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1 Abstract

1 Abstract

The phenomenon of aggregation-induced emission (AIE) has become increasingly
popular in recent years and a wide range of fluorophores exhibiting AIE properties
(AlEgens) were synthesized for the specific recognition of small biogenic molecules
and biological macromolecules [109, 161]. Upon protein binding the molecular mo-
tions of the fluorophores are restricted, which induces an increase in fluorescence sig-
nal, which can be used as a direct read-out option for binding analysis. However, the
AlEgens were only used for qualitative recognition. In contrast, the new fluorophores
in this work were used for quantitative analysis of protein binding using fluorescence.
This new and unique class of luminophores is based on aromatic thioethers bear-
ing nitrile groups in ortho-position and were successfully modified with peptides for
the specific recognition of the hPin1-WW domain. Therefore, peptides containing the
hPin1 specific pThr-Pro binding motif were synthesized by solid phase peptide synthe-
sis (SPPS) and coupled to the AlE-core by copper(l)-catalyzed alkine-azide cycload-
dition (CUAAC). hPin1 is a well described protein and the WW-domain, known as the
substrate binding module, was used as a model protein to build a fluorescence-based
assay for protein binding with direct read-out from fluorescence intensity.

Biochemical characterization of the new fluorophores showed an increased solubility
in aqueous solutions and enhanced salt tolerance compared to previously described
thioterephthalonitrile (TPN) derivatives [97]. Dissolved in an aqueous solution, the fluo-
rophores exhibited low autofluorescence induced by the fluorophore structure, showing
the peptide being helically twisted over the AlE-core and bound on top of the aromatic
rings. Upon protein binding the fluorescence signal increased significantly and proves
the excellent aggregation-induced emission enhancement (AIEE) properties of the flu-
orophores. Specificity against the hPin1-WW domain was demonstrated by both NMR-
and fluorescence titration experiments and all fluorophores exhibited good binding con-
stants in a low uM range.

By adding amino acids between the aromatic AlE-core and the hPin1 specific pThr-
Pro binding motif, the influence of a linker and its length was investigated. At low fluo-
rophore concentrations (<25 uM) the protein binding was similar for all linker lengths,
but at higher fluorophore concentrations (> 25 uM) the binding curves could not be fitted
with the expected binding model of two proteins binding a single fluorophore molecule.
The effect was enhanced at greater linker lengths and was also increased at higher flu-
orophore concentrations, making the AlEgen suitable for protein detection and binding
analysis only at low concentrations.

Finally, the NMR structure of a fluorophore bearing a single peptide-arm was solved
alone and in complex with the hPin1-WW domain and showed the fluorophore-protein
interaction and rotational restrictions at a structural level. The hPin1-WW domain ex-
hibited the typical three-stranded antiparallel g-sheet with the fluorophore bound on
top. The coupled peptide is recognized first and the aromatic AIE-core makes addi-




2 Zusammenfassung

tional contacts with the WW-domain.

In summary, the specific protein recognition and the quantitative analysis of protein
binding was demonstrated for peptide-coupled TPN fluorophores in a fluorescence-
based assay with direct read-out. In addition, the binding was shown by the protein-
fluorophore complex structure.

2 Zusammenfassung

Das Phanomen der aggregationsinduzierten Emission (AIE) ist in den letzten Jahren
immer beliebter geworden und viele Fluorophore mit AlIE-Eigenschaften (AlEgens)
wurden fur die spezifische Erkennung von kleinen biogenen Molekilen und biolo-
gischen Makromolekullen synthetisiert [109,161]. Allerdings wurden diese nur fir den
qualitativen Nachweis verwendet. Im Gegensatz dazu wurden die neuen Fluorophore
in dieser Arbeit fUr die quantitative Untersuchung von Protein-Ligand-Bindungen ver-
wendet.

Diese neue Klasse an Luminophoren basiert auf aromatischen Thioethern mit zusétz-
lichen Nitrilgruppen in ortho-Position und wurde hier erfolgreich fir die spezifische
Erkennung der hPin1-WW-Domane modifiziert. Dazu wurden Peptide mit dem hPin1-
spezifischen pThr-Pro-Bindungsmotiv durch Festphasen-Peptidsynthese (SPPS) her-
gestellt und mit Hilfe der Kupfer(l)-katalysierten Alkin-Azid-Cycloaddition (CuAAC) an
den aromatischen AIE-Kern gekoppelt. hPin1 ist ein hervorragend untersuchtes Pro-
tein und die WW-Domane, beschrieben als das Substratbindungsmodul, wurde des-
halb als Modellprotein fiir einen fluoreszenzbasierten Assay verwendet. Die Protein-
Ligand Bindung kann durch die AlEgens direkt Uber die Fluoreszenzintensitat verfolgt
und ausgelesen werden.

Die biochemische Charakterisierung der neuen AlEgens zeigte eine erhéhte Léslich-
keit in wassrigen Lésungen und eine deutlich verbesserte Salztoleranz im Vergleich
zu den bisher beschriebenen Thioterephthalonitril (TPN)-Derivaten [97]. Die AlEgens
wiesen zudem eine geringe Autofluoreszenz auf, die durch die Struktur des Fluo-
rophors erklart werden kann. Der Fluorophor bildet einen C-férmigen aromatischen
AIE-Kern mit dem Peptid helikal nach oben gedreht und auf den aromatischen Ringen
gebunden. Durch Proteinbindung nimmt die induzierte Fluoreszenz deutlich zu und be-
weist so die hervorragenden aggregationsinduzierten emissionsverstarkenden (AIEE)-
Eigenschaften. Die Spezifitat fur die hPin1-WW-Doméane wurde sowohl durch NMR-
als auch durch Fluoreszenz-Titrationsexperimente nachgewiesen und ergab gute Bin-
dungskonstanten in einem niedrigen uM-Bereich flr alle Fluorophore.

Durch das Einfiigen von Aminosauren zwischen den aromatischen AlE-Kern und dem
pThr-Pro-Bindungsmotiv wurde der Einfluss eines Linkers und dessen Lange unter-
sucht. Bei niedriger Fluorophorkonzentration (<25 uM) konnten keine Unterschiede in
der Proteinbindung der Fluorophore in Abhangigkeit der Linkerlange festgestellt wer-
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den. Bei héheren Fluorophorkonzentrationen (> 25 uM) jedoch konnten die Bindungs-
kurven nicht mit dem erwarteten Bindungsmodell (2 Proteine : 1 Fluorophor) analysiert
werden. Dieser Effekt verstarkt sich mit héheren Fluorophorkonzentrationen und ist bei
gréBeren Linkern ausgepragter, weshalb die AlEgens nur bei niedrigen Konzentratio-
nen verwendet werden kénnen.

AbschlieBend wurde die NMR-Struktur eines Fluorophors im Komplex mit der hPin1-
WW-Domane geldst. Die Komplexstruktur besteht aus dem bekannten dreistrangigen
antiparallelen g-Faltblatt der WW-Domane und dem oberhalb gebundenen Fluorophor.
Das gekoppelte Peptid wird dabei von der WW-Doméne spezifisch erkannt. Durch
die zusatzlichen Kontakte der WW-Domane zum aromatischen AlIE-Kern kdnnen die
Rotationsbeschrankungen des Fluorophors sichtbar gemacht werden.

Somit wurde die spezifische Proteinerkennung und die quantitative Analyse der Pro-
teinbindung fur peptidgekoppelte TPN-Fluorophore in einem fluoreszenzbasierten As-
say mit direktem read-out nachgewiesen und die Bindung anhand der Struktur des
Protein-Fluorophor-Komplexes veranschaulicht.
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3.1 Fluorescence - A Form of Luminescence

The phenomenon of luminescence is the spontaneous emission of light from a mole-
cule shortly after electronic excitation, triggered by light. Luminescence can be divided
into the two categories of phosphorescence and fluorescence. Phosphorescence is
described as the emission of light from an excited triplet state to the ground state. Due
to the same spin orientation in both states, the transition is forbidden and rather slow. A
typical transition takes 1072 to 10° s, but also longer phosphorescence durations up to
minutes has been described. In contrast, fluorescence is the transition from an excited
singlet to ground state. Here, the electrons are paired and the typical fluorescence
lifetime of 108s is much shorter than for phosphorescence [132]. Fluorescence is
typically a phenomenon of aromatic molecules and often occurs in nature, such as for
quinine and the green fluorescent protein (GFP) [244]. The process of absorption and
emission can be illustrated with the Jablonski diagram (figure 1) [113].
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Figure 1: Jablonski diagram [132].

The Jablonski diagram shows the principle of luminescence, in which the electron from
the ground state (Sp) gets excited to a higher electronic singlet state (Sy or S,). The
smaller energy differences are defined as vibrational states (0,1,2,...). After excitation
with light of a specific wavelength Ag,, the electron first relaxes into the lowest vibra-
tional state of S;. This process is called internal conversion and the energy is released
in the form of heat. Due to the loss of energy, the emission of light in the next step
(transition to ground state) is slightly red-shifted and thus less energetic [76]. This dif-
ference between the excitation and emission wavelength is called stokes shift and is
an important factor in the utilization of fluorescence spectroscopy [132].
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3.2 Aggregation-Induced Emission (AIE)

Nowadays there is a wide range of luminophores with different fluorescence properties
and almost endless applications. But luminophores often suffer from a phenomenon
known as aggregation-caused quenching (ACQ) [69]. ACQ describes the reduced or
completely diminished fluorescence signal of commonly used luminophores or natural
occurring luminescent molecules and has been known for several decades [69]. The
ACQ effect is described as the non-radiative relaxation of excited states through m-n
stacking interactions of adjacent molecules.

In contrast, aggregation-induced emission (AIE) describes the opposite phenomenon
and was the first time mentioned by the group of Ben Zhong Tang in 2001 [171]. These
luminophores do not show emission in solution, but feature strong emission when clus-
tered, aggregated, bound and in a solid state. Molecules featuring the AIE effect
are called AlEgens and some of the most frequently used AlEgens are hexaphenyl-
silole (HPS) [171, 256, 316] and tetraphenylethene (TPE) [247,279,317]. In addition
to the traditional AlEgens, there is a group of fluorophores with low fluorescence in
solution whose signal strength is enhanced by aggregation. These are described
as aggregation-induced emission enhancement (AIEE) fluorophores and complete the
class of AlEgens.

