAT6-4 (shown by an arrow, figure 4.29, A, lanes 5 and 6) was found to be
lower when compared to the complex of STAT6-4 and Tamra ds GAS-DNA shown in
the figure 4.29, A and lanes 7 - 10. This gives an indication that STAT6-4 shows the

absolute presence of dimeric form by only binding Tamra ds GAS-DNA and not Tamra
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ss GAS-DNA. Thus, functional quantification of the binding of semisynthetic STAT6-4 to
GAS-DNA was performed successfully by EMSA technique.

GAS-DNA Mismatch DNA Random-DNA
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Figure 4.29: Binding studies of STAT6 with different forms of DNA

A: EMSA technique was used to study the non-specific binding of STAT6-4. The 5% native gels scanned
at ex: 510 nm and em: 575 nm shows the non-specific complex of Tamra ss GAS- DNA with STAT6-4
figure (lanes 5 and 6) as shown by an arrow. Binding complex between STAT6-4 with Tamra ds GAS-
DNA (lanes 7-10), Tamra ds GAS-DNA indicated by an arrow (lane 4), Tamra ss GAS-DNA (lane 3), ss
GAS-DNA (lane 2) and prestained HMW (lane 1). B: Fluorescence scanning at ex: 510 nm, em: 575 nm.
shows binding of STAT6-4 with Tamra ds GAS-DNA (lanes 1 and 2) indicated by an arrow, STAT6-4
complexed with Tamra ds mismatch DNA (lanes 3 and 4), Tamra ds GAS-DNA (lane 5) indicated by an
arrow, Mismatch DNA (lane 6), STAT6-4 (lane 7) and STAT6-2 (lane 8). C: Fluorescence scans at ex:
510 nm, em: 575 nm shows non-binding of STAT6-4 with Tamra ds random DNA (lane 1) shown by an
arrow, and binding of STAT6-4 with Tamra ds GAS-DNA (lane 2), STAT6-4 (lane 3), Tamra ds random
DNA (lane 4) and Tamra ds GAS-DNA (lane 5).

To further, confirm the specificity of STAT6-4 for ds GAS-DNA, mismatch and random
DNA sequences were generated from two complimentary oligonucleotides of 20 bases
each equipped with a Tamra fluorophore for efficient monitoring during EMSA. The
sequences for mismatch DNA were Tamra 5-TCGACTTCCCCAGAACAGAG-3‘ and its
complimentary sequence 3‘-AGCTGAAGGGGTCTTGTCTC-5' containing an A to C
mutation at Nz region. The sequence for random DNA were Tamra 5'-
GTCTGGGTAGCGACGGCTCT-3 and its complimentary  sequence 3'-
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CAGACCCATCGCTGCCGAGA-5" without resemblance to the consensus sequence of
GAS-DNA was used. The DNA was hybridized following the procedure used for ds
GAS-DNA. The hybridization was monitored by 12% non-denaturing polyacrylamide
gels followed by fluorescence scanning as mentioned above. Mobility shift of ds DNA

compared to ss DNA showed successful hybridization.

To test the specific binding reactions two set of experiments were performed. In two 100
pl tubes STAT6-4 (5 uM) + mismatch DNA (20 uM) and STAT6-4 (5 pl) + random DNA
(20 uM) in 10 pl volume were incubated for 5 min to 1 h at RT each in dark. The
samples were run via 5% non-denaturing polyacrylamide gel with 100 mV on ice. The
gels were scanned as described above. It was observed that one mutation from A to C,
does not prevent binding of STAT6 (figure 4.29, B, lanes 3 and 4) when compared with
the binding complex of STAT6-4 and ds GAS-DNA (figure 4.29, B, lanes 1 and 2)
indicated by an arrow showing no major difference in Tamra absorption. No binding of
random Tamra ds DNA and STAT6-4 was observed (figure 4.29, C, lane 1) whereas
binding with Tamra ds GAS-DNA was always reproducible (figure 4.29, C, lane 2). The
binding of STAT6-4 with single mutation from A to C at N3 region provides evidence that
both N3 and N4 nucleotide sequences bind to STAT6 proteins. These experiments
proved that STAT6-4 was a functional dimer that binds to specific ds GAS-DNA with N3

or N4 palindromic sequences.

Concentration dependent studies with varying amounts of Tamra ds GAS-DNA (20 to
150 uM) mixed with STAT6-4 (5 uM) for binding reaction in a volume of 10 ul was
performed as above and divided into equal ratio (to investigate the effect of DNA-
binding. One set of binding reactions containing STAT6-4 (5 pM) with varying
concentration of Tamra ds GAS-DNA (20 uM-150 pM in gel) for 5 min and another set
of reactions with similar concentrations of STAT6-4 and ds GAS-DNA for 1 h in dark
was carried out. Later the gel was analyzed as described above. Figure 4.30, lanes 1 -
10 indicates no increase or decrease in band intensities in the binding complex as
observed by the fluorescence scan of the gel. Pink bar shows the increase in

concentration of Tamra ds GAS-DNA.
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Figure 4.30: Different concentrations of Tamra ds GAS-DNA ranging from 20 - 150 uM incubated
with 5 uyM STAT6-4.

Semisynthetic STAT6-2 is prevented from dimerization by having a caged
phosphorylated Tyr®*! and therefore does not bind to Tamra ds GAS-DNA as seen
before in EMSA experiments (figure 4.28, A and B, lanes 4 and 9). The difficult and
interesting experiment was to prove semisynthetic STAT6-2 as bioactive by becoming a
functional dimer which would bind with ds GAS-DNA upon removal of caged group from

641 with UV light. To achieve the deprotection of caged group from

phosphorylated Tyr
phosphotyrosine, STAT6-2 (5 uM) in a 10 ul quartz cuvette was flashed with UV light for
5 min and 10 min. UV exposed STAT6-2 was later incubated with Tamra ds GAS-DNA
following the above described procedure for binding reactions. The samples were run
via 5% non-denaturing polyacrylamide gel followed by scanning for Tamra fluorescence

and subsequent silver stain.
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Figure 4.31: DNA-binding assay of decaged STAT6-2 and Tamra ds GAS-DNA.

A: The complex formation of decaged STAT6-2 and Tamra ds GAS-DNA was monitored by EMSA. The
5% gel was scanned at ex: 510 nm, em: 575 nm. Decaged STAT6-2 complexed with Tamra ds GAS-DNA
10 min and 5 min of exposure under UV light (lanes 1 and 2 respectively) shown by an arrow, decaged
STAT6-2 in absence of Tamra ds GAS-DNA (lane 3) and non decaged STAT6-2 (lane 4), Tamra ds GAS-
DNA (lane 5) and Tamra ss GAS-DNA (lane 6). B: Silver stain of the corresponding gel showing the new
dimer of decaged STAT6-2 complexed with Tamra ds GAS-DNA and excess of monomer STAT6-2
shown by an arrow (lanes 1 and 2 respectiwvely), STAT6-2 exposed to UV light for 5 min without the
incubation with GAS-DNA (lane 3), non decaged STAT6-2 (lane 4). C. Coomassie stains of decaged
STAT6-2 complexed with Tamra ds GAS-DNA (lane 1), decaged STAT6-2 in absence of Tamra ds GAS-
DNA (lanes 2) and non-decaged STAT6-2 (lane 3). Tamra ds GAS-DNA (lane 4), Tamra ss GAS-DNA

(lane 5) and prestained HMW (lane 6). D. Corresponding Fluorescence scans of (C).

The fluorescence scan showed (figure 4.31, A shown by arrows) a faint band that
corresponds to Tamra ds GAS-DNA bound to decaged STAT6-2 dimer. When
compared with the corresponding silver stained gel (figure 4.31, B, lanes 1 and 2), two
separate bands were seen as indicated by arrows. The first band was assumed to be

the dimeric form of STAT6-2 and the lower band represents the monomeric form. The
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unidentified fluorescence band was unexpectedly observed for decaged STAT6-2 in
absence of Tamra ds GAS-DNA (figure.4.31, A, lane 3) and caged STAT6-2
(figure.4.31, A, lane 3). This observation was very exigent (figure 4.31, A and B, lanes 3

and 4) to determine the unidentified fluorescent bands obtained after fluorescent scans.

To find the reason for unidentified fluorescent bands seen in figure 4.31, A and B, lanes
3 and 4 yet again, similar decaged reaction on STAT6-2 was performed followed by
DNA binding assay and the reactions were monitored via native gels, which were first
scanned to find Tamra fluorescence band followed by Coomassie staining. Figure 4.31,
C, lane 1 indicated that decaged STAT6-2 complexed with Tamra ds GAS-DNA has
reduced mobility shift in native gel when compared with STAT6-2 without Tamra ds
GAS-DNA (figure 4.31, C, lane 3) and non-decaged STAT6-2 (figure 4.31, C, lane 4)
showing the successful formation of dimeric STAT6-2 after illumination with UV light.
Coomassie band also showed unidentified fluorescent bands (figure 4.31, D, lanes 1 -
3). Tamra fluorescence scan showed fluorescence band of higher intensity for figure
4.31, lane 1 that contained decaged STAT6-2 complexed with Tamra ds GAS-DNA
when compared with other lanes that did not contain Tamra ds GAS-DNA. The band for
dimeric STAT6-2 (144 kDa) complexed with Tamra when compared with the prestained
HMW fluorescent band position at 148 kDa showed the existence of decaged STAT6-2
in dimeric form. The same result can be compared with the binding reaction observed
for STAT6-4 complexed with Tamra ds GAS-DNA (figure 4.28, A)

Finally, the evidence of decaging of STAT6-2 was observed from reduced mobility shift
of decaged dimeric STAT6-2 complexed with GAS-DNA, indicated in Coomassie stain
and faint Tamra fluorescence band for presence of retarded mobility shift of complexed
Tamra GAS-DNA in fluorescence scans. Thus, the DNA binding assay indicates that
semisynthetic STAT6-2 can be decaged and is functional as shown by its ability to bind
with its recognized GAS-DNA. Decaging of STAT6-2 and observing its binding with
Tamra ds GAS-DNA remained a challenge due to the presence of unidentified
fluorescent bands and faint Tamra fluorescence band. The proof for decaged STAT6-2

experiment was briefly explained through western blot analysis in section 4.3.1.
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Nevertheless, the challenging part was to interpret the presence of unidentified bands in
those lanes (figure 4.31, C and D) that did not contain Tamra DNA and their

corresponding Coomassie stained gels.
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Figure 4.32:  Analysis of DNA binding assays with STAT6 variants and STAT6 MESNA a-COSR
on native gel.