3.2.1 Mechanisms of AIE

HPS- and TPE conjugates are perfect examples to describe and visualize the mech-
anism of molecular restrictions which lead to the emission of light (figure 2) [243]. In
total, there are three main hypotheses to describe the phenomenon of AIE: restric-
tion of intramolecular rotations (RIR), restriction of intramolecular vibrations (RIV) and
restriction of intramolecular motions (RIM), which involves a combination of RIR and
RIV.

TPE HPS THBA

Figure 2: Chemical structures of the AlEgens TPE, HPS and THBA. The molecu-
lar structures of TPE and HPS show the rotational axes (blue) connecting the central
ethene or silole to the outer phenyl rings [243]. THBA shows the vibrational motions
(red) that lead to the radiation-free relaxation of the molecule [98].
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HPS, the first described AIEgen [171], consists of a silacyclopenta-2,4-diene core with
six phenyl rings in a propeller-shaped conformation. When dissolved in a proper sol-
vent like THF or acetonitrile, the phenyl rings can rotate around the single bond axes
and excited states can decay without radiation. However, at a higher aqueous fraction
around 80%, HPS tends to aggregate and fluorescence is induced (figure 3) [35,181].
The same process can be observed for TPE [180,243,279]. Both molecules show a
twisted molecular structure that prevents n-nt stacking, which would diminish the RIR-
induced fluorescence [141,309].

Water fraction (vol %) HPS
0 10 20 30 40 50 60 70 80 90

;!

Figure 3: Fluorescence of HPS in a THF/H,O mixture. Photograph of glass vials with
20 uM HPS in solution or as suspension. The solvent mixture changes from 100% THF
to 10% THF and 90% H,O and shows the AIE effect of HPS. Reprinted with permission
from [181]. Copyright 2015, American Chemical Society.

RIRs alone cannot describe the AIE effect of all AIEgens. Molecules like the 10,107,11,
11 -tetrahydro-5,5-bidibenzo|a,d][7]-annulenylidene (THBA) [141,170] (figure 3), do not
have rotatable axes, but still show the AIE effect. For these molecules, vibrational mo-
tions are responsible for the AIE effect. In the case of THBA the connected phenyl rings
do not rotate, but vibrate as shown in figure 3 and thus consume the absorbed energy
without radiation. Also, the vibration of connected nitrile groups can contribute to RIV
and induce fluorescence. In summary, molecules subject to either restriction system
must be AlEgens. When both systems (RIR and RIV) are involved, the restrictions are
grouped under the term motions (RIM).

3.2.2 Technical applications for AIEgens

With the steadily increasing number of AIEgens and the growing interest in AIE tech-
nology, more and more applications are being developed and researched. AlEgens are
easy to synthesize and can be a cost-efficient alternative for currently available mate-
rials. For example, they are used in various optoelectronic systems, like e.g. organic
light-emitting diodes (OLEDs) [317], organic field-effect transistors (OFETS) [6, 159],
liquid crystals (LCs) [127] and photovoltaics [181].

OLEDs are utilized to build up optical displays which are then used in electronic devices
such as tablets, mobile phones or televisions screens. A huge area of research is
the development of new molecules to build up thin layers of OLEDs that are cheaper
and more effective compared to commercially available OLEDs or traditional inorganic
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LEDs. By polymerization of the AlEgen TPE and varying the connections between
the TPE building blocks, new OLEDs have been created that offer good alternatives
covering the entire visible spectrum of light [146,315,317].

Photovoltaics is the direct conversion of light energy into electrical energy using solar
cells and is an important and promising renewable energy source for environmentally
friendly energy policies [9]. An AlEgen in the form of a TPE paired up with a malononi-
trile has been reported as a luminogenic material in photovoltaic cells and to increase
their power output [144].

3.2.3 Chemical applications for AIEgens

Sensing is a major field in the chemical industry and is of great importance for envi-
ronmental control such as water treatment. However, it can be very extensive due to
the high number of cations and anions. In recent years several AlEgens have been
designed for the specific detection of a wide range of ions [37].
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Figure 4: Specific turn-on detection of CN~ in solution. (A) chemical structure of
the TPS derivative with the positively charged ammonium group. (B) Chemical struc-
ture of heptylphenyltrifluoroacetamide (HPTFAA) and its reaction with CN~. (C) Assem-
bly of both compounds yield the fluorescence turn-on signal. Adapted with permission
from [207]. Copyright 2009, American Chemical Society.

One of the interesting target ions is cyanide (CN~), a highly toxic and potentially lethal
ion for humans [44,52]. The functional trifluoroacetylamino (TFAA) group is an excel-
lent receptor for cyanides and has been used by several groups for its detection. CN~
binds to TFAA through nucleophilic addition, changing the molecule’s charge and elec-
trostatic properties. Zhang’s group designed a heptylphenyltrifluoroacetamide (HPT-
FAA), which showed low fluorescence when paired up with an ammonium decorated
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TPS derivative, but a strong turn-on signal when treated with CN~. The CN~ converts
HPTFAA into an amphiphilic molecule, which then induces the formation of heteroag-
gregates between the positive TPS derivative and HPTFAA-CN- [278] (figure 4).
Kumar et al. showed another application for TFAA groups in AlEgens. The TFAA group
was added twice to a hexaphenylbenzene-based receptor, which showed a stronger
fluorescence signal at CN~ detection and also a large bathochromic signal shift of
105nm [211].

In addition to the here described AlEgens for the sensing of CN-, there are multi-
ple AlEgens specified for other ions such as Ag* [166,293], Hg?* [275], Cu?* [175],
A3+ [145,297], Fe3* [17], Zn?* [274,283], F~ [185], CIO~ [272,294] and many more.
Beside the ion-specific AlEgens, several TPE derivatives and other AlEgens have
also been designed as specific sensors for pH [281], gases [28, 259] and peroxides
[106, 156]. H.O,, a member of the peroxides and reactive oxygen species (ROS),
is a strong oxidizer and can be harmful for organisms. ROS are highly reactive and
connected to aging [153], oxidative stress [108,235] and cancer development [3,212].
The group of Zhang et al. reported a TPE-based AlEgen for the specific recognition
of H,O,. In the reaction, H,O, oxidized the included ester and the following hydrol-
ysis resulted in the hydrophobic p-pyridine-substituted TPE [106]. The resulting TPE
derivative is highly hydrophobic and tends to aggregate in aqueous solution.

3.2.4 Biological applications for AIEgens

The system of AIE also has become a powerful tool in life science with a steadily
increasing number of applications in the field of biological sensing. Here, the range of
AlE targets extends from small biogenic molecules (e.g. monosaccharides, ATP, thiols
and HSA) [88, 158,161, 314] and biological macromolecules (e.g. proteins, DNA and
enzymes) [162,277,320] to complete organelles and cells (e.g. endoplasmic reticulum,
HelLa/HEK-293 cells and viruses) [122]. Some of these achievements are described in
detail below to give a brief overview about the possibilities for AIE-based sensing.

Biothiols, as an example for small biogenic molecules, represent a major group of
antioxidants. As cysteine (Cys), Homocysteine (Hcy) or glutathione (GSH), they play an
important role against ROS and related diseases [218,264]. They are involved in many
biological and physiological processes and can be detected by a variety of methods,
such as chromatography [38,286] or electrochemical assays [280]. Also, AlEgens were
specifically designed for their detection, using thiol chemistry. Adding a maleimide
group to the TPE-core (TPE-MI) diminished the fluorescence both in solution and the
aggregated state, but it was restored after alkene hydrothiolation (figure 5 A). The TPE-
MI molecule was successfully used to detect Cys in the presence of other non-thiol
amino acids on TLC plates, which then could be used as TPE-MI coated test strips
(figure 5B) [103, 160]. However, the maleimide group does not discriminate between
different thiols. Therefore, Tang’s group created a TPE derivative (TPE-DCV), which
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was even able to detect GSH in the presence of other thiols [161]. A different approach
for thiol detection was used by Zhang et al., in which a peptide containing five carboxyl
groups was fused to the AlE-core (TPE-SS-Ds) via a disulfide linkage. Afterwards this
linkage could be cleaved by thiols in solution, resulting in a hydrophobic TPE derivative
and the formation of fluorescent aggregates (figure 5,C) [311].
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Figure 5: AlEgens for specific thiol detection. (A) Chemical structure of TPE-MI
and its reaction with thiols, based on alkene hydrothiolation [160]. (B) Photograph of
the turn-on detection of Cys from other amino acids on TLC plates. Figure adapted
from [103]. (C) Chemical structure of TPE-SS-D5 and the cleavable disulfide linkage
highlighted in red. Adapted with permission from [311]. Copyright 2014, American
Chemical Society.

In addition, the specific detection of macromolecules, especially of single proteins in
vitro and in vivo, is of great interest in pharmaceutics and the diagnosis and treatment
of diseases. Still, it remains challenging to design effective probes, but in recent years
fluorescence became a major factor in protein sensing and identification [318]. Due
to the low fluorescence background of biological samples, fluorescence-based probes
offer a high signal-to-noise ratio and are ideal candidates for the detection of biological
macromolecules. Many groups designed turn-on AlEgens to detect a wide range of
proteins including membrane proteins and multiple enzymes. They were used for the
qualitative detection in SDS-PAGE [307], localization in cells [152, 174], detection of
protein folding and aggregation [104,252] and detection of enzymatic activity [148,273].
While addressing enzymatic activity in vitro is relatively easy by creating AlE-based




3 Introduction

substrates, which then can be bound or cleaved, the specific protein detection inside
cells is far more complex.

For instance, Zhang et al. synthesized a novel AIE probe for the specific detection
of the lysosomal-associated transmembrane protein 4B (LAPTM4B) protein in differ-
ent types of cells [109]. The AlEgens consisted of the TPE-core, decorated with the
decapeptide IHGHHIISVG (referred to as AP2H) and bound specifically to the extra-
cellular loop 2 (EL2, PYRDDVMSVN) of the LAPTM4B protein. The protein is widely
overexpressed in many tumors, including breast cancer [292], liver cancer [240, 302],
ovarian cancer [305] and cervical cancer [183] and therefore is considered as a strong
biomarker for cancer cells.