A: Fluorescence scan at ex: 510 nm, em: 575 nm of 5% native gel showing a complex of decaged
STAT6-2 and Tamra ds GAS-DNA incubated for 1 h and 5 min at RT (lanes 1-2 respectively). Caged
STAT6-1 mixed with Tamra ds GAS-DNA incubated for 1 h and 5 min at RT (lanes 3-4 respectively).
STAT6-4 complexed with Tamra ds GAS-DNA for positive control following similar conditions for binding
and incubated for 1 h and 5 min (lanes 5 and 6 respectively), STAT6-2 (lane 7), Tamra ds GAS-DNA
(lane 8), prestained HMW (lane 9). B: STAT6 MesNa a-COSR at different concentration run via 5% non-
denaturing gel and stained with Coomassie (lanes 1 and 3) were fluorescent blue band from 0-1% DDM
band indicated by an arrow. C: STAT6 MesNa a-COSR at different concentration was run via 5% non-
denaturing gel and scanned at Tamra fluorescence (lanes 1-3), faint band from 0-1% DDM indicated by

an arrow.

To analyze in detail the unidentified fluorescence band (figure.4.32, A, lanes 3 and 4) in

the samples which did not contain Tamra ds GAS-DNA,; the following steps were carried
out such as STAT6-2 (5 uM) was mixed with Tamra ds GAS-DNA and was run via 5%

native gel and scanned for Tamra fluorescence. The fluorescent band with high
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intensities was observed (figure 4.32, A, lanes 1 and 2). A similar fluorescent band was
also observed for STAT6-2 (5 uM) which was loaded in absence of Tamra ds GAS-DNA

(figure 4.32, A, lane 7) when compared with the figure 4.31, A, lane 3 and 4. STAT6-1
having Cy5 as the fluorophore was loaded without Tamra ds GAS-DNA (figure 4.32, A,
lanes 3 and 4). STAT6-2 in absence of Tamra ds GAS-DNA produced the similar
fluorescent band (figure 4.32, A, lane 7).

STAT6 MesNa a-COSR purified with STAT6 buffer + 0.1% DDM was tested to see if it
has the same effect on the native gel, as the same STAT6 MesNa a-COSR was used to
carry out the ligation with the peptides. The Coomassie stain of the STAT6 MesNa a-
COSR (figure 4.32, B, lanes 1 - 3) indicates an unidentified band, which disappeared
within 5 min after destaining the gel giving an indication that the band occurred was
from detergent (0.1% DDM) present in the STAT6 buffer. It also showed that STAT6
MesNa a-COSR appeared near the sockets of the gel. This could be due to the large
size of the protein as well as the protein in combination with the DDM micelle that
hinders in the fast migration through the native gel. The fluorescent scan (figure 4.32, C,
lanes 1 - 3) at Tamra absorption showed a band in spite of the absence of any Tamra
ss/ds GAS-DNA.

Hence, it was observed that STAT6 MesNa a-COSR and caged semisynthetic STAT6-1
and -2 variants showed a fluorescent band in the absence of Tamra ds GAS-DNA.
Based on the information observed in figure 4.33, B, lanes 1 - 3 it was assured that
STATG6 buffer containing 0.1% DDM used during ligations might be responsible for the
fluorescent band that appeared in the native gels during the fluorescence scanning
even in the absence of Tamra fluorophore in the reaction mixture. It was very essential
to observe STAT6 MesNa a-COSR and semisynthetic variants of STAT6 without the
presence of the unidentified fluorescent band on scanning at Tamra fluorescence on the

native gel.

Since STAT6 MesNa a-COSR migration on the native gel was found near the sockets,

first attempt to improve its migration was carried out. Due to the presence of big
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polyacrylamide pores in 5% native gel it was assumed that DDM would migrate faster
than STAT6 MesNa a-COSR thereby separation of DDM from the protein could be
achieved. Different conditions such as, changing the buffer from TBE to TRIS Borate,
variation in pH from 8.0 to 9.0 and running the native gel overnight at 4°C were used.
Gels were scanned at Tamra fluorescence. By changing the pH of the running TBE
buffer from 8.0 to 9.0, STAT6 MesNa a-COSR slowly migrated from the sockets to the
middle of the gel but along with DDM which eventually showed unidentified fluorescent
band in absence of Tamra ss/ds GAS-DNA. After these observations, it was clear that
an unidentified band seen on figure 4.32, B, lanes 1 — 3 was caused by detergent in
STATG6 buffer. Hence, it was essential to remove DDM from the STAT6 buffer to carry

out the future expressed protein ligations.

It was very challenging question to remove DDM due to DDM’s low CMC value. Hence,
DDM was responsible for the formation of unidentified bands in EMSA data’s as well as
problems faced during peptide 1 separation from the ligation products (section 4.2.2). It
was also observed that when STAT6 MesNa a-COSR was ligated with peptide-4 to
make STAT6-4, the binding reactions could not be repeated. Hence, the expression of
STAT6 MesNa a-COSR as described in section 4.2.1 was carried out without detergent
where several challenges were faced due to the instability of the STAT6 MesNa a-
COSR causing high loss in the yield of the protein due to aggregation during their
preparation. As described in the earlier section 4.2.1, 50% glycerol was found to be the
best suitable stabilizer. STAT6 MesNa a-COSR in 50% glycerol when run over 5% non-
denaturing gels, the fluorescence scan did not show any fluorescence band. Ligations
were repeated after the above observation using STAT6 MesNa a-COSR in 50%
glycerol to synthesize STAT6-2 and STAT6-4. As expected, no fluorescence band was
observed when STAT6-2 (5 uM) in STAT6 buffer + 50% glycerol in presence of binding
buffer was loaded onto the native gel. The binding reactions were also reproducible for
STAT6-4 in presence of 50% of glycerol.
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4.3.3 Monitoring the STAT6 and GAS-DNA by FRET

Fluorescence resonance energy transfer (FRET) interaction is based on two species
labeled with different fluorophores. This technique has emerged as a powerful tool to
study interactions of ions, ligands, and molecular interactions in vivo or in vitro. To
observe FRET, a fluorescence donor has to interact with an acceptor molecule which is
separated by 2 - 10 nm from the donor. The interaction results in the transfer of the
donor excitation energy to the acceptor manifested as, among others, quenching of
donor fluorescence and enhancement, of acceptor fluorescence. In case of STAT6 and
GAS-DNA, Cy5 conjugated to STAT6 was the acceptor and Tamra conjugated GAS-
DNA was the donor. The methodology of highly sensitive FRET was applied to find
more verification for DNA binding of semisynthetic STAT6 dimers, together with the
analysis of the data obtained from EMSA (section 4.3.2). Semisynthetic truncated
STAT6-3 (a phosphorylated and Cy5 labeled variant) was selected and FRET was
measured at different concentrations of 5’-Tamra ds GAS-DNA and a Tamra labeled

random ds DNA respectively.

The total volume of the FRET reaction mixture was 12 pl and the experiment was
performed in three sided quartz micro cuvette. All readings were taken in a Spex
Fluoromax 3 spectrofluorometer instrument at 20°C. The binding assay was
investigated by addition of 1.2 pl of Tamra ds GAS-DNA each time to make a final
concentration of 0.01 uM and 2.0 pl of STAT6-3 to make 0.1 uM of final concentration in
12 pl of binding buffer. The negative control was demonstrated by adding 1.2 pl of
Tamra ds random DNA to make a final concentration of 0.01 uM each time in a reaction
volume of 12 ul containing binding buffer and 0.1 uM of STAT6-3. The dilution factor
was deducted for every reading taken. Fluorescence intensities of Tamra and Cy5 are

recorded as a function of the concentration of DNA (nM).
FRET was observed as emission of Cy5 (660 nm) as an acceptor linked to STAT6-3 an
excitation of Tamra ds DNA (548 nm) as donor. A ~1.5 fold increase in Cy5 emission

(660 nm) for binding assays of STAT6-3 with Tamra ds GAS-DNA was observed when
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Figure 4.33: Fluorescence intensities of STAT6-3 with varying concentration of Tamra ds DNA

A: FRET observation at Cy5 em: 660 nm excited at Tamra 548 nm.

compared with the background Cy5 emission obtained from non-binding assays
(negative control) with Tamra ds random DNA (figure 4.33).The difference in the
fluorescence intensities of Cys shows the actual FRET (figure 4.33) providing further
evidence for the presence of dimeric semisynthetic STAT6-3 binding to ds GAS-DNA.
The biophysical characterization of semisynthetic STAT6-3 was in agreement with the
results obtained from EMSA (section 4.3.2) which proved that GAS-DNA binds only in
the presence of dimeric STAT6 even in the presence of the Cy5 fluorophore attached to
the linker domain and Hisg-tag at the C-terminus of the protein. No aggregation of
protein was observed. Nevertheless, the challenging part was to work with very low
concentration of STAT6, due to which DNA was added each time and dilution factor
was subtracted. Further disadvantage was the overheating of the instrument which can
lead to precipitation of sample during measurement. Hence short working time was

preferred.
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434 In vivo analysis of STAT6 variants

STAT6 as described in chapter 1 migrates to the nucleus only in its active dimeric form.
To examine the localization of semisynthetic truncated STAT6, which is assumed to
follow the same pathway from the cytoplasm to nucleus, the microinjection approach
was selected which allows transferring the target protein into any mammalian cell. As
shown in figure 4.34, STAT6-1, on being microinjected into the cytoplasm of mammalian
cells, should localize into the cytoplasm due to the presence of caged phospho tyrosine
that prevents it from forming a dimer and translocation to the nucleus. After illuminating
the cells with UV light, the caged group is removed and STAT6-1 is expected to migrate
to the nucleus showing the dimeric active state of STAT6-1.