As shown by Zhang et al., the AlEgen is almost non-emissive in normal Chang liver
cells, but fluorescence turns on strongly when incubated with human liver cancer cells
HepG2, human hepatoma cells BEL 7402 or Hela cells (figure 6) [109]. The AlEgen
was successfully used at neutral (pH 7.4) and acidic (ph 5.5) conditions and showed a
slightly stronger fluorescence at lower pH.
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Figure 6: Detection and discrimination of the expression level of LAPTM4B pro-
tein in different cells. On top the chemical structure of TPE-AP2H. Confocal laser
scanning microscopy (CLSM) images of HEPG2 cell (A,E), BEL7402 cells (B,F), HeLa
cell (C,G) and Chang liver cells (D,H) at neutral and acidic pH. Scaling bars: 20 um.
Reprinted with permission from ref [109]. Copyright 2014 Wiley-VCH Verlag GmbH &
Co. KGaA.

10



3 Introduction

A new unique class of luminophores with AIE properties were synthesized by the group
of J. Voskuhl [221]. Thioterephthalonitriles (TPNs) are composed of aromatic thioethers
and were varied in their substitution pattern, resulting in promising AlEgens with tun-
able excitation and emission wavelengths (figure 7, B). Additional advantages are the
short and efficient synthetic route and the broad range of functional groups, which can
be added for specific modification [221]. Due to their aromatic core structure, cou-
pled with thioethers, the AlEgens provide an increased flexibility paired up with good
photophysical properties and a luminescence quantum yield up to 23.1% as solid com-
pound [220].
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Figure 7: Phthalcyanine derivatives with AIE properties. (A) Chemical structures
of multiple AIE active phthalocyanine derivatives. (B) Fluorescence images of se-
lected fluorophores under UV light (365 nm). The fluorophores were prepared in 99%
H.O/ 1% DMF at a concentration of 100 uM. Reprinted with permission from Ref [221].
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.

With all the possible targets in biological systems the number of AlEgens and applica-
tions during the last 20 years has increased enormously and have been summarized
in multiple reviews over the years [27,61,181].
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3.3 Peptidyl Prolyl cis/trans Isomerases (PPlases)

Cellular processes are under strict control and regulated by various mechanisms in-
cluding protein-protein and protein-DNA interactions [131,208]. The interactions are
based on the specific recognition of peptide sequences or structural motifs and can be
divided into permanent and transient. [41] While permanent interactions are character-
ized by a strong binding affinity and a long binding duration, transient interactions are
weak and short-term [1,208]. Regulation of these interactions is often controlled by
post-translational modifications [271] like methylation [135, 205], acetylation [47,291],
sulfation or phosphorylation [125,210]. Phosphorylation of proteins and peptides is a
reversible process in eukaryotes and occurs principally on the side chains of serine,
threonine and tyrosine residues [210]. Here, kinases catalyze the phosphoryl trans-
fer from a donor, usually ATP, to the side chain hydroxyl group of the receptor sub-
strate [31]. Apart from being regulated by these PTMs, the interactions are strongly
dependent on the structural arrangement and thus on the correct protein folding [117].
While protein folding is generally a spontaneous process controlled by several groups
of proteins, e.g. chaperones such as heat shock proteins (HSPs) and protein disul-
fide isomerases, the peptidyl-prolyl bond does not spontaneously adopt the intended
conformation [20,87,147]. Due to steric hindrance caused by the side chains, the cis
conformation only accounts for 0.1-1% [234, 310] of the peptide bonds. In contrast,
5-30% of peptidyl prolyl bonds exhibit the cis conformation depending on peptide or
protein length [114,192]. Because of the thermodynamically slow cis/trans isomeriza-
tion of peptidyl prolyl bonds, which takes place in tens to hundreds of seconds and
requires an activation energy of about 80 kd/mol, this can lead to a rate limiting step
during protein refolding or de novo synthesis [23,59, 65, 80].

In this case, peptidyl prolyl cis/trans isomerases (PPlases; EC 5.2.1.8) can help ac-
celerate the relatively slow cis/trans isomerization of peptidyl prolyl bonds and act as
a molecular switch for conformational changes in proteins [7,66]. Given the impor-
tance of the PPlase superfamily, members are present ubiquitously in eukaryotic and
prokaryotic organisms and are expressed in low levels in almost all tissues [241]. They
have been detected in the cytosol, mitochondria [25], the golgi apparatus and associ-
ated with membranes and can be further divided into three subfamilies: cylcosporin A
binding proteins, also known as cyclophilins (CYPs), FK506 binding proteins (FKBPs)
and non-immunosuppressive binding parvulins [67,94,214,215,245].

3.4 Parvulins

The subfamily of parvulin, was initially discovered and isolated by the group of Gun-
ther Fischer in 1994 [214,215]. The first identified member was the cytosolic protein
Par10 from Eschericha coli (E. coli), whose PPlase domain showed no similarity in
sequence to other PPlases. It was shown that Par10 was not inhibited by cyclosporin
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A or FK-506. Due to its small molecular weight of 10.1 kDa the new subfamily was
named parvulin (parvus= tiny; very small) [214,215]. On the basis of sequence homol-
ogy further prokaryotic proteins were identified and added to the parvulin family. SurA
from E. coli is a periplasmic multi-domain protein involved in the folding and maturation
of porins in the outer membrane. With its chaperone-like activity for outer membrane
proteins, SurA is necessary for the survival and growth of E. coli in the stationary
phase [134,261]. SurA deletion mutants in E. coli can be compensated for by another
periplasmic parvulin named PpiD [46]. Other prokaryotic members of the parvulin fam-
ily are the PmpA from Lactococcus lactis [48], NifM from Azotobacter vinelandii [116]
and PrsA from Bacillus subtilis [130].

The first eukaryotic protein discovered and added to the family of parvulins was Ess1
from Saccharomyces cerevisiae [92,93]. Ess1 was found to be essential for the
growth of yeast, regulating the structure and function of the eukaryotic RNA poly-
merase Il [75,92,191]. By binding to the carboxyl-terminal domain (CTD) of Rpb1
and changing its conformational state, Ess1 controls the initiation of transcription and
termination as well as RNA processing [91, 176, 246]. Shortly after the discovery of
Ess1, the homologous and still best studied parvulin, human Pin1 (hPin1), was discov-
ered and described for the first time [163]. hPin1 and its numerous homologs in e.g.
Aradopsis thaliana (AtPin1) [133] and Malus domestica (MdPin1) [303] are phospho-
specific PPlases and form the biggest of the three parvulin subfamilies (see figure 8).

Besides hPin1, hPar14 and hPar17 were identified and complete the class of human
parvulins [193, 262]. hPar14 and hPar17 were found to be single domain proteins
with an unstructured and mainly basic N-terminal extension [195,238]. Due to al-
ternative transcriptional initiation, hPar17 contains a 25 amino acid extension com-
pared to hPar14. Both proteins show no preference for phosphorylated substrates
[194,258,262]. Along with EcPar10 they form the second class of parvulins, the class
of non-phosphospecific parvulins. The function and localization of hPar14 depends
strongly on its phosphorylation state at various positions within the N-terminal exten-
sion. Here phosphorylation of Ser’, Ser® and Ser'® is of special interest. While the
phosphorylations at Ser” and Ser® in combination with the 14-3-3-protein are neces-
sary for the transport to the cytosol, the phosphorylation of Ser'® is needed for the
import into the nucleus and its function there [193,219]. Phosphorylation at Ser'® also
suppresses DNA binding, which normally takes places at AT-rich regions of double-
stranded DNA (dsDNA) [219,254]. In contrast, the dephosphorylated hPar14 can asso-
ciate with chromatin and pre-ribosomal ribonucleoprotein (pre-rRNP) complexes inside
the cellular nucleus [71,232]. In combination with the highest expression level in the
S and G2/M phase of mitosis, hPar14 is most likely associated with DNA replication,
DNA repair, chromatin remodeling, and ribosome biogenesis [70,71,232].
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Figure 8: Phylogenetic tree of eukaryotic parvulins. Parvulins are divided into three
subfamilies: Pin1-type or phosphorylation dependent parvulins (in red), parvulins with
a non-specific substrate (in green) and Par45 related parvulins (in blue). Shown are
ESS1 from Saccharomyces cerevisiae, LmPin1 and LmPar45 from Leishmania ma-
jor, TcPin1, TcPar14 and TcPar45 from Trypanosoma cruzi, TbPin1, TbPar14 and
TbPar45 from Trypanosoma brucei, AtPin1 from Arabidopsis thaliana, MdPin1 from
Malus domestica, DIPin1 from Digitalis lanata, hPin1 and hPar14 from humans and
EcPar10 from Escherichia coli. Reprinted with permission from Ref [54]. Copyright
2010, Elsevier B.V.

Most results described and published in the literature do not discriminate between
hPar14 and hPar17. Therefore, functions may overlap or may have been incorrectly
assigned to hPar14 and need to be further investigated. Unlike hPar14 and its ho-
mologs, which were found in all metazoans, hPar17 was shown to be present exclu-
sively in the mitochondria of Hominidae [124,219]. Here the extended N-terminus is
suggested to act as a mitochondrial targeting sequence (MTS) and guide the protein
into the mitochondria. In addition, in vitro experiments involving hPar17 showed DNA
binding, tubulin polymerization [194,258], and a 5 times higher affinity towards actin
binding compared to hPar14 [78].

The third and final class of parvulins comprises Par45 and Par45-like proteins. These
parvulins are unique to unicellular eukaryotes and were first discovered in 2005 in
Dictyostelium discoideum and Chlamydomonas reinhardtii [53,267]. Later homologs
were also found in the parasites Trypanosoma and Leishmania [54,79]. Par45 is
a much bigger protein than the already described parvulin members, containing the
characteristic C-terminal PPlase domain and a N-terminal forkhead-associated (FHA)
domain [49, 50]. However, other than the localization inside the nucleus and the iso-
merase activity of TcPar45 towards Arg-Pro containing peptides, no specific activity or
function could be proven [54,79].
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3.5 The human Parvulin Pin1

Originally found in a yeast two-hybrid system, hPin1 was described as an interacting
partner for the NIMA (never in mitosis gene A) kinase from Aspergillus nidulans and
is still the best characterized parvulin today [163]. The NIMA kinase is essential for
cells to enter mitosis and leads to cell resting when overexpressed [204]. hPin1 was
therefore suspected to be involved in cell division. This assumption was later proven
by deletion studies of Pin1/Ess1 in mutagenic yeast cells and the stop of mitosis in
the G2 phase during overexpression of Pin1 in HelLa cells [13, 163]. Here the deletion
led to a disruption of mitosis followed by apoptosis, which finally labeled hPin1 as a
regulator for mitosis [241,298]. The first evidence indicating the specificity of hPin1
against phosphorylated substrates was found in the crystal structure (PDB: 1PIN). In
the structure the bound sulfate ion mimics the phosphoryl group (figure 9), and shortly
after the phosphate specificity was proven by a binding assay using various model sub-
strates [60,222,300].