P - Uncaged phosphorylated tyrosine

®- Caged phosphorylated tyrosine

Cy5 Flurophore

Figure 4.34: Scheme for microinjection of STAT6-1
Cartoon represents microinjected mammalian cell with STAT6-1, which is localized only in the cytosol. On
illuminating the cell with UV light, the caged group on some of the phosphorylated tyrosine of STAT6-1 is

removed and it migrates to the nucleus. This process can be observed by fluorescence microscopy.

To establish and standardize microinjection of STAT6-1 in the cytoplasm of cell and
further illuminating the cell with UV light, various mammalian cell lines such as human
epithelial carcinoma cell line (A431) species human, African green, kidney (COS-7)

fibroblast species monkey and Madin Darby Canine Kidney (MDCK) epithelial cells
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were used. Cells were cultured as described in section 3.6.2. Microinjection was carried

out in a glass cage having an atmosphere of 5% CO, and 37 °C.

STAT6-1 with the caged phosphorylated tyrosine (~1 pl from 5 uM in PBS) was
microinjected into the cytoplasm of several A431 cells. This showed that STAT6-1

possessing caged phosphorylated tyrosine was present in the cytoplasm only (figure
4.35, A) which confirms the existence of STAT6-1 in the monomeric state and its larger

size avoided the migration of the proteininto the nucleus.

A

STAT6-1 in cytoplasm of A431 STAT6-1 in cytoplasm
and nucleus of A431

RAB7 YFP in cytoplasm of A431 Propedium iodide staning DNA Peptide 1 in COS-7 cells
in A431 cells

Figure 4.35: Microinjection

A: STAT6-1 is microinjected in A431 cells and Cy5 absorption shows the localization in the cytoplasm. B:
STAT6-1 is microinjected in A431 cells and Cy5 absorption shows the localization in the cytoplasm and
nucleus C: Localization of microinjected RAB A7-YFP in cytoplasm at YFP absorption ex 500 nm and em
535 nm D: Microinjected A431 cells with Propidium iodide. E: Peptide 1 microinjected in COS cell line and
Cy5 absorption at ex. 635 nm and em 670 nm from Confocal microscope, Leica SP5 shows the

localization in the cytoplasm and nucleus.
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Several problems were encountered during the microinjection. Only 10-20% of our
experiments generated the similar results as above showed that STAT6-1 was found in
fact in the nucleus and the cytoplasm this suggested that STAT6 was being uncaged in
spite of the absence of UV light (figure 4.35, B). The sudden change in the behavior of
STAT6-1 in the cell is difficult to explain. It was assumed that the presence of peptide 1
in the buffer of STAT6-1 that was not separated after several purification trials (section
4.2.2) could lead to the observation of fluorescence in the nucleus along with the minor
decaging of STAT6-1 which can occur due to the absorption of UV light from the white
light during handling of the sample. Enlargement of the confocal aperture from the
microscope which focused high intensity light on the sample during microinjection can
also decaged the caged group on STAT6-1.

As a control experiment, the first attempt was made by RABA7-YFP (30 kDa) that was
microinjected into the cytoplasm of A431 cells (figure 4.35, C). The fluorescence image
at YFP ex: 500 nm and em: 535 nm showed that RABA7-YFP did not migrate into the
nucleus immediately due to its larger size and was localized only in the cytoplasm that
later migrates to the nucleus in 5 - 10 min of incubation. Thus, larger protein does not
migrate in the nucleus immediately like smaller peptides. Propidium iodide was
microinjected in the cytoplasm of A431 that immediately traveled to the nucleus and
stained DNA (figure 4.35, D).

Next, solublizing peptide 1 conjugated to Cy5 (4.7 kDa) in PBS buffer and microinjecting

it into the cytoplasm of COS-7 cells (section 3.6.3). Concentration was not determined
since minor amount of peptide 1 was taken at the tip of the spatula and dissolved in 50

ul of PBS buffer. Fluorescence image from confocal microscope showed localization of
peptide 1 throughout the cell due to its smaller size that can easily diffuse through the

plasma membrane of the nucleus (figure 4.35, E).

The most challenging part was observed when the micro capillary containing STAT6-1

was brought close to the cell wall; cells underwent disintegration even before the cells

102



Results

were microinjected with the sample. Changing the cell line from A431 to COS7 showed
similar effects. Changing the concentration of STAT6-1 did not damage the cells but

due to low fluorescence from Cy5, it was very difficult to interpret the results.

Finally, MDCK cell line proved to be better suited for microinjection of STAT6-1. It was
microinjected into one cell out of three cells that are in close proximity of each other and
no damage to the cells after microinjection was observed. Fluorescence image of the
Cy5 channel shows that STAT6-1 is localized in the cytoplasm of MDCK cell before
illuminating with UV light (figure 4.36, A, Cy5 channel 1). Finally upon exposure to UV
light using 405 nm diaode laser, STAT6-1 migrated to the nucleus (figure 4.36, A, Cy5
channel, 2-3) forming an activated dimer with an increase in Cy5 fluorescence intensity.
The nucleus is marked by Hoechst 33445 excited by 405 diode laser. Due to high

intensity of laser, Hoechst appears to be saturated (figure 4.36, B, 2 - 3)

A Cy5 channel

Hoechst channel

Figure 4.36: Transition of monomeric STAT6-1 to dimer.
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A: Cy5 channel represents the microinjected STAT6-1 in the cytoplasm in the absence of UV (A 1), On
flashing UV light of 405 nm from Leica SP5 confocal microscope equipped with a Diode laser , fast
uncaging of caged group dimerizes the STAT6-1 with increase in the Cy5 intensity and migration of the
same to the nucleus (A 2-4). B: Hoechst 33445 channel showing three nucleus stained with Hoechst

33445 nuclear marker.

A normalized Cy5 intensity (figure 4.37) was plotted by demarking an area in cytoplasm
and nucleus which shows the exponential increase in Cy5 intensity in the nucleus due
to the immediate formation of STAT6-1 dimer and rapid migration to the nucleus on
removing the cage group after illuminating cells with UV light and exponential decrease
in Cy5 intensity in the cytoplasm. The cells were illuminated with the UV laser for
another 15 min to observe the migration of STAT6-1 in the cytoplasm which did not
show any change in the localization of the protein which can be observed by no linear or

exponential decrease of Cy5 intensity in the nucleus nor increase of the same in the

cytoplasm.
1.0
2 08
w
c
L
£ 064 —e— Cytoplasm
g —e— Nucleus
it 0.4
4]
N
g 0.2 -
5 ] uvaos
= 0.0
T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
Time (s)
Figure 4.37: Translocation of STAT6-1 shown by a plot of Cy5 fluorescent intensity against
time.

Translocation of STAT6-1 from cytoplasm to nucleus is shown by an exponential increase of Cy5 intensity
in the nucleus due to decaging of the caged group and formation of activated, dimeric STAT6-1 with an

exponential decrease in Cy5 intensity in the cytoplasm (blue).
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This showed that semisynthetic truncated STAT6-1 exists as a monomer in the
cytoplasm and after uncaging the phosphorylated tyrosine forms a dimer, becomes
biologically active and migrates to the nucleus immediately showing a functional protein.
Thus actual JAK-STAT pathway was mimicked by semisynthetic protein in physiological
conditions without the presence of cytokines and JAK to induce activation and
phosphorylation. Deletion of C-TAD in the semisynthetic truncated STAT6-1 did not
change its bioactivity. However, the truncated STAT6-1 cannot carry out gene
transcription in the nucleus due to the missing TAD portion at its C-terminus hence gene
expression studies were not carried out. Thus, signal transduction pathway of STAT6
protein by using EPL technique is a step forward in understanding many more vital
functions of STATSG.
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Discussion

5.1 Biological background of STAT6

Expressed protein ligation (EPL) is an intein-based approach, which has paved the way
for investigating the structure and function of proteins through site-specific modifications
by introducing unnatural amino acids, small fluorophores, isotope labels, spin resonance
probe and cross-linkers (section 1.2.2). This approach provides an advantage over
traditional methods to prepare proteins in E. coli, yeast, mammalian cell lines. In order to

analyze the effects of C-terminal tyrosine phosphorylation events semi-synthetic
truncated STAT6 -(1-6) variant was synthesized using EPL technique.

Progress in understanding of the JAK-STAT signaling pathway is of high interest as this
pathway consists of a variety of interesting pharmaceutical targets due to the tight
regulation transcriptional activation'®*, STATs mediate signals from extracellular
cytokines to the nucleus of a cell upon activation by JAK. As described in section 1.1
cytokines are responsible for immune responses, gene regulation, proliferation and
differentiations in immune cells. Abnormalities in cytokines and JAKs have been shown
to be the cause of many inflammatory diseases and cancers. Hence both cytokines and

JAKs have long been used for therapeutic usage and studies.