In addition, the specificity was also obtained for the first cellular targets Cdc25 [45,
241,300, 319], the hyper-phosphorylated tau protein (p-tau) [164,287,319] and the
C-terminal domain (CTD) of the RNA Polymerase Il (RNAP 1) [5,298]. P-tau plays a
crucial role in neurodegenerative diseases and Cdc25, a Cdc2-directed phosphatase,
controls cell cycle transitions (G1 to S phase and G2 to M phase) [74,102, 121, 186].
Regulation of the activating factor Cdc25 is catalyzed by the Pin1-dependent and trans
specific protein phosphatase 2 (PP2A). Thus, hPin1 mediates the cis/trans conversion
of PP2A targeted proteins and enables their dephosphorylation [319]. Additionally,
hPin1 regulates function of RNAP Il via binding to the CTD of its largest subunit and
regulating the phosphorylation state [298]. RNAP Il is active in multiple pre-mRNA
events and is critical for its transcription and processing, through which hPin1 is in-
volved in the cell cycle [299].

3.5.1 hPin1 related diseases

Other than the regulation of cell cycle progression [163], hPin1 is involved in mul-
tiple processes such as differentiation [112, 197], senescence [36, 260] and apopto-
sis [14,209]. Due to its wide participation in cellular processes hPin1 is involved in var-
ious diseases and dysfunctions, including viral infections [105,151,199], metabolic syn-
drome [90,173,198], immune response [55,56,228], tumorigenesis [126,142,226,304]
and degenerative disorders [57,63,77,96,229, 276].

With today’s increasing life expectancy, neurodegenerative diseases such as Parkin-
son’s disease (PD), Alzheimer’s disease (AD) and Huntington’s disease (HD) are be-
coming increasingly important in medical healthcare and research. Biochemically, AD
is characterized by plaque accumulation caused by protein misfolding [68,73,95]. Two
proteins involved in accumulation of plaques, Amyloid-beta (AB) and p-tau, are regu-
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lated by hPin1 [81,118, 154, 196]. Whereas p-tau is regulated by its phosphorylation
state [72, 129, 164], hPin1 controls the production of Ag [4,206], but is deficient and
less active in neurodegenerative diseases [26]. Through oxidation inside the catalytic
domain, the isomerization efficiency of hPin1 is decreased and dephosphorylation of
p-tau is downregulated [33,251,276]. Therefore, the isomerization rate of p-tau from
cis to trans is decreased and hyper-phosphorylated tau in cis conformation can pair up
as helical filaments and further aggregate into neurofibrillary tangles [11,19,178].
Additionally, hPin1 slows down the production of Ag, a polypeptide of the amyloid pre-
cursor protein (APP) and the main component of senile plaques [89,111,206]. The Ap
polypeptide is produced by APP proteolysis and induced by oxidative stress [187].
Another emerging field of hPin1 research is tumorigenesis and cancer, the leading
cause of death worldwide [253]. In contrast to neurodegenerative diseases, in cancer
cells hPin1 is highly expressed [39]. It inhibits about 20 tumor suppressors and up-
regulates more than 50 oncogenes [39, 223]. Therefore, it is correlated with multiple
forms of human cancers [289,295,306,321]. Tumor suppressors, such as the promye-
locytic leukemia protein (PML) [82,230] or the retinoblastoma protein (pRb) [223,268],
try to inhibit and prevent cancerization by suppressing cell growth of damaged cells.
Cancer cells in return use a wide range of mechanisms to overcome these suppres-
sions and promote proliferation. In prostate cancer for example, hPin1 destabilizes the
PML, a powerful suppressor, by inducing its ubiquitination and thus inactivating it [150].
Additionally, hPin1 can regulate the pathway of the nuclear factor (NF)-xB and thus in-
duce cancer cell proliferation. The NF-xB pathway is involved in various cancers, such
as endometrial carcinoma and acute myeloid leukemia (AML) and is activated by the
increased accumulation of RelA, c-Rel and v-Rel [58,228,231].

3.5.2 Regulation of hPin1 - Multiple ways to control hPin1 activity

Expression and activity of hPin1 is directly regulated by multiple mechanisms including
transcriptional, post-transcriptional and post-translational regulations. The first level of
control is the transcriptional regulation by transcription factors, such as the E2F family,
Notch1 and other proteins [225,227]. Members of the E2F family bind to a specific
E2F binding site inside the promoter and stimulate PINT transcription. Furthermore,
this promoter activity can be enhanced by the oncogenic proteins Neu and Ras, which
takes places in breast cancer, for example [227,289]. Notch1 also binds to the pro-
moter of PIN1 and directly induces transcription. In this case, hPin1 can bind to the
phosphorylated Notch1, isomerize it and increase its cleavage by y-secretase. This
leads to a vicious cycle of binding and cleavage [225].

After transcriptional regulation of the PIN1 gene, mRNA stability and protein transla-
tion are essential for expression. Here multiple micro-RNAs (miRNAs), which are small,
non-coding RNAs, have been identified to control hPin1 expression. MiR-200c [172],
miR-200b [312] and miR-296-5p [136] were discovered to bind specific consensus se-
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guences at the 3"-untranslated region (UTR) of hPin1 mRNA, inhibiting its translation.
With downregulation of these factors in tumors, hPin1 is overexpressed and therefore
promotes cell cycle progression. Additionally, miR-874-3p [140] and miR-140-5p [301]
were found to interact with mRNA and negatively influence hPin1 expression. Other
mechanisms for cells to control protein activity are post-translational modifications. The
PTMs control and regulate protein stability, substrate binding ability, catalytic activity
and protein localization.

For hPin1, phosphorylation [40,165], ubiquitination [51], oxidation [33,251] and SUMOy-
lation [32] have been reported [34]. Phosphorylation, the most prominent of all known
PTMs, takes place at multiple serine residues and is present in both domains. For in-
stance, Ser'®, located inside the WW-domain, is phosphorylated by the protein kinase
A (PKA), leading to a diminished substrate binding ability [165]. The phosphorylation
of Ser'® is notable, because multiple effects can occur depending on the kinase in-
teracting with hPin1. While the phosphorylation by PKA and aurora kinase A shows
a negative effect on substrate binding and thus suppresses hPin1 function [139, 165],
the modification by the ribosomal protein S6 kinase 2 (RSK2) supports the cell trans-
formation [40]. The other phosphorylation sites at Ser®®, Ser”' and Ser'®® are inside
the catalytically active PPlase domain. Ser®, phosphorylated by the polo-like kinase
(PLK1), prevents ubiquitination and proteasomal degradation by stabilizing the pro-
tein [51]. In addition, it triggers the transition from the G2- to M-phase. In contrast,
Ser'®8, phosphorylated by the mixed-lineage kinase 3 (MLK3), activates the catalytic
function and thereby promotes nuclear translocation [217]. The death-associated pro-
tein kinase 1 (DAPK1), a tumor suppressor and known for its ability to bind hPin1,
adds a phosphoryl-group to Ser”' that also inhibits catalytic activity, preventing nuclear
translocation [137]. Oxidation at Cys''3, inside the catalytically active PPlase domain,
abolishes the activity completely but does not affect substrate binding [33]. Finally,
SUMOylation at Lys® and Lys®3 results in a lower protein stability with a highly reduced
ability to bind substrates.

3.5.3 Structure of hPin1

Many structures have been solved to this day and give a detailed view into the struc-
tural arrangement of the full-length hPin1 protein as well as the isolated domains. The
first insight into the structure were achieved by Ranganathan et al. in 1997 through
co-crystallization with an Ala-Pro dipeptide [216]. hPin1 consists of 163 amino acids
and is divided into two domains, connected by a flexible linker of 16 amino acids (Pro®’-
Pro®2). The C-terminal PPlase domain exhibits the typical parvulin order of secondary
structure elements fia1azhpaa4pspa (h: short helix or a helical turn of 4 amino acids)
with an extended loop between gy and ay. The catalytically active PPlase domain is
built up of a core of 4 antiparallel g-sheets surrounded by 3 a-helices. The catalytic
cleft is sheltered by the extended S1-a1 loop and occupied by a sulfate ion and an
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Ala-Pro dipeptide in the crystal structure [216]. The sulfate ion mimics the phospho-
ryl group of substrates and is coordinated by the basic amino acids Lys®3, Arg® and
Arg®® of the B1-a loop. Additionally, the crystal structure contains 2 polyethylene gly-
cols (PEGs), one located between the two domains and the other at a hydrophobic
patch (lle%, Phe'%3, Met'*® and Leu'®?) at the opposite side of the catalytic cleft. The
PEG400 sandwiched between the two domains is most likely a crystal packing arte-
fact, the PEG400 molecule on the backside covers a possible patch for protein-protein
interactions.

The N-terminal WW domain, a type IV WW domain, consists of a three-stranded
antiparallel g-sheet and acts as a binding module against pThr/Ser-Pro containing
polypeptides. The substrate, bound in the trans configuration, is held in place by the
side chains of amino acids Ser'®, Arg'’, Tyr?® and Trp®*. Here the positively charged
side chain of Arg'’ contacts with the phosphate group [233], while Trp3* and Tyr?® in-
teract with the proline by m-7t ring stacking interaction. The WW domain is mainly
responsible for substrate selectivity. It binds the substrate in the proper orientation and
delivers it to the catalytically active PPlase domain. Studies from Innes et al. addition-
ally showed a preferential binding of hPin1 towards Xaa-Pro-Pro motifs [110].
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pB1-a1 loop

WW domain

Figure 9: Structure of hPin1 and the isolated WW domain. Shown at the top is
the first crystal structure by Ranganathan et al. in complex with an Ala-Pro dipeptide.
Top left: Cartoon representation with sulfate ion as spheres and the Ala-Pro dipeptide
and PEG molecule highlighted as sticks. Additionally labeled is the specific f1-a1 loop.
Top right: Surface view of hPin1 with the dipeptide and sulfate ion inside the catalytic
cleft. The PPlase domain is shown in grey and the WW domain in light blue (PDB:
1PIN) [216]. Bottom left: The NMR structure of hPin1 (PDB: 1NMV) with its flexible
linker [12]. In contrast to the crystal structure, the NMR structure shows only weak
domain interactions. Bottom right: NMR structure of the isolated WW domain (PDB:
118@G) with a phosphorylated peptide sequence from CDC25 (green) [287]. Highlighted
as sticks are the pThr-Pro motif and the amino acids Ser'®, Arg'’, Tyr?® and Trp3*,
responsible for substrate binding.