Research on inflammatory diseases which are related to JAK-STAT pathway have been
found focusing more on JAK3 for drug development because of its selective expression
in T-cells and its activation by IL-2 cytokines!®?. Extensive work over the last few years
has provided evidence that JAK kinases play important roles in the generation of
responses for interferons, which are cytokines that exhibit important anti-tumor activities.
There is also accumulating evidence that constitutive activation of different JAKs and
STATS mediates neoplastic transformation and promotes abnormal cell proliferation in
various malignancies. It has been found that JAK mutations also lead to active or
hyperactive JAK proteins which play a crucial role in hematopoietic malignancies®®,
When expressed in cells and bound to membrane cytokine receptors, mutant JAK
proteins are no longer inactive and constantly activate STAT proteins. This activity

promotes oncogenic transformation and uncontrolled blood cell production.

106



Discussion

STAT signaling has been widely observed in a wide array of human cancers (breast,
leukemia, lymphomas, prostate, and head, and neck). STAT6 is highly expressed in the
in prostrate cancer cell lines and it is the singularly most important factor, which
regulates the genetic transcriptional program for the progression of prostrate cancer'®,
STATG6 has been related to the immune diseases such as asthma. Asthma is associated
with increase production of interleukins (IL)-4 and (IL)-13 whose signaling events are
mediated by STAT6 proteins>%%1% Highly activated STAT6 has been found in
cancerous cells and chronic diseases like asthma. Type 2 helper (Th2) cells as well as
production of immunoglobulin E (IgE) by B-cells were impaired in STAT6 deficient

mice®®’.

However, a better understanding of STAT still remains an attractive goal for anti-cancer
and anti-inflammatory drug development. Any mechanism which blocks the activation of
STAT can be a prime goal for drug targeting. Recently 4-benzylamino-2-[(4-morpholin-
4-ylphenyl) amino] pyrimidine-5-carboxamide derivatives which could inhibit the activity
of STAT6 with an ICso of 0.70 nM and also inhibited Th2 differentiation in mouse spleen
T cells induced by interleukin (IL)-4 with an IC5o of 0.28 nM without affecting type 1
helper T (Thl) cell differentiation induced by IL-12 was shown in the paper published by
Shinya Nagashima et. al., 2008'%. Designing a semisynthetic truncated light switchable
STAT6 as a system to test for selective dimerization (activation inhibitors), translocation
inhibitors was a step forward in understanding its bioactivity in vivo and in vitro. Hence,
to explore the signal transduction pathway of STAT6, several modifications were
introduced into STAT6 to test the effects of phosphorylation of the crucial
phosphorylation site Tyr®* by which STAT6 can be investigated in its monomeric and
dimeric state in vivo and in vitro. Significant research has been carried out on STAT6 by
expressing STAT6 in mammalian cells. In order to construct, the largest semisynthetic
truncated isoform of STAT6 (aa 668) the N-terminal portion of STAT6 (aa 1 - 634) with
an intein fusion protein MxeGyrA, Hiss-tag and a chitin binding domain (STAT6MxeCBD)
at the C-terminus was expressed in E.coli cells which upon transthioesterification
reaction in presence of MesNa generated STAT6 MesNa a-COSR (aa 1 - 634). The C-

terminal fragment of the wild type STAT6 was chemically synthesized which facilitated
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the demonstration of various modifications at Tyr®*

and coupling with a small
fluorophore such as Cy5. Chemical Synthesis of the full length STAT6 protein was
impossible as the large size of STAT6 led to difficulties in obtaining significant quantities
of correctly folded protein. The EPL technique subverted the problem of synthesizing full
length STAT6 (95 kDa), while still allowing the flexibility of chemical synthesis at the C-
terminus, to explore its functionality. The main aim was to carry out the post translational
modifications (PTMs) at the C-terminus transactivation domain (TAD) of STAT6, which
was 200 aa long, requires two to three NCL to generate the entire TAD peptide. As
such, restoring the essential Tyr®*! for which C-TAD peptide (aa 635 - 660) was
synthesized allowing to carry out various PTMs such as addition of un-natural amino
acids such as caged phosphorylated tyrosine, phosphorylated tyrosine, non-
phosphorylated tyrosine, peptides with and without Cy5 as fluorophore and Hisg-tag for
purification. Such semisynthetic truncated STAT6 (aa 1 - 668) will never carry out gene
transcription due to its TAD which is essential for the gene transcription. In this
investigation, a light switchable semisynthetic truncated STAT6 along with their variants
was prepared and characterized for the first time using expressed protein ligation (EPL)
to investigate their interaction with GAS-DNA the dimerization of the chimeric protein in

vivo and in vitro.

In order to construct semisynthetic truncated STAT6 (section 4.1 and 4.2), chemical and
biochemical methods were applied. Six semisynthetic truncated STAT6 -(1-6) were
obtained which were site specifically modified at Tyr®*! by ligating chemo selectively
STAT6 MesNa a-COSR (aa 1 - 634) with six variants of C-terminal peptides 1-6 (aa 635
- 668). SPPS generated Peptides 1, 3 and 6 with Cy5 labeled and peptides 2, 4 and 5
with non-labeled analogues of 1, 3 and 6 respectively (chapter 4, section 4.1 and figure
4.3). Peptides 1 and 2 had caged phosphorylated Tyr at position 641 related to the
native STAT6 sequence. Peptides 3 and 4 had phosphorylated Tyr at position 641.
Peptides 5 and 6 had no phosphorylation on Tyr at position 641. The peptides 1-6 had
minor differences in the size between 4.7 kDa to 3.7 kDa due to the presence of
modifications on them. In all chimeric proteins, Glycine 635 was mutated to Cysteine to

facilitate EPL (as explained in the section 4.1.1- 4.1.6). To conjugate fluorophore Cy5
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lysine at position 661 and a spacer as Glycine at position 662 was incorporated into the
peptide chain.

641

EPL generated light switchable STAT6-1 with caged phosphorylated Tyr’"* along with

Cy5 label at Lys®®!. STAT6-2 was prepared with caged phosphorylated Tyr®*

, which
enabled STAT6 to maintain in its monomeric native form. STAT6-3 was prepared with
non-caged phosphorylated Tyr®*! along with a Cy5 label at Lys®®'. STAT6-4 was
prepared with non-caged phosphorylated Tyr®**. Non-caged phosphorylated STAT6-3
and -4 were synthesized to investigate dimeric variants of these proteins. STAT6-5 was
prepared with non phosphorylated Tyr®*! and STAT6-6 was similar to STAT6-5 but with
the presence of Cy5 as fluorophore at Lys®®!. The biological activity of semisynthetic
truncated STAT6 isoform (1-6) was assessed by several methods such as western

blotting, electrophoric mobility shift assays (EMSA) and microinjection.

5.2 Caged phosphorylated tyrosine building block

Chemical synthesis was considered to obtain caged compounds since it allows rapid
synthesis with high yields as compared other modes for generating proteins®®2%,
Proteins and peptides have been caged with commercially available reagents that
covalently modify specific amino acid residues’*"?%1. In recent times many groups have
shown these reagents can be used for spatio-temporal control of biological activities for
studies in in vivo or in vitro?®?%!, Caged compounds are widely used with cysteine,
arginine, lysine, glutamic acid, serine, threonine and tyrosine residues. Cell penetrating
caged peptides and caged proteins were recently studied to understand many protein-
protein interactions, enzymatic processes, among other biologically relevant
phenomena®®®. Phosphorylation is an important post translational modification on
proteins, and in the case of STAT6, caging the phosphate has a dramatic effect on

[ 203

protein behavior. Earlier work reported by David Humphrey et. a showed that

phosphorylation of Tyr’

is responsible for the downstream signaling events cascaded
by the focal adhesion kinase (FAK). FAK-mediated signaling plays a critical role in cell

adhesion. Decaging of Tyr*®” FAK peptide in the migrating cells led to temporary arrest
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of migration, similar to observations with non caged active variant of FAK showing that

decaged FAK behaves like the native protein.

1-(2-nitrophenyl) ethyl (NPE) is one of the widely used caging compounds (section
1.2.3) and thus was chosen to cage STAT6 due to its rapid decaging capacity on
illumination by UV. The NPE moiety was synthesized using phosphoramidite chemistry
which is one of the widely used methods to phosphorylate a residue on a peptide or
protein by using Fmoc based SPPS and can be incorporated at any position of the
peptide chain. NPE-IP3; has been successfully applied to study the signaling in Ca?*
voltage gated channels present in neurons. Pyridine nucleotides NAD and NADP%*
most abundantly found in the eukaryotic cells have been caged and characterized for
use in enzymology, cell biology, metabolism and have been studied®®. NPE was also
used to caged fluorophore such as NPE- coumarins®® which are non-fluorescent when
key functional groups of fluorophore are masked by caging groups. P hotoactivation with
ultraviolet (UV) light removes the protecting group and switches on the fluorescence of

parent dyes.

The photo byproducts from NPE are water soluble at physiological conditions causing
no harm to the cells and did not cause the protein or peptide to aggregate nor modify the
activity of the protein during the photolysis experiment. The NPE group was selected
because it releases a ketone rather than an aldehyde as a photo-byproduct, which is
highly reactive in the cellular environment. The NPE group has a maximum absorption
at 259 nm, with an extinction coefficient (€yax = 5,700 M*cm™). The absorption spectrum
is broad, and thus the aromatic group still absorbs significantly at high-end UV (365 nm).
Deprotecting NPE group by UV light is rapid depending on the light source. The majority
of decaging experiments use flash lamps (for example, pulsed xenon or mercury arc
lamps focused with a parabolic mirror) or lasers as the light source. The intensity of the
light source plays essential role in determining the rate of decaging. The large number of
photons from the laser of the confocal microscope could enable uncaging during the in
vivo experiments much more quickly than the photons generated from the UV lamp

which was used during the in vitro decaging of the peptide. Analysis of the decaging of

110



Discussion

NPE group from peptide can be carried out over RP-HPLC or directly by ESI-MS which
Is an advantage since the analysis can be performed in a short time with more accuracy.