While crystal structures are very rigid and show only a single conformational state,
the solution structure of hPin1 by NMR shows highly dynamic interactions. Here the
linker shows its flexibility, and the WW domain is seen as a substrate binding module
which relocates the substrate towards the catalytic center. In addition, the separated
domains no longer form an interface at the opposite of the substrate binding area,
which promotes the importance of the flexible linker for substrate binding [12,115].
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3.5.4 Inhibition of hPin1 - Natural and synthetic inhibitors

As described above hPin1 is overexpressed in most cancers, which makes the pro-
tein a perfect target for therapy and drug design. Many patients would benefit from a
synthetic or natural regulator/inhibitor. Several molecules, with varying mechanisms,
have already been described as potent inhibitors. The first and most prominent one,
named juglone, binds covalently to the Cys''® of hPin1 and thus blocks the catalytic
center [99]. Juglone was used successfully in in-vitro experiments [30] and cellular
studies [43,107, 120], but is not selective against hPin1 in a cellular environment. Due
to its 1,4-naphthoquinone core, juglone and its derivatives irreversibly modify all acces-
sible cysteines and are therefore not suitable for specific inhibition [29, 99].

The second group of inhibitors are competitive binding small molecules, like the ra-
tionally designed tetraoxobenzo-phenanthroline [263] and dipentamethylene thiuram
monosulfide (DTM) [257]. DTM competitively binds to hPin1 and inhibits cell cycle
progression. In addition, epigallocatechin gallate, a natural antioxidant found in large
quantities in dried tea leaves, was found to block the substrate binding site at both do-
mains and prevent growth of tumor cells [265, 290].

Moreover, in the last two decades peptidic inhibitors and substrate analogs of hPin1
were discovered. Based on a combinatorial library, peptides were tested for their
ability to inhibit hPin1 function. These peptides, built up of five to eight amino acids
and containing non-proteogenic amino acids, were shown to block cell cycle progres-
sion [285,313]. In subsequent experiments, the inhibitory effect of these peptide in-
hibitors was shown to increase as a result of cyclization [15,157]. The conformational
lock of peptidic substrates by the group of Etzkorn favored cis over trans by a factor
of 20, which makes phosphorylated cyclized cis peptides the most potent inhibitors to
date [282,296].

3.6 Aims

The detection, monitoring and characterization of proteins or other biological macro-
molecules has become increasingly important and fluorescence is a useful tool to study
these interactions. Target proteins, for example, can be co-expressed with fluorescent
proteins such as GFP or expressed separately and labeled with commonly used fluo-
rophores such as the Alexa Fluor series and fluorescein [119, 128].

In recent years, however, the phenomenon of AIE has become increasingly popular
and a number of AlEgens for specific detection of biomolecules were synthesized and
published [61,155,181]. In contrast to regular fluorophores, AlEgens offer advantages
such as the resistance against photobleaching and a direct read-out option from fluo-
rescence intensity. However, most of them are synthesized using a long and inefficient
synthetic route or are hard to specifically modify.

In this work the new TPN derivatives by the group of J. Voskuhl are based on aromatic
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thioethers connected in para-position and can be synthesized in a short synthetic route
with high yields of 90-95% [221]. The thioethers provide the AlEgens with high struc-
tural flexibility around the rotational axis. Consequently, the AlIEgens show high po-
tential for molecular restrictions upon protein binding. Using AlEgens we will be able
to create soluble, specific and durable fluorescence markers for selected targeting of
specific proteins. In combination with the hPin1-WW domain, a well described pro-
tein, the AlEgens will be used to establish a model system that proves the principle
of peptide-conjugated TPN derivatives targeting a specific protein. The AlEgens are
expected to give a unique turn-on signal upon protein binding that can be monitored
directly by fluorescence spectroscopy.

First, the new AlEgens will be designed and synthesized for the specific recognition
of the hPin1-WW domain. Therefore, peptides containing the hPin1 specific pThr-Pro
binding motif are coupled to the aromatic AIE-core via copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) and tested for their solubility and fluorescence properties. The
AlEgens should exhibit good solubility and in addition low autofluorescence for a high
signal-to-noise ratio. Afterwards the conditions for protein binding and determination of
binding constants will be optimized for stable and reproducible fluorescence measure-
ments.

In the next step, the influence of a peptide linker between the aromatic AIE-core and
the hPin1 specific pThr-Pro binding motif and the influence of its length on protein
binding and fluorescence intensity will be analyzed. Likewise, the influence of the
number of coupled peptide arms on the fluorescence properties upon binding will be
tested. In addition to the biochemical characterization by fluorescence spectroscopy,
the molecular structure of an AIEgen in solution is of great interest to fully understand
the fluorescence behavior. While structures of small chemical molecules such as the
DSA of the group of J. Voskuhl [97] are mainly solved as crystal structures, the new
AlEgens will be solved by NMR spectroscopy. Unlike crystal structures, an NMR struc-
ture displays the actual conformation of the AlEgen in an aqueous solution as used in
the assay, rather than the solid or crystalline state. Finally, an NMR complex structure
of the best AlEgen bound to the hPin1-WW domain will be calculated to demonstrate
the protein-ligand interactions and show molecular contacts that can explain the AIEE
effect.

21



4 Materials & Methods

4 Materials & Methods

4.1 Materials

4.1.1 Chemicals

Chemicals not listed were bought from Carl Roth, Sigma Aldrich, AppliChem, Fischer
Scientific, Fluka, Bernd Kraft, SERVA, Merck, Novabiochem and used without further

purification.

1SN-Ammonium chloride, 99-atom% >N ('*N-NH,4Cl )
Biotin

Cobalt(Ill) chloride (CoCls)

Cyanocobalamin

Deuterium oxide (D,0)

Fmoc-Azidohomoalanine (Fmoc-L-Aha-OH)
N-alpha-(9-Fluorenylmethyloxycarbonyl)-O-benzyl-L-
phosphothreonine (Fmoc-Thr(PO(OBzl)OH)-OH)
Folic acid

13C-D-Glucose, 99-atom% '3C

Iron(lIl) chloride (Fe(ll)Cls)

Kanamycin sulfate

2-Mercaptoethanol

Nicotinamide

Pantothetic acid hemicalcium salt

Riboflavin

Rink Amide resin (100-200 mesh)
N,N,N,N-Tetramethyl-O-(1H-benzotriazole-1-yl)uronium
hexafluorophosphate (HBTU)

Thiamine hydrochloride (Vitamin By)

Triisopropyl silane (TIPS)

Zinc sulfate (ZnSQO,)

4.1.2 Consumables

Consumable Description

Cortecnet
AppliChem Panreac
Fluka

Sigma Aldrich
EURISO-TOP GmbH
Iris Biotech GmbH
ABCR GmbH

Sigma Aldrich
Cortecnet

Sigma Aldrich

MP Biomedicals GmbH
Carl Roth GmbH
AppliChem Panreac
Sigma Aldrich

Sigma Aldrich

Merck

Carbolution

Carl Roth GmbH

TCI Chemicals
Carl Roth GmbH

Manufacturer

Centrifugation concentrator
Fluorescence cuvette

Gel filtration column
Glutathione Sepharose

ESI Chip

Vivaspin 15R
Ultra-micro cuvette

4 Fast Flow
HD_ESI_Chip_5.5um

HiLoad 16/600 Superdex 75 pg

Sartorius
Hellma Analytics
GE Healthcare
GE Healthcare
Fisher Scientific
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NMR tubes

Plasmid Miniprep kit
Protein ladder
Sterile filter

UV cuvettes

4.1.3 Devises

3 mM tube

5mm Shigemi tube
NucleoSpin™ Plasmid
PageRuler™ Plus Prestained
0.22 um

Micro cuvette

Deutero GmbH
Shigemi Inc.
Macherey-Nagel
Thermo Scientific
Millipore

Hellma Analytics

Devise Description Manufacturer
Balances and scales ABJ 83 Kern
EG Kern
Centrifuges Avanti JE, JLA 9.100 Beckmann
Electrophoresis chambers Mini-PROTEAN Tetra System BioRad
Fluorescence spectrometer  FP-8300 JASCO
FPLC NGC Chromatography system BioRad
Azura® Knauer
Heat block Thermomixer comfort Eppendorf
HPLC Prominence UFLC system Shimadzu
HPLC rp-column Luna® 5 um Phenomenex

HR-MS system

Incubator shaker
LC-MS system

NMR spectrometer

pH Meter

pH Sensor

Power Supplies

Rotors ultracentrifuge

Synthesis robot
Table centrifuges

Ultrasonic devise

C18(2), 100x21.20 mm
Orbitrap: Exactive Plus™
Triversa NanoMate®

Multitron HT

UV Detector: Accela™
Column: Eclipse XDB-C18 5 um
Mass spectrometer:

LCQ Fleet™ ESI-MS

Bruker Ultrashield 700,MHz
Bruker Avance Neo Il 500 MHz
SevenCompact

pH-Meter-766 Calimatic

InLab Micro

InLab Routine

PowerPac Basic

Ti 45

Syro |

Centrifuge 5415 R

Centrifuge 5810 R

Sonopuls

Thermo Scientific
Advion

Infors

Thermo Scientifc
Agilent

Thermo Scientific

Bruker BioSpin
Bruker Biospin
Mettler Toledo
Knick

Mettler Toledo
Mettler Toledo
BioRad
Beckmann
MultiSynTech
Eppendorf
Eppendorf
Bandelin
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UV-VIS spectrometer

4.1.4 Buffer and Solutions

Coomassie staining solution

Elution buffer

Fluorescence buffer

Gel filtration buffer

High salt buffer

M9 salts (10x)

NMR buffer

PBS-buffer

SDS electrophoresis buffer

SDS sample buffer (5x)

Separating gel buffer

Cary 100Bio Varian

0.25% (w/v) Coomassie brilliant blue G-250
50% (v/v) Ethanol
10% (v/v) Acetic acid

1x PBS; pH7.5
20 mM Glutathione red.