Caging STAT6 was performed by synthesizing the caged phosphorylated tyrosine
building block (Tyr®*') which was carried out efficiently over five steps in solution phase
as described by Rothman D.M, et. al., 2003'®. First NPE group was synthesized with
the help of phosphoramidite chemistry to generate trivalent phosphate product
(section3.2.2) which was later incorporated with the Fmoc protected Tyrosine to yield
the final product, caged phosphorylated Fmoc protected Tyrosine (section 3.2.3 - 3.26).
Inert atmosphere was maintained for the required synthesis steps. Yields of the products
in each step were in good agreement with the original paper from Rothman D.M, et al,
2003'7®. Yield for product (7) (section 3.3.4) was found to be higher by 18% than
reported in the original paper. Product (6) was synthesized by 1-H tetrazole in
acetonitrile instead of pure 1-H tetrazole because of the non availability of the latter. The
overall yield of the synthesis was ~50 % which was 10 % higher than reported in the
original paper. Fmoc protected caged phosphorylated Tyrosine had 3- cyanoethyl group
which was removed during base treatment rendering non chirality to the amino acid. All
the products were characterized using NMR, ESI-MS and MALDI.

Further, product (8) was incorporated at position 641 of the growing peptide chain of 1

and 2 which generated the caged phosphorylated Tyr®** 641

variants. The un-natural Tyr
which was modified to have the caged (NPE) phosphate as the bulkier group inits side
chain required 2 h of coupling time, compared to 20 min usually needed for the coupling
of Fmoc protected amino acid with smaller side chains and protecting groups. Peptide 1
was further labeled with Cy5 which eased the detection during HPLC purification, NCL
and in vivo experiments. Peptide 2 was similar to peptide 1 in sequence except it had no
Cy5. The yield of peptide 1 was lower than peptide 2 in spite of the similarities in the
purification conditions it was assumed than the former peptide which only differentiated
from the latter by possessing one Cy5 and an Mps): 3831 Da was an artifact generated

from HPLC column as the artifact was not observed during the purification of peptide 2.
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Peptide 3 having non-caged phosphorylated tyrosine and Cy5 labeled variant when
compared with its counterpart peptide 4 had no fluorophore showed similar pattern of
low yield after the purification from HPLC. The improvement in the yield for purification
of Cy5 labeled peptide was observed when compared between peptide 4 over 1 even
though there was no difference in the strategy of purification. Peptide 5 and 6 which are
the variants for wild type STAT6 sequence also showed similar trend in the yield when
compared with peptide 1 and the detection of peptide 6 in ESI-MS showed high signal
to noise ratio. It was concluded that Cy5 containing peptides always gave low yield than

its counterpart peptides.

5.3 Generation of semisynthetic STATG6 variants

Many papers have reported the use of expressed protein ligation to engineer the
proteins. However, there was no report on the semisynthesis of STAT proteins before
the start of this work. EPL was used to generate light switchable STAT6 by caging the

phosphorylation site on Tyr®*

and investigating its behavior as monomer and upon
decaging its dimeric behavior which will help to investigate STAT6 at molecular level.
Hahn et al, 2007** prepared a caged Smad-2 using semisynthesis and expressed
protein ligation (EPL) strategy. Smad-2 which is a key element of the intracellular
response to cytokines of the transforming growth factor R (TGFR) super family, which
are involved in myriad of normal and disease processes. The caged form only entered

the nucleus as hetero-trimer after photoactivation.

Based on the general guidelines of EPL explained in section 1.3, recombinant Human
STAT6MxeCBD plasmid was generated and the protein was expressed in E.coli cells.
STAT6 MesNa a-COSR was obtained after STAT6MxeCBD was mainly found in the
inclusion bodies with a lesser amount found in the cytosol. STAT6 was purified from the
cytosolic fraction of E.coli in order to generate folded native protein; hence induction with
IPTG was carried out at a low temperature from 14 - 18°C to obtain soluble protein with
higher yield.
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Purification of expressed STAT6MxeCBD (95 kDa) from crude lysate was carried out by
double affinity tag containing Hisz-tag at the C-terminus, after the intein, and the chitin
binding domain (CBD) attached to the C-terminal part of the intein was found to be very
useful enabling STAT6 to purify twice. It was observed that STAT6MxeCBD was eluted
from the Ni-NTA resin at a very low imidazole concentration (30 mM) since binding
between the Ni** and Hiss;tag was not very strong hence more washing with the STAT6
buffer favored a high level of purification. STAT6 MesNa a-COSR at the C-terminus was
prepared by splicing the MxeGyrA by addition of thiols such as MesNa after loading
STAT6MxeCBD on the chitin beads via chitin binding domain. Intein splicing was carried
out very efficiently over 12 h. However, an excess of MesNa resulted in precipitation of
the protein hence it was observed that 250 mM concentration of MesNa was ideal for
splicing the intein to form STAT6 MesNa a-COSR without any precipitation.

Aggregation was the main problem during preparation of STAT6MxeCBD. Precipitation
of protein was observed during the thawing of frozen sample, removal of imidazole from
the protein solution by dialysis or ultra filtration, in the presence of excess MesNa and
during storage. Stabilization of proteins using detergent micelles has been successful in
several cases. To prevent STAT6 from aggregation, a non-ionic detergent n-dodecyl--
D-maltopyranoside (DDM) in varying concentration (0.1% to 0.05%) was added as a
stabilizer. DDM (0.1% to 0.05%) proved to give protein without any precipitation. Later
removing protein from detergent was the most problematic part of the purification. DDM
has a very low critical micelle concentration (CMC) value (~0.2 mM) hence breaking
detergent micelle containing protein and peptide was very difficult. This was in

5.2°7 who showed in their work that the

agreement with the report from Pavel et. al. 200
micelle size of DDM was 70 kDa which is comparable to 62 kDa for STAT6 MesNA a-
COSR. Thus, DDM with STAT6 MesNa a-COSR cannot be removed by a 100 kDa
cutoff dialysis tube or membranes found in centurions. Purifying STAT6MxeCBD with
glycerol (25% - 50%) was found to be an ideal solution. Using glycerol showed no of
precipitation in any stage of purification. STAT6 MesNa a-COSR in glycerol (25% - 50%)

solution could also be stored at 4°C for months without any precipitation. Frozen STAT6
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MesNa a-COSR also was thawed without any observation of precipitation. Disadvantage

of glycerol is due to its high viscosity of the STAT6 buffer.

After successful preparation of recombinant STAT6 a-COSR, ligation with six different
peptides (1-6) generated six different ligation products of STAT6 (1-6). Ligations were
carried out at physiological pH (pH 7.0) without observing any precipitation of the
protein. The shielding effect caused by the detergent hindering the ligation between
STAT6 MesNa a-COSR and its peptides (1-6) was improved by using glycerol (25%-
50%) in the STATG6 buffer. The complete formation of the ligation was 72 h and RT was
found to be ideal for the ligation reaction.

Each peptide carried a Hisg-tag at its C-terminus, which was useful to separate ligation
product from the STAT6 a-COSR, but excess peptide could not be separated due to the
presence of the Hisg-tag on the sample peptide. Gel filtration, which is commonly used
to separate compounds with very difficult molecular weight as proteins and peptides,
was found to be unsuccessful due to the micelle formation of DDM. Due to this peptide
and the ligation product was eluted at the same time. As it is reported by Pavel et. al.
that size of DDM micelle is 70 kDa which is equal to the size of ligation product of
STATG6 (75 kDa), detergent micelle was very difficult to remove by gel filtration. Due to
the minor amounts obtained after several steps of synthesis to generate the ligation
product, loss in yield was a greater concern and non achievable separation of peptide
from ligation products gel filtration method was discontinued. Ultra filtration of the
ligation product by using protein concentrators was able to remove large concentrations
of the peptide though traces remained. Final yield of the ligations were from 33% to
20%, which is very good after several steps of synthesis. The yields were measured by
Bradford test or by observing the difference between the ligation product band and the
protein marker on SDS-PAGE.
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5.4 Choice of Fluorophore

Fluorescent markers like Cy5 and Tamra were used to study semisynthetic truncated
STAT6. Cy5 was selected as a fluorophore due to its small size compared to large
fluorescent proteins, such as GFP?%® or YFP . Using semisynthetic truncated STAT6 (75
kDa), it was possible to couple Cy5 directly to the peptides synthesized by SPPS. The

641

distance of Cy5 from Tyr "~ on STAT6 peptides was 20 aa which was reasonable since

no loss of activity of STAT6 was observed during any bioactivity experiments.

Cy5 fluorophore emits in the far-red range which did not interfere with the aromatic
amino acids present in the proteins and hence was easily detected by confocal
microscopy, RP-HPLC and Fluoromax 3 machines. There was no auto fluorescence in
the far red range in the cells during the in vivo experiments. Cy5 excitation (649 nm) and
emission (670 nm) was well separated from the wavelengths required for decaging of
the caged group, which needed UV light at 365 nm. During the in vivo experiments, no
bleaching of Cy5 was observed. The extinction coefficient of Cy5 (250,000 M cm™)
gave an advantage to study the protein at low concentration. Cy5 was easily detected by
flashing He laser and the decaging experiments were carried out with ease by using UV
laser which did not show any change in the Cy5 fluorescence. During ligation of the
recombinant STAT6 with the Cy5 labeled peptides, the ligated protein did not denature.
Due to high solubility of Cy5 in organic solvents, and its blue color, a Kaiser’s test could
not be performed, during the procedure of coupling the Cy5 to Lys661. Hence each test
cleavage was carried out after the coupling of Cy5 to the peptide and its absorption at
595 nm light in RP-HPLC and corresponding ESI-MS of the peptide, before and after
purification of the peptides showed the complete coupling of Cy5. This only delayed

working time and loss of important peptide because of cleavage.