20 mM HEPES; pH 7.0

50 mM KPi; pH 7.4
150 mM NaCl

1x PBS; pH7.4
500 mM NaCl

337 mM NagHPO4
85.5mM NaCl

50 mM KPi; pH 7.0

10 mM Nay,HPO4; pH7.0
1.8 MM KH,>PO,

2.7mM KClI

137 mM NaCl

25mM Tris; pH 8.3
0.1% (w/v) SDS
250 mM Gilycin

250 mM Tris-HCI; pH 6.8

50% (v/v) Glycerol

10% (w/v) SDS

14 mM 2-Mercaptoethanol
0.004% (w/v) Bromophenol blue

1.5M Tris, pH 8.8
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Stacking gel buffer

Trace metals

Vitamin stock

4.1.5 Nutricial media

LB medium pH7.0

2xYT medium pH7.0

M9 minimal medium pH7.4

0.5M Tris; pH 6.8

53.7mM Na,EDTA
61.8 mM Fe(ll1)Cl3
34 mM CaCl,

626 uM ZnSO,
641 [,lM CuSO,
710 uM MnSQO,
757 uM CoCl,

81.9 uM Biotin

45.3 uM Folic acid

148,2 uM Thiamine

209.8 uM Pantothenic acid
0.7 uM Cyanocobalamine
409.4 uM Nicotinamide
132.9 uM Riboflavin

10 g/L Tryptone
5¢9/L Yeast
10 g/L NaCl

16 g/L Tryptone
10 g/L Yeast
5g/L NaCl

1x M9 salts

1.0 mL Trace metals
1.5 mL Vitamin stock
0.1 mM CaCl,

2mM MgSO,

4 g/L D-Glucose or 3 g/L '*C-D-Glucose

0.7 g/L NH4Cl or ™*NH,CI
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4.1.6 Plasmids

Plasmids used were previously made internally and are based on a modified pET41b
vector. It contains the target protein (hPin1 or hPin1-WW) fused to an N-terminal GST-
tag and an additional HRV 3C site (PreScission site).

HRV 3C site

T7 promoter

pET41b_hPin1-WW

5925 bp

Figure 10: Vector map of the modified pET41b vector, here for the expression of
the hPin1-WW. The plasmid contains the kanamycin resistance cassette (mint), the
replication origins (yellow), the lacl cassette (purple) with lacl promoter (white), the
GST tag (blue), the hPin1-WW domain (green) and the PreScission protease cleavage
site (HRV 3C site).

4.1.7 Bacterial strains

For the expression of hPin1 and hPin1-WW the bacterial strain Escherichia coli BL21
(DE3)-T1" was used, and for the preparative isolation of plasmid DNA the E. coli strain
DH5a was used.

Table 1: Bacterial strains for protein expression and DNA isolation

Bacterial strain Genotype

E. coli BL21(DE3)-T1" F~ ompT hsdSg (rs"mg~) gal dcm A(DE3) tonA

E. coli NEB5«a fhuA2A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15
gyrA96 recAt relA1 endA1 thi-1 hsdR17
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4.1.8 Software

NMR data acquisition / processing Topspin 3.5 (Bruker)
NMR data analysis Cara (Withrich lab) (www.cara.nmr.ch) [123]
NMR structure calculation Cyana 2.1 (Glntert lab)

(www.cyana.org) [83—86,101,236]

UNIO (Dr. Torsten Herrmann; www.unio-nmr.fr)

Peak picking SPARKY (Goddard et al.) [255]
Dihedral angle prediction Talos (NMRPipe package) [42]
Model building Pymol 2.3 (www.pymol.org)
Structure visualization Pymol 2.3 (www.pymol.org)
Statistics and data analysis GraphPad Prism (GraphPad Software)
Analysis of mass spectrometry Xcalibur (ThermoFischer)
MestReNova (Mestrelab Research)
Online smiles translator Cactus (https://cactus.nci.nih.gov/translate)
Draw molecules ChemDraw (Perkin Elmer)

4.2 Molecular biology methods
4.2.1 Transformation of plasmid DNA

For the transformation of plasmid DNA into E. coli BL21(DE3)-T1" or E. coli DH5a,
50 uL of cells were thawed on ice and incubated with 100 ng of DNA for 20 min. Af-
terwards the transformation is achieved by heat shock at 42°C for 30s, followed by
another incubation on ice for 2 min. Finally 200 uL of preheated LB media was added
and the cells recovered for 1 h at 37°C and 500 rpm in a thermal mixer. For the fi-
nal selection of the E. coli cells, 50 uL were plated on a LB-agar-plate with 50 ug/mL
ampicillin and incubated overnight at 37 °C.

4.2.2 Protein expression

The heterologous expression of hPin1 and hPin1-WW domain was performed in E. coli
BL21(DE3)-T1" cells. For this, an overnight culture was grown and 25 mL was used to
inoculate the main culture. The proteins were expressed in a 5L flask with 1 L of media
and 50 ug/mL kanamycin. First the main culture was grown at 37°C and 160 rpm to
an ODggp of 0.6 — 0.8, before the expression was induced by adding 200 uM IPTG. The
expression parameters for hPin1 and hPin1-WW domain are summarized in Table 2.
After expression the E. coli cells were harvested by centrifugation and the cell pellet
was flash-frozen in liquid nitrogen. The cell pellet was stored at -20 °C.
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Table 2: Conditions for the expression of hPin1, hPin1-WW and isotope labeled
hPin1-WW domain

Parameters hPin1 hPin1-WW SN hPin1-WW &
SN,"3C hPin1-WW

Temperature 30°C 30°C 30°C

Time 5h overnight overnight

Media 2xYT LB M9

4.3 Biochemical methods
4.3.1 Protein purification

Cell lysis

The frozen bacterial cells were thawed at room temperature (RT) and the pelletofa 1L
cell pellet was resuspended in 25 mL PBS buffer. All following purification steps were
performed at 4°C. The cell suspension was mixed with 5mg lysozyme and 0.5 mM
PMSF and incubated for 1 h. The cells were then sonicated using 10 cycles of 30 sec
with 60% amplitude. After cell disruption, membranes and other insoluble cell compo-
nents were separated by ultracentrifugation (1 h at 125,000g). The supernatant was
filtered using a sterile membrane (0.22 um) and further purified by affinity chromatog-
raphy.

GSH affinity chromatography

Here the filtered supernatant was loaded onto a Glutathion (GSH) column with a col-
umn volume (CV) of 20 mL and the proteins were purified by the protocol in table 3.
The purification was performed at 1 mL/min and the elution was monitored by the ab-
sorbance at 280 nm. The elution was collected in 2mL fractions and further analyzed
by SDS-PAGE (section 4.3.3). The protein-containing fractions were pooled and con-
centrated to 50-60 mg/mL.

28



4 Materials & Methods

Table 3: Program for the purification of hPin1 and hPin1-WW by a GSH column

Purification steps Buffer Volume
Wash PBS pH7.5 25CV
High salt elution High salt buffer 4CV
Wash PBS pH7.5 2.5CV
Elution Elution buffer 5CV

Size exclusion chromatography

The final protein purification was performed by size exclusion chromatography. For
this, 100 mg GST fusion protein was mixed with 0.8 mg PreScission protease and in-
cubated in a 2mL sample loop for 6 to 8h. The protein mix was then applied to a
gel filtration column (HiLoad 26/600 Superdex 75 pg) and purified with gel filtration
buffer at 1.5mL/min. The elution was again monitored by the absorbance at 280 nm
and collected in 2.5mL fractions. The purified protein was finally dialyzed against
fluorescence- or KPi buffer using a centrifugal concentrator with a molecular weight
cutoff of 3kDa.

4.3.2 Determination of protein concentration

The protein concentration was calculated by using either a Bradford protein assay [21]
or measuring the absorbance at 280 nm using NanoDrop2000 and calculating the con-
centration with the Beer-Lambert law. For calculation with the Beer-Lambert law the
following extinction coefficients were used: e(hPin1)= 21095 M~' cm~' and e(hPin1-
WW)= 13980 M~' cm~".

For the Bradford protein assay 999 uL of Bradford reagent was mixed with 1 uL protein
in a semi-microcuvette and incubated at RT. The absorbance after 5 min was measured
at 595 nm and the protein concentration calculated relative to a BSA standard.

4.3.3 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

The analytical separation of proteins was performed by their molecular weight using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Here a 5% stacking gel was
used followed by a 12.5% or a 15% separation gel. The gels used have been prepared
in accordance with table 4.

Prior to analysis the samples were mixed with SDS sample buffer (5x) and heated to
90 °C. The separation was carried out at 50 mA per connected gel. Afterwards the gels
were stained for 15 min in Coomassie staining solution and then destained with water.
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Table 4: Composition of used SDS gels

Chemicals Stacking gel Separation gel
Acrylamide 5% (W/v) 15% (w/v) or 12.5% (w/v)
Tris 41 mM 330 mM

SDS 0.08% (w/v) 0.10% (w/v)

APS 0.08% (w/v) 0.10% (w/v)

TEMED 0.17% (v/v) 0.08% (v/v)

4.4 Chemical synthesis

The AlE-active thioethers (figure 11) used for the following synthesis were synthesized
by Steffen Riebe and Matthias Hayduck (Group of J. Voskuhl).
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Figure 11: Chemical structure of AlE-active core molecules used for conjugation
with specific peptide sequences. The symmetric fluorophores 1-9 were synthesized
with AlE-core A1 and the asymmetric fluorophore 10 with AIE-core A2.

4.4.1 Peptide synthesis

The peptides were synthesized using solid phase peptide synthesis (SPPS) with stan-
dard Fmoc chemistry. The coupling of amino acids was performed in double coupling
using DIC and HBTU as coupling reagent. As resin a rink amide was used to get an
amidated C-terminus. First 200 mg resin was swollen in DCM and washed twice with
1.2mL DMF for 30 min. Then the resin was deprotected, washed and the amino acid
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was coupled. These steps were repeated until the final peptide sequence was com-
pleted. The individual steps are described in more detail below and the synthesized
peptide sequences are listed in table 5.