Tamra was used for the EMSA experiments to study the DNA binding of STATS6. lts ex
510 nm and em 575 nm was easily detected in fluorescence scanner. Tamra and Cy5
gave reasonably good signals during FRET experiments, which enabled the

measurement of the dynamics of DNA binding to STATSG.
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5.5 Bioactivity of STAT6 proteins

Phosphorylation is essential for signaling by STAT?®. It is known that STAT is also
phosphorylated not only on the Tyr®*! but also on the Ser®*? and Ser®™° present at the C-
termini. Phosphorylation of serine is essential for transcriptional activity of STAT1,
STAT2, STAT3 and STAT4 but not for STAT5A or STAT5B and STAT6. Maiti. N.R, et.
al., 2005%1° showed that serine phosphorylation occurs when PP2A is inhibited which
reduces the DNA binding capacity of STAT6. Phosphorylation of serine residues does

not affect the phosphorylation of Tyr®*

and dimer formation but phosphorylation of
multiple serine residues changes the STAT6 dimers, causing the loss of DNA binding
ability of the protein. Hence the single serine phosphorylation works independently of

tyrosine phosphorylation.

More in depth knowledge about the importance of tyrosine phosphorylation along with its
GAS-DNA binding mechanism for native STAT6 has to be investigated. Phosphorylation
of semisynthetic variants of STAT6 was thereby, analyzed by various experiments first
by monitoring the removal of NPE group from peptides and proteins. Actual functionality
of semisynthetic STAT6 was proved by DNA binding experiments (with the approach of

EMSA and FRET) and confocal nuclear localization studies.

The NPE group was successfully removed from peptide-7 upon irradiation with UV light
from a Xenon lamp. ESI-MS data indicated that in 20 min the caged group was
completely removed. This provided preliminary evidence that decaging works ona 34 aa

long STAT6 peptide. The same technique was applied to the semisynthetic truncated
STAT6-2 protein. An antibody-based method was found to be the ideal solution to detect

the decaged STAT6-2 with high specificity as explained in section 4.3.1.

Dot blot experiments with phosphorylated peptide 3 and phosphorylated protein
(STAT6-3) as positive control, non phosphorylated Tyr containing peptide 5 and caged
phosphorylated containing peptide 2 as negative control showed the specificity of the

antibody against the phosphorylated tyrosine. Decaging experiments over the protein on
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SDS-PAGE showed a very specific signal for caged and decaged samples. These
experiments revealed that the antibody did not bind to caged phosphorylated Tyr® (eg
STAT6-2) but the decaged STAT6-2 was bound by the antibody, resulting in an intense
signal showing the presence of free phosphate group on Tyr®*'. A minor amount of
dimer of STAT6-2 was also observed when it was compared with the dimer of

phosphorylated tyrosine STAT6-3.

Further the method did not require the purification of the ligation product because the
decaging of the NPE group from protein was monitored via SDS-PAGE which facilitated
the separation of peptide (~ 4 kDa) from semisynthetic truncated STAT6 variants (~75
kDa) as peptide migrates faster than the protein thereby loss of the ligation product
during Ni-NTA purification or ultra filtration was completely avoided and many
experiments could be performed. Native gel analysis of decaged STAT6-2 showed very
high intense band which only proves that UV light did not denature STAT6-2 during
removal of caged group as it was able to migrate through the gel in nearly one hour
which was always required for binding experiments with STAT6-4.

Western blotting allowed detection of the removal of NPE group with highest specificity
at low concentration of sample which was difficult with RP-HPLC and ESI-MS. However,
the long experimental time required to perform western blots and the resulting semi-
guantitative data were a disadvantage. The evidence gathered from dot blot for the
peptides and western blots for STAT6-2 and -4 protein variants can be compared with
the work published by Banala et. al., 2008%'* who prepared caged substrates of O°-
benzylguanine (BG) which were used by them for labeling protein such as O°-
alkylguanine-DNA alkyl transferase (AGT or SNAP-tag). They successfully showed the
removal of caged group NPE by using dot blot experiments along with other methods,
the dimerization of SNAP-tag fusion protein by using caged derivates of BG such as 1-

(2-nitrophenyl)-ethyl-O%-benzylguanine.

Proof of functionality of semisynthetic truncated STAT6 variants was demonstrated by

dimerization of STAT6-4 and its specific binding to its recognized GAS-DNA sequence
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and the lack of binding by the monomeric STAT6-1 and -2 with its GAS-DNA shown by
EMSA (section 4.3.2) indicating the strong dependency on tyrosine phosphorylation to
form a dimer by STAT6 and its DNA binding ability while simultaneously proving that
semisynthetic truncated STAT6-1, -2 and -4 are functional proteins. When compared
with the EMSA data obtained from semisynthetic truncated STAT6 and the investigation
reported by Chen W.G, et. al., 2004?*? who explored methylation on STATS, it is very
evident that semisynthetic truncated STAT6 dimerizes and bind to its GAS-DNA
independent of its methylation on arginine and phosphorylation on serine residues at its

N-and C-termini respectively.

The challenging part was to detect the presence of detergent in the STAT6 buffer which
prevented binding to the GAS-DNA sequence. It was observed during the EMSA
experiments that presence of DDM in the STAT6 buffer caused the presence of an
unidentified fluorescent band near the region of the STAT6 dimer which interfered with
the interpretation of the binding of STAT6 with the Tamra ds GAS-DNA. This result was
in agreement with the Pavel, et. al., who investigated that DDM’s micelle can only pass
through 100 kDa cutoff but 100 kDa cutoff membranes cannot be used for semisynthetic
STAT6 (75 kDa). The presence of glycerol in STAT6MxeCBD not only prevented the
precipitation of STAT6 but also prevented the appearance of the unidentified
fluorescence band that was seen in the presence of DDM during EMSA experiments.

Therefore, glycerol did not interfere with the DNA binding activity of the protein.

Demonstrating FRET provided more evidence towards the proof of functionality for
semisynthetic STAT6 variants by showing the binding with GAS-DNA. STAT6-3 which
was phosphorylated variant labeled with Cy5 was used as an acceptor and Tamra ds
GAS-DNA and Tamra ds random DNA was used as donor. Successful generation of
FRET produced during the binding reaction between STAT6-3 and Tamra ds GAS-DNA
against the background emission signal from non-binding reaction with Tamra ds
random DNA indicates very fast dimerization of semisynthetic STAT6 which binds
specifically to their recognized GAS-DNA in a functionally active form. FRET was an

advantage to postulate the fast binding of the dimerized STAT6-3 with its specific DNA
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as it is concentration independent. It also proved that presence of fluorophore did not
interfere with the binding reactions. This is advantageous to future exploration of binding
kinetics. The disadvantage of using spectrophotometer Fluromax-3 was the generation
of overheating of the instrument after few hours of experiments, it was difficult to

reproduce the same data in similar conditions.

DNA binding activity of semisynthetic STAT6 is in good agreement with published work

1213 who had shown that even after deletion of TAD domain from

by Thomas Mitika et. a
STAT6 it binds to their GAS-DNA in spite of its inability to activate IL-4 responsive

reporter construct.

The study of the functional genomics involves constructing the protein of interest in the
form of DNA cloning and expressing them in bacterial cells, mammalian cells or yeast.
Along with the in vitro data, in vivo experiments are proved by transferring the protein or
peptide of interest into the live cells. Many methods are used for protein delivery such as
electroporation, viral protein fusion, cationic lipids, projet-protein transfection reagent
and microinjection. To investigate in vitro bioactivity of caged STAT6 variants,
electroporation was not considered since short electrical pulse used for inserting the
protein often damages many cells giving low efficiency. Viral protein fusion was not
carried out since STAT6 was already 95 kDa long protein further modifying to insert the
small protein transducing domain would have created difficulties in purification. It is also
known for PTDs is that after insertion in the cells the protein of interest has to refold
since PTDs are denatured during the insertion process. Microinjection is considered the
most suitable method over transfection since data can be interpreted in a very short time
which also overcomes the barrier of plasma membrane permeability. The only
disadvantage is that only few cells can be studied at a time and the method is a very

laborious.
Therefore, microinjection was used to demonstrate the in vivo activity of light switchable

semisynthetic truncated STAT6-1 in physiological conditions. STAT6-1 in its caged form

is assumed to behave as a monomer in the cytoplasm upon microinjection and after
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photolysis with UV laser should transform into a dimer which should migrate to the
nucleus. Microinjection was performed with various mammalian cell-lines such as A431,
COS-7 and MDCK. A431 cell lines were used because of its larger cell size compared
with COS-7 cell lines which showed STAT6-1 only in the cytoplasm proving the
presence of monomeric native state. During several attempts of microinjection it was
observed that STAT6-1 was seen both in the nucleus and cytoplasm without exposure
to UV. This was impossible since STAT6 (75 kDa) cannot migrate to nucleus before
becoming functionally active by forming a dimer. The observation can be explained by
the results obtained during the difficulty of removing Peptide 1 (4.7 kDa) from STAT6
buffer due to the presence of DDM which can lead to the rapid migration to nucleus
because of its small size resulting in the appearance of Cy5 fluorescence in the nucleus.
Some minor amount of precipitation was observed during the microinjection of STAT6-1
which occurred for the reason that STAT6 is instable at low salt concentration of

injection buffer (PBS buffer), and itis stable at high salt concentration (1 M NaCl).

The unavailability of the UV laser had halted the experiment for further trials until Leica
SP5 with 405 diode laser was available. The difficulty during microinjection occurred due
to the low concentrations of STAT6-1 available to be used for the experiments which
made it difficult to analyze the data. Concentrating STAT6 was not reasonable since it
had a tendency to precipitate hence always the diluted protein solutions were used. It
was also observed that cells started to disintegrate when microcapillary tube loaded with
STAT6-1 was brought close to the cell surface for injection. It was assumed that
presence of detergentin STAT6-1 might cause the disintegration of the cells, hence as a
control STAT6 buffer + DDM (0.1%) was injected but it did not show any disintegration
of the cells. Cell lines were changed from A431 to COS-7 which did not make any

difference in the observation.

Finally MDCK cell lines which are known to be more robust for microinjection were used.
The change in the cell lines produced dramatic change in the results. In chapter 4,
section 4.3.3 and figure 4.36, A shows the caged STAT6-1 in the cytoplasm, on

exposure to UV light caged group was removed and STAT6-1 migrated rapidly from
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cytosol to nucleus with an increase in Cy5 fluorescence showing the successful
formation of the dimer. The migration of STAT6-1 from the cytoplasm to the nucleus was
further evaluated by plotting a graph of Cy5 intensities in the cytoplasm and the nucleus
against time which showed an exponential increase of Cy5 due to the formation of
dimeric STAT6 upon removal of caged group by UV light and exponential decrease of
the same in cytoplasm because of the migration of the functionally active dimer to the

nucleus.

The result successfully proved that semisynthetic truncated STAT6-1 in physiological
conditions switched from monomeric state to dimeric state showing the presence of
bioactive STAT6 by mimicking native STAT6 behavior. Nuclear protein transporters
such as importins were not added externally neither any scavenger to trap the photo by
product was used. As described in many reports on microinjection that decaging with UV

laser occurs in few micro seconds which had good agreement with the observed results
of light switchable STAT6-1. Laser 405 diode could very well remove the caged group. It

was also observed that on exposing UV light for 20 min dimer of STAT6-1 did not
localize to the cytoplasm since STAT has an ability to relocate in the cytosol after the
completion of transcription of gene by undergoing dephosphorylation to convert into its
inactive monomeric state. No natural phosphatases which are always found in cells
could dephosphorylate dimeric STAT6 into monomeric form followed by their migration
from nucleus to cytosol was observed in 20 min which proves that C-TAD was essential
for relocation from nucleus to cytosol. The lifetime of STAT in nucleus was reported from
15 min to few hours. Hoechst 33445 was excited at 405 nm, and the increased intensity
in the Hoechst channel compared to Cy5 channel was due to higher intensity of UV 405

for decaging the caged group from STAT6-1.

The result obtained from microinjection experiment can be compared with the published
work carried out by Thomas Meyer et. al., 2004%'* where recombinant STAT1-GFP
tagged protein was microinjected in HeLa cells which did not relocalize to the cytoplasm
after stimulation with IFNy. They concluded that the presence of GFP-tag and nuclear

barrier was responsible for inhibition for translocation activity of the protein from nucleus
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to cytoplasm. However C-TAD was carrier independent in translocating protein into the
nucleus. Thus, variants of semisynthetic truncated STAT6 proteins which misses
transactivation domain (TAD) showed its DNA binding activity successfully via in vitro
experiments (EMSA and FRET) and their physiological behavior of dimerization in native
environment through in vivo experiments (microinjection in MDCK cells). Semisynthetic
truncated STATG6 thereby cannot induce transcription produced by IL-4 respective
signals. Thus, by using EPL technique, systems biology of light switchable STAT6 which
successfully mimicked their native form of dimerization has opened new areas in

understanding their behavior at molecular level.

122



Chapter 6

Summary and Outlook



Summary and Outlook

6.1. Summary

Signal transducer and activators of transcription (STAT) proteins comprise a family of
transcription factors that usually reside in the cytoplasm in a monomeric state. They
are essential constituents of the JAK-STAT pathway. In this pathway a ligand binds
to its respective receptor thereby activating JAKs, which upon activation
phosphorylate the receptor. The phosphorylated tail becomes a docking site for
monomeric STAT proteins from the cytoplasm. Upon binding to the receptor tail
STAT proteins become themselves phosphorylated by JAKs and are released from
the receptor tail. Such a phosphorylation event is followed by formation of homo- and
heterodimers that translocalize to the nucleus. At this stage STAT proteins bind to
specific DNA promoter regions that induce expression of cytokine responsive genes.
This signal transduction pathway plays a key role in case of cell proliferation (cancer),
controlled cell death, during viral infections as well as in inflammatory processes.
Here the semisynthesis of a light-switchable variant of STAT6 is described that
provides temporal control over STAT6 activation together with in vitro and in vivo

visualization.

To achieve this aim, a semisynthetic approach termed expressed protein ligation
(EPL), which combines chemical and biochemical methods was used. A C-terminally
truncated STAT6-intein fusion protein was expressed in E.coli. The intein fusion
comprised the Mxe GyrA intein for generating STAT6- a-COSR consisting of amino
acids 1 - 634 and a chitin-binding domain as a purification tag. Following expression
it was essential to stabilize STAT6 during purification and generation of the thioester
moiety (a-COSR) with stabilizers such as detergent or glycerol to prevent

aggregation and increase protein yields.

Six semisynthetic truncated STAT6 variants (numbered 1-6) were obtained with site
specific modifications at Tyr®*!. This was achieved by native chemical ligation of
recombinantly generated STAT6- a-COSR with six different variants of a chemically
synthesized peptide comprising amino acids 635 - 668 of STAT6. The site specific

modifications of Tyr®*

were introduced by incorporating specifically modified tyrosine
building blocks during SPPS and this process led to caged phosphorylated Tyr,

phosphorylated Tyr and non phosphorylated Tyr in position 641 of STAT6. No
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enzyme-based phosphorylation strategy was used. Thus, seven different peptides 1-
7 were generated by using SPPS and peptides 1-6 were incorporated in STAT6
thereby giving access to the following variants: STAT6-1 carrying a caged
phosphorylated Tyr®*
phosphorylated Tyr®*! without Cy5, STAT6-3 with phosphorylated Tyr®*' with Cys5,
STAT6-4 with phosphorylated Tyr®* without Cy5, STAT6-5 with non-phosphorylated

Tyr®* without Cy5 and STAT6-6 with non-phosphorylated Tyr®* with Cy5. Peptide 7

and a Cy5 fluorophore for visualization, STAT6-2 with caged

was not used in ligation reactions but for studying the photo-release of the caged

group.

To investigate the bioactivity of semisynthetic STAT6 proteins 1-6 in vitro DNA
binding assay based on electrophoretic mobility shift assays (EMSA) and
fluorescence resonance energy transfer (FRET) were performed with different caged
and non-caged phosphorylated STAT6 variants such as STAT6-2 and STAT6-4,
respectively. STAT6-4 successfully recognized its specific DNA binding motif (GAS)
and did not recognize a random DNA sequence of the same length. This indicated
that semisynthetic, C-terminally truncated STAT6 can form bioactive dimers and that
the absence of the C-TAD domain does not affect DNA binding. STAT6-2 did not
recognize  GAS-DNA demonstrating that the caged group effectively prevents
dimerization via an SH2-mediated interaction. The presence of detergent such as
DDM, required to stabilize STAT6 during semisynthesis and in vitro assays, inhibited
the interpretation of EMSA data and hence it should be avoided in future EMSA
experiments. However, glycerol did not inhibit the interpretation of data from EMSA
experiments. Mixing of activated, semisynthetic STAT6 carrying Cy5 as an acceptor
fluorophore with commercially available DNA equipped with a TAMRA label showed
successful binding of STAT6-3 with GAS-DNA by energy transfer only for non-caged
phosphorylated STAT variants. To study the removal of the caged group, western
blot experiments and ESI-MS analysis were performed with STAT6-2 and peptide 7.
Western blot experiments using a pTyr-specific antibody showed intense signals for
decaged STAT6-2, STAT6-4 and peptide 3 and no signal for caged phosphorylated
STAT6-2 and peptide 5. ESI-MS showed 100% removal of caged group from Tyr of
peptide 7 after illumination with 365 nm light for 20 min.
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In vivo visualization of STAT6 was very challenging due to the size of the
semisynthetic product and its tendency to aggregate. Transfer of STAT6 variants into
cells was achieved by microinjection into different eukaryotic cell lines such as A431,
COS7 and MDCK cells. Finally microinjection of MDCK cells with STAT6-1 showed
that this caged variant remains in the cytoplasm but after illuminating the cells with
UV light (and release of the caged group) the protein became activated and
translocated to the nucleus. This result provides proof that semisynthetic STAT6
variant behave similar to their native counterparts under physiological conditions and
that they can become valuable tools for studying the JAK-STAT pathway in vitro and

in vivo.

6.2. Outlook

Thus the successful semisynthesis and application of STAT6-variants requires the
synthesis of a crucial amino acid building block (caged phosphorylated tyrosine)
starting from the round bottom flask to procedures such as microinjection of living
cells. The data produced here gives evidence not only about the importance of
controlling phosphorylation as a major posttranslational modification of STAT6 but

also that very large semisynthetic protein can be generated successfully.