Table 5: Peptide sequences synthesized with SPPS in 3 letter code

Name Peptide sequence (N — C)

Peptide 1 Aha-pThr-Pro-Ala-NH,

Peptide 2 Aha-Ala-pThr-Pro-Ala-NH,

Peptide 3 Aha-Ala-Gly-pThr-Pro-Ala-NH,

Peptide 4 Aha-Ala-Gly-Ala-Gly-pThr-Pro-Ala-NH,
Peptide 5 Aha-Ala-Gly-Ala-Gly-Ala-Gly-pThr-Pro-Ala-NH,
Peptide 6 Aha-pThr-Gly-Ala-NH,

Peptide 7 Aha-Thr-Pro-Ala-NH,

Peptide 8 Aha-Thr-Gly-Ala-NH,

Peptide 9 Aha-Thr-Phe-Ala-NH,

Peptide 0 Aha-pThr-Arg-Ala-NH,

with Aha: L-Azidohomoalanine

Fmoc deprotection

For Fmoc deprotection the washed resin was incubated for 3 min with 1.2 mL piperidine
(40%) in DMF. After solvent removal, the deprotection was repeated with 20% piperi-
dine for 12 min. Finally, the resin got washed 6 times for 1 min with 1.3 mL DMF.

Amino acid coupling

For coupling, the amino acids (4 eq) were dissolved with 0.1 M HOBt in DMF. The resin
was then mixed with the amino acid solution, HBTU (4 eq) in DMF and DIPEA (4 eq) in
NMP (final volume: 2.04 mL). The solution was shaken for 40 min followed by a wash-
ing step containing 3 wash cycles with 2.1 mL DMF for 1 min. For double coupling the
steps were repeated with DIC (4 eq) in DMF instead of HBTU.

Peptide cleavage from resin

For cleavage and final deprotection, the resin was mixed with 5 mL 95% | 2.5% | 2.5% of
TFA | TIPS | H,O and the reaction was carried out at RT for 3 h. Afterwards the peptides
were precipitated in 45 mL ice cold diethyl ether and separated by centrifugation. The
peptides were dissolved in 20% ACN/80% H»O and finally purified by rp-HPLC (4.4.5).
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4.4.2 Peptide compounds

L-y-Azidohomoalanine-O-Phospho-L-Threonine-L-Arginine-L-Alanine-Amide

HNs.__NH>
NH

Peptide 0 (PO)

The peptide PO was synthesized by standard SPPS and after HPLC purification a total
yield of 75.8 mg (137.4 mmol, 98%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.42 min; m/z= 552.10 [M + H]*, 1103.01 [2M + H]*, 1654.87
[BM+ H]*, calculated for C17H34N11OgP: 551.50.

L-y-Azidohomoalanine-O-Phospho-L-Threonine-L-Proline-L-Alanine-Amide

Peptide 1 (P1)

The peptide P1 was synthesized by standard SPPS and after HPLC purification a total
yield of 65.3 mg (132.6 mmol, 94%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.69 min; m/z= 492.95 [M + H]*, 984.82 [2M + H]*, 1476.72
[BM + H]*, calculated for C1gHxgNgOgP: 492.43.
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L-y-Azidohomoalanine-L-Alanine-O-Phospho-L-Threonine-L-Proline-L-Alanine-
Amide

Peptide 2 (P2)

The peptide P2 was synthesized by standard SPPS and after HPLC purification a total
yield of 77.0 mg (136.6 mmol, 98%) could be isolated as a white solid.

LC-MS (ESI): tg=2.12min; m/z= 565.08 [M + H]*, 1128.91 [2M + H]*, 1693.08
[3M + H]+, calculated for C1gH34NgOgP: 563.51.

L-y-Azidohomoalanine-L-Alanine-Glycine-O-Phospho-L-Threonine-L-Proline-L-
Alanine-Amide

Peptide 3 (P3)

The peptide P3 was synthesized by standard SPPS and after HPLC purification a total
yield of 82.5 mg (132.9 mmol, 92.9%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.76 min; m/z= 621.09 [M + H]*, 1240.77 [2M + H]*, 1860.48
[3M + H]+, calculated for 021 H37N10010P: 620.56.
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L-y-Azidohomoalanine-L-Alanine-Glycine-L-Alanine-Glycine-O-Phospho-L-
Threonine-L-Proline-L-Alanine-Amide

7 ®

Peptide 4 (P4)

The peptide P4 was synthesized by standard SPPS and after HPLC purification a total
yield of 103.1 mg (137.6 mmol, 88%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.82min; m/z= 375.17 [M + 2H]?>*, 749.22 [M + H]*, 1497.08
[2M + H]*, calculated for CogHssN12012P: 748.69.

L-y-Azidohomoalanine-L-Alanine-Glycine-L-Alanine-Glycine-L-Alanine-Glycine-
O-Phospho-L-Threonine-L-Proline-L-Alanine-Amide

W AR

Peptide 5 (P5)

The peptide P5 was synthesized by standard SPPS and after HPLC purification a total
yield of 107.0 mg (122.0 mmol, 87%) could be isolated as a white solid.

LC-MS (ESI): ta= 1.91 min; m/z= 439.42 [M + 2HJ?*, 877.18 [M + HJ*, 1753.72
[3M + H]+, calculated for 031 H53N14O14P: 876.82.
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L-y-Azidohomoalanine-O-Phospho-L-Threonine-Glycine-L-Alanine-Amide

7 ©
7 ®

NH

Peptide 6 (P6)

The peptide P6 was synthesized by standard SPPS and after HPLC purification a total
yield of 63.1 mg (139.5 mmol, 95.5%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.53 min; m/z= 453.03 [M + H]*, 904.91 [2M + H]*, 1357.52
[BM + H]*, calculated for C13H25NgOgP: 452.36.

L-y-Azidohomoalanine-L-Threonine-L-Proline-L-Alanine-Amide

O
H2N//S“““\\\\
HN
o NH, o) O
N§N® : H |k
\\N/\/W N
O .
" OH
Peptide 7 (P7)

The peptide P7 was synthesized by standard SPPS and after HPLC purification a total
yield of 69.6 mg (168.7 mmol, 99.2%) could be isolated as a white solid.

LC-MS (ESI): tg= 2.03 min; m/z= 413.94 [M + H]*, 826.68 [2M + H]*,
calculated for C1gH2sNgOs: 412.45.
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L-y-Azidohomoalanine-L-Threonine-Glycine-L-Alanine-Amide

0 w9
H/\C[)(N\i)J\NHQ
" “OH

Peptide 8 (P8)

The peptide P8 was synthesized by standard SPPS and after HPLC purification a total
yield of 49.2 mg (131.6 mmol, 94.0%) could be isolated as a white solid.

LC-MS (ESI): tg= 1.91 min; m/z= 373.97 [M + H]*, 746.67 [2M + H]*,
calculated for C13H24NgOs: 372.39.

L-y-Azidohomoalanine-L-Threonine-L-Phenylalanine-L-Alanine-Amide

Peptide 9 (P9)

The peptide P9 was synthesized by standard SPPS and after HPLC purification a total
yield of 21 mg (45.4 mmol, 35%) could be isolated as a white solid.

LC-MS (ESI): tg= 4.81 min; m/z= 464.04 [M + H]*, 926.70 [2M + H]*,
calculated for CooH3oNgOs5: 462.51.

4.4.3 Copper(l)-catalyzed azide-alkyne cycloaddition (CuUAAC)

The purified peptides were fused to the AlE-active core (figure 11) by a copper(l) cat-
alyzed azide-alkyne cycloaddition. For this the AlE-active core was mixed with the
copper catalyst and the peptide. The starting materials were then degassed, dissolved
in completely degassed solvent and mixed at RT for 3 to 5 days. To optimize the yield
of the CUAAC, parameters like the organic solvent (DMF or 2:1 THF in H,O) and the
copper catalyst (Cul or CuSQ,) were varied (table 6).
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Table 6: Setups for optimization of CUAAC reaction

Parameter Reaction1 Reaction2 Reaction3 Reaction 4
AlE-core 8-10mg 8-10mg 8-10mg 8-10mg
Peptide 2.4¢eq 2.4¢eq 2.4¢eq 2.4¢eq
Solvent THF/H,O THF/H,O DMF DMF
CuSO,4 0.6eq 0.6eq 0.6eq

Cul - - - 4 eq

Na- 1.3eq 1.3eq 1.3eq

ascorbate

Volume 5mL 9mL 9mL 9mL

The detailed reaction mechanism for CUAAC is shown in figure 12. The copper(l) cat-
alyst, in the form of Cul or CuSO, reduced by sodium ascorbate, binds to the triple
bond of the alkyne, forming a -complex. Thereby, the terminal hydrogen becomes
deprotonated, resulting in the o-bound Cu-acetylide intermediate. By coordination of a
second 71t bound copper(l) to the triple bond, the active complex is formed. In the next
step, the azide gets coordinated to the alkyne by both copper atoms. The so created
six-membered copper metal cycle is stabilized by the second copper atom. After ring
contraction and elimination of a copper atom, a triazolyl-copper derivative is gained.
Finally the derivative gets protonated, resulting in the triazole product and the release
of a copper atom for another catalytic cycle [182,288].

N R
N
N>; [Gu] [Cu]
[Cul
\ R—==—=Cu
H Na—R’
r
R
[Cu] o [{19
[C] (H/ D]
u N u
@—[Cu]

[CU]

Figure 12: Reaction mechanism of the copper (l)-catalyzed azide-alkyne cycload-
dition (CuAAC). [288]
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4.4.4 Chemical characterization of peptide-coupled fluorophores

Di-(L-Homoalanine-O-Phospho-L-Threonine-L-Arginine-L-Alanine-Amide)-
conjugated para-phenolthioterephthalonitrile

N
|

NQN C

-

z
oy

|
Ho ©

Fluorophore 0 (F0)

Fluorophore FO was synthesized with compounds A1 and PO using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 2.4 mg (1.1 mmol,
17.7%) could be isolated as a yellow solid.

'H NMR (700 MHz, DMSO-ds): 5 9.19 (s, 2H), 8.34 (s, 4H), 8.10 (s, 2H), 7.57 (s, 2H),
7.54 (d, J= 8.9 Hz, 2H), 7.31 (s, 2H), 7.20 (d, J= 9.2 Hz, 4H), 6.97 (s, 2H), 5.24 (s, 6H),
4.54 (t, J= 8.1 Hz, 6H), 4.50-4.47 (m, 2H), 4.44 (m, 2H), 4.24-4.22 (m, 2H), 4.14 (qui,
J= 7.5Hz, 2H), 2.43-2.40 (m, 2H), 2.37-2.29 (m, 6H), 1.77-1.73 (m, 2H), 1.62-1.56 (m,
10H), 1.26 (s, 4H), 1.22 (d, J= 6.5Hz, 6H), 1.19 (d, J= 7.4 Hz, 6H).