The experiments described here, which combine chemical and biological techniques
established a new platform on which STAT6 can be investigated in the future.
Demonstrating FRET in vivo could provide a better understanding of the kinetics of
dimerization and the effect of DNA binding on STAT6. Thus systems biology
approaches can be used to investigate STAT6 and connected proteins in more detail.
Microinjection with Cy5 labeled variants such as STAT6-3 and STAT6-6 can increase
our knowledge about localization of these variants. Labeling caged phosphorylated
variants of STAT6 with two different fluorophores followed by microinjecting and
observation via two different channels can also provide more knowledge about the
dimerization pattern of STAT6 thus, protein-protein interactions could be evaluated
more efficiently in vivo. Inhibitors of STAT6, which were recently published, can be
studied with these semisynthetic variants in vitro and in vivo. Even new screening
systems could be set up using these molecules. Cytokine signaling and JAK proteins

can be further investigated.
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6.1. Zusammenfassung und Ausblick

Die Signaltransducer und Aktivatoren der Transkription (STAT) bilden eine Familie
von Transkriptionsfaktoren, die im Cytoplasma in monomerer Form vorliegen. Sie
kénnen durch extrazellulare Signale, wie Cytokinen, aktiviert und daraufhin in den
Zellkern transportiert werden. Dort wird dann die Transkription spezifischer Gene
initiiert. Dieser Mechanismus verlauft tber den so genannten JAK-STAT Signalweg,
wobei, zundchst ein Ligand an den zugehérigen Rezeptor bindet und damit dessen
Phosphorylierung durch Janus-Kinase (JAKs) aktiviert. So entsteht eine Bindestelle
fur monomere STAT-Proteine, die im Rezeptor-gebundenen Zustand wiederum
durch JAKs phosphoryliert werden und sich dann vom Rezeptorende l6sen. Die
phosphorylierten STATs bilden Homo- und Heterodimere, die in den Zellkern
wandern. In dieser Phase binden die STAT-Proteine an spezifische DNA-Sequenzen
und induzieren die Expression. Dieser SignalUbertragungsweg ist bedeutend fir die
Kontrolle der Zellproliferation sowie bei Enzindungsprozessen und bei der
Entstehung von Krebs. Das Ziel dieser Arbeit war es licht-aktivierbares humanes
STAT6 herzustellen, das eine gezielte Aktivierung der Dimerisierung und damit der
DNA-Bindung des STAT®6 in vitro und in vivo erlaubt.

Um dieses Ziel zu erreichen wurde ein Verfahren gewéhlt, das chemische und
biochemische Methoden kombiniert und als Expressed Protein Ligation (EPL)
bezeichnet wird.. Ein C-terminales Segment des STAT6 Proteins, das den fir die
Dimerisierung entscheidende Tyrosinrest 641 enthalt konnte erfolgreich chemisch
synthetisiert und ortsspezifisch modifiziert werden. Es war jedoch erforderlich die C-
terminale Transkativierungsdomane (TAD) des STAT6-Protein zu entfernen, um die
modifizierten Tyrosinreste und den Fluoroszenzfarbstoffe in das STAT6 mittels einer
EPL Reaktion einzufihren. In E. coli wurde das multidomanen Protein STAT6 in
Fusion mit dem GyrA-Intein aus Mycobakterium Xenopi und einer Chitin-bindenden
Doméne als Aufreinigungstag exprimiert Nach Spaltung des Fusionskonstruktes in
Anwesenheit von MesNa konnte STAT MesNa a-COSR (AS 1-634) dargestellt
werden. Die Stabilisierung des Fusionskonstrukttes war essentiell fur der
Generierung von STAT6 MesNa a-COSR, da haufig Aggregation beobachtet wurden,

und die Zugabe von Stabilisatoren, wie Detergenz oder Glycerin notig war.



Zusammenfassung und Ausblick

Es wurden sechs semisynthetische STAT6 Varianten (1-6) mit ortspezifischen
Modifikationen im C-terminalen Bereich des Proteins (Tyr®*!, Fluoreszenzmarkierung,
Hexahistidin-Tag) nach chemoselektiver Ligation mit sechs unterschiedlichen C-
terminalen Peptiden (Peptide 1-6, AS 635-668) generiert. Als ortsspezifische
Modifikation wurde bei der chemischen Synthese der C-terminalen Peptide
geschuitzes, phosphoryliertes Tyrosin und phosphoryliertes Tyrosin eingefuihrt sowie
der Fluoreszenzmarker Cy5. Auf diese Weise wurden sieben unterschiedliche
Peptide durch SPPS generiert. Durch EPL wurde Tyr®*!in STAT6 mit geschiitztem,
phosporyliertem Tyrosin und Cy5 (STAT6-1) dargestellt. STAT6-2 wurde mit
geschitztem, phosphorylietem Tyr®** ohne Cy5 generiert, STAT6-3 mit
phosphoryliertem Tyr®* mit Cy5 und STAT6-4 mit phosphoryliertem Tyr®*! ohne Cys5.
STAT6-5 wurde ohne Phosphorylierung am Tyr®*! und ohne Cy5 und STAT6-6 mit

nicht-phosphoryliertem Tyr®4
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mit Cy5 dargestellt. Peptid 7 weist ein geschitztes
phosphoryliertes Tyr>*" auf und wurde in den Ligationsversuchen nicht verwendet,
jedoch wurde es zur Untersuchungen zum Entschitzen der photolabilen Gruppen

genutzt.

Um die Bioaktivitat der sechs semisynthetischen STAT6 Varianten zu testen wurden
in vitro Methoden, wie DNA Bindungstests mit Hilfe elektrophoretischer Methoden
(EMSA) und Fluoreszenzresonanz-Energietransfer (FRET) genutzt. Dabei wurde mit
den phosphorylierten Varianten STAT6-4 und STAT6-3 gearbeitet. STAT6-4
erkannte die zugehorige GAS-DNA, wohingegen keine zufaligen DNA-Sequenzen
erkannt wurden. So konnte gezeigt werden, dass semisynthetisches, verkirztes
STAT®G richtig gefaltet und biologisch aktiv in dimerer, nativer Form vorliegt und die
Abwesenheit der C-terminalen TAD Doméane die DNA Erkennung und Bindung nicht
verhindert.  STAT6-2 (mit geschiitztem phosphorylierten Tyr®*) konnte die
zugehotrige GAS-DNA nicht erkennen, was auf das Vorliegen von monomerem
STAT6 zurlckzufihren ist. Die Anwesenheit von Detergenz erschwerte die
Interpretation der EMSA Daten und es wurde durch Glycerin ersetzt, das keinen
solchen Effekt zeigte. FRET Experimente mit Cy5-markiertem STAT6 Protein und
Tamra-gelabelter DNA zeigen eine Bindung von STAT6-3 an die GAS-DNA.

Die Abspaltung der Phosphat-Schutzgruppe in Peptiden und den semisynthetischen

STAT6 Proteinen wurde durch Western-Blot Experimente mit einem Phospho-
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Tyrosin spezifischen Antikdrper nachgewiesen, sowie durch ESI-MS Messungen mit
Peptid 7. Die Western-Blot Experimente zeigten starke Signale fir STAT6-2, STAT6-

4 und Peptid 3, die jeweils Phospho-Tyrosin enthalten, jedoch kein Signal fir
geschitztes, phosphoryliertes STAT6-2 und Peptid 5. ESI-MS Daten zeigten, dass
die Schutzgruppe am Tyrosinrest des Peptids 7 quantitativ entfernt werden

(Bestrahlung mit UV-Licht bei 365 nm fur 20 min).

Zur in vivo Visualisierung von STAT6 wurde geschitztes, phosphoryliertes und Cy5
gelabelltes STAT6-1 durch Mikroinjektion in unterschiedliche Zelllinien wie A431,
COS7 and MDCK eingebracht. In MDCK Zellen verblieb diese STAT6 Variante vor
Bestrahlung mit UV-Licht im Cytoplasma, wie es fir die monomere Form erwartet
wird. Nach Bestrahlen mit UV-Licht und entschitzen des phosphorylierten Tyrosin
wurde das Protein im Zellkern gefunden. Dies zeigt, dass spezifisch modifiziertes
semisynthetisches STAT6 (wie z.B. STAT6-1) die Mdglichkeit bietet die aktivierte
phosphorylierte Variante des STAT6 gezelt freizusetzen und intrazellular zu

beobachten.

Die durchgefihrten Experimente, die chemische und biologische Techniken
verreinen, konnten einen neuen Zugang zu ortspezifisch modifizierten STAT6-
Varianten aufzeigen, die in der Zukunft neue Einblicke in die STAT6 vermittelte
Signalweiterleitung erlauben. Das erfolgreiche Einbringen in Zellen erlaubt die
Anwendung systembiologischer Ansatze, z.B. auch unter Verwendung
unterschiedlich markierter STAT-Proteine. Die kontrollierte Freisetzung der
phosphorylierten STAT6 Varianten ermoglicht auf die gezielte Untersuchung des
Einflusses von STAT-Inhibitoren auf die Dimersierungsgleichgewichte in Zellen und

die Translokation.
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Appendix

1-(2-nitrophenyl) ethanol (NPE- OH) (2), 1H NMR
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Appendix

1-(2-nitrophenyl)-ethanol (NPE- OH) (2), 13C NMR
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Appendix

0-1-(2-nitrophenyl)ethyl-O’-3-cyanoethyl-N,N-diisopropyl
phosphoramidite (3), 1H NMR
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Appendix

0-1-(2-nitrophenyl)ethyl-O’-3-cyanoethyl-N,N-diisopropyl
phosphoramidite (3), 31P NMR
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Appendix

N-a-Fmoc-L-tyrosine tert butyl Ester (5), tH NMR
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Appendix

N-a-Fmoc-L-tyrosine tert butyl Ester (5), 13C NMR
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Appendix

N-a-Fmoc-phospho-(1-nitrophenyl ethyl-2-cyanoethyl)-
tyrosine tert-butyl ester. (7), 1H NMR
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Appendix

N-a-Fmoc-phospho-(1-nitrophenylethyl-2-cyanoethyl)- L-
tyrosine tert-butyl ester. (7), 13C NMR
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Appendix

N-a-Fmoc-phospho (1-nitrophenylethyl-2-cyanoethyl)-L-
tyrosine tert-butyl ester. (7), 31P NMR
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Appendix

N-a- Fmoc-phospho (1-nitrophenylethyl-2-cyanoethyl)-L-
tyrosine (8), 1H NMR
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Appendix

N-a- Fmoc-phospho (1-nitrophenyl ethyl-2-cyanoethyl)-L-
tyrosine (8), 13C NMR
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N-a-Fmoc-phospho-(1-nitrophenyl ethyl-2-cyanoethyl)-L-
tyrosine (8), 31P NMR
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