LC-MS (ESI): tg= 5.56 min; m/z= 389.78 [M + 4H]**, 519.40 [M + 3HJ**, 778.54
[M + 2H]2+, 1555.21 [M + H]+, calculated for C60H84N24018P282: 1555.55.
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Di-(L-Homoalanine-O-Phospho-L-Threonine-L-Proline-L-Alanine-Amide)-
conjugated para-phenolthioterephthalonitrile

=Z

I
Z
@

@)
@)
ﬁg
=z =
tz

N o R
H2 N /IS L
HN
NHz H (”)\ ©
R . W N o~
B N 1,,///
O \\\“““. Q
0=P-OH
OH

Fluorophore 1 (F1)

Fluorophore F1 was synthesized with compounds A1 and P1 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 12.8 mg (8.9 mmol,
49.6%) could be isolated as a yellow solid.

'"H NMR (700 MHz, 10%D,0O/H,0): 6 8.95 (s, 2H), 8.73 (s, 2H cis), 8.51 (s, 2H cis),
8.27 (s, 2H), 8.07 (s, 2H cis), 8.01 (s, 2H), 7.48 (s, 2H), 7.28 (s, 4H), 7.01 (s, 2H), 6.98
(s, 2H), 6.89 (s, 4H), 4.54 (s, 4H), 4.39-4.34 (m, 2H, 2H cis), 4.23-4.19 (m, 4H, 2H cis),
3.79 (s, 2H), 3.73 (s, 2H), 3.44 (m, 2H cis), 3.39 (m, 2H cis), 2.51 (s, 4H), 2.36 (s, 2H
cis), 2.16 (s, 2H), 2.05 (m, 2H cis), 1.95 (s, 2H), 1.82 (s, 4H), 1.75 (s, 2H cis), 1.66 (s,
2H cis), 1.40 (d, J= 7.4Hz, 6H cis), 1.35 (d, J= 5.2Hz, 6H), 1.28 (d, J= 6.4 Hz, 6H),
1.24 (d, J= 5.6 Hz, 6H cis).

LC-MS (ESI): t= 6.00 min; m/z= 479.96 [M + 3HJ®*, 719.52 [M + 2H]?*, 1437.14
[M + H]+, calculated for C58H74N1BO18P282: 1437.41.

HR-MS: m/z calculated  m/z measured A [ppm]
[M+2H]?* 719.2245 719.2232 1.81
[M+2H]? 719.7262 719.7253 1.25
[M+2H]? 720.2279 720.2245 4.72
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Di-(L-Homoalanine-L-Alanine-O-Phospho-L-Threonine-L-Proline-L-Alanine-
Amide)-conjugated para-phenolthioterephthalonitrile

N
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Fluorophore 2 (F2)

Fluorophore F2 was synthesized with compounds A1 and P2 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 8.3 mg (5.3 mmol,
32.4%) could be isolated as a yellow solid.

'"H NMR (700 MHz, 10%D,0/H,0): 6 8.98 (s, 2H), 8.89 (s, 2H cis), 8.63 (s, 2H), 8.51
(s, 2H cis), 8.31 (s, 2H), 8.19 (s, 2H cis), 8.17 (s, 2H cis), 8.08 (s, 2H), 7.50 (s, 2H),
7.44 (s, 2H cis), 7.29 (s, 4H), 7.02 (s, 2H), 6.94 (s, 2H cis), 6.97 (s, 2H), 6.90 (s, 4H),
4.44 (s, 2H), 4.37 (s, 2H), 4.29 (s, 2H), 4.23 (t, J= 6.6 Hz, 2H), 4.17 (s, 2H), 3.77 (s,
2H), 3.54 (s, 2H), 2.58 (s, 2H), 2.50 (s, 2H), 2.12 (s, 2H), 1.82 (s, 2H), 1.73 (m, 4H),
1.36-1.33 (m, 12H), 1.29 (s, 6H).

LC-MS (ESI): tg= 6.04 min; m/z= 527.37 [M + 3H]**, 790.58 [M + 2H]?*, 1579.09
[M + H]+, calculated for CG4H84N20020P282: 1579.56.

HR-MS: m/z calculated  m/z measured A [ppm]
[M+2H]?* 790.2616 790.2594 2.78
[M+2H]?* 790.7633 790.7621 1.52
[M+2H]?* 791.265 791.2616 4.30
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Di-(L-Homoalanine-L-Alanine-Glycin-O-Phospho-L-Threonine-L-Proline-L-
Alanine-Amide)-conjugated para-phenolthioterephthalonitrile
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Fluorophore 3 (F3)

Fluorophore F3 was synthesized with compounds A1 and P3 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 22.8 mg (13.5 mmol,
55.3%) could be isolated as a yellow solid.

'H NMR (700 MHz, 10%D,0/H,0): & 8.86 (s, 2H), 8.48 (s, 2H), 8.45 (s, 2H), 8.08 (s,
2H), 7.51 (s, 2H), 7.28 (s, 4H), 7.04 (s, 2H), 7.00 (s, 2H), 6.89 (s, 4H), 4.56 (s, 2Hp
pThr), 4.39-4.37 (m, 2H), 4.32-4.30 (m, 2H), 4.25 (t, J= 6.7 Hz, H), 4.12 (s, 2H), 3.94
(s, 4H), 3.79-3.72 (m, 2H), 3.67-3.61 (m, 2H), 2.54 (s, 4H), 2.21 (s, 2H), 1.95 (s, 2H),
1.82 (s, 4H), 1.39-.136 (m, 12H), 1.25-1.23 (m, 6H).

LC-MS (ESI): tg= 5.98 min; m/z= 565.45 [M + 3H[3*, 848.03 [M + 2H]?*, 1694.14
[M + H]+, calculated for CsngoNggngPgSgZ 1693.67.

HR-MS: m/z calculated  m/z measured A [ppm]
[M+2H]? 847.2831 847.2815 1.89
[M+2H]?* 847.7848 847.7840 0.94
[M+2H]?* 848.2865 848.2827 4.48
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Di-(L-Homoalanine-L-Alanine-Glycin-L-Alanine-Glycin-O-Phospho-L-Threonine-
L-Proline-L-Alanine-Amide)-conjugated para-phenolthioterephthalonitrile
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Fluorophore 4 (F4)

Fluorophore F4 was synthesized with compounds A1 and P4 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 13.7 mg (7.0 mmol,
54.8%) could be isolated as a yellow solid.

'H NMR (700 MHz, 10%D,0/H,0): 5 8.89 (s, 2H), 8.51 (s, 2H), 8.42 (d, J= 5.9 Hz, 2H),
8.33 (t, J= 6.0Hz, 2H), 8.19 (d, J= 6.0 Hz, 2H), 8.15 (d, J= 5.1 Hz, 2H), 8.09 (s, 2H),
7.56 (s, 2H cis), 7.52 (s, 2H), 7.29 (s, 4H), 7.05 (s, 2H), 7.02 (s, 2H), 6.91 (s, 4H), 4.52
(m, 2H), 4.39-4.32 (m, 6H), 4.27-4.23 (m, 2H), 4.13 (s, 2H), 3.92 (s, 8H), 3.82 (s, 2H),
3.70 (d, J= 8.5Hz, 2H), 2.55 (s, 2H), 2.51 (s, 2H), 2.27-2.23 (m, 2H), 2.02-1.97 (m,
2H), 1.91-1.85 (m, 4H), 1.39-1.37 (m, 18H), 1.32-1.30 (m, 6H).

LC-MS (ESI): ta= 5.86 min; m/z= 975.79 [M + 2H]2*, 1950.23 [M + HJ,
calculated for C73H105N25026P282: 1949.93.

HR-MS: m/z calculated  m/z measured A [ppm]
[M+2H]?* 975.3417 975.3380 3.79
[M+2H]?* 975.8434 975.8378 5.74
[M+2H]?* 976.3450 976.3360 9.22
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Di-(L-Homoalanine-L-Alanine-Glycin—-L-Alanine-Glycin-L-Alanine-Glycin-O-
Phospho-L-Threonine-L-Proline-L-Alanine-Amide)-conjugated para-phenol-
thioterephthalonitrile
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Fluorophore 5 (F5)

Fluorophore F5 was synthesized with compounds A1 and P5 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 8.0 mg (3.6 mmol,
16.5%) could be isolated as a yellow solid.

'H NMR (700 MHz, DMSO-dg): & 8.86 (d, J= 7.3Hz, 2H), 8.44 (s, 4H), 8.35 (t, J=
5.5Hz, 2H), 8.24 (t, J= 6.1 Hz, 2H), 8.20-8.18 (m, 2H), 8.10-8.04 (m, 4H), 7.58 (d, J=
9.0 Hz, 4H), 7.43 (s, 2H), 7.24 (d, J= 9.0 Hz, 4H), 5.26 (s, 4H), 4.67-4.54 (m, 6H), 4.44-
4.39 (m, 2H), 4.35- 4.27 (m, 4H), 4.23-4.16 (m, 2H), 3.47 (s, 2H), 2.38-2.34 (m, 4H),
2.13-2.07 (m, 2H), 1.95- 1.90 (m, 2H), 1.89-1.83 (m, 4H), 1.34-1.23 (m, 30H).

LC-MS (ESI): tg= 5.79 min; m/z= 736.29 [M + 3H]**, 1103.81 [M + 2H]?*,
calculated for CggH125N30039P2S5: 2206.19.
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Di-(L-Homoalanine-O-Phospho-L-Threonine-Glycine-L-Alanine-Amide)-
conjugated para-phenolthioterephthalonitrile

N
|

e slens!
|
S P O/\\[N\\N
C N/
\
R

O=

o Wy 9 Ho
O o =
O

|
HO—P=0
OH

Fluorophore 6 (F6)

Fluorophore F6 was synthesized with compounds A1 and P6 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 7.2mg (5.3 mmol,
31.6%) could be isolated as a yellow solid.

'H NMR (700 MHz, DMSO-dg): 6 8.52 (s, 2H), 8.30 (s, 2H), 8.14 (d, J= 8.1 Hz, 2H),
7.54 (d, J= 9.0 Hz, 4H), 7.20 (d, J= 9.2 Hz, 4H), 7.02 (s, 2H), 5.23 (s, 6H), 4.56-4.50
(m, 6H), 4.44 (s, 2H), 4.21 (qui, J= 7.4 Hz, 2H), 4.07-4.03 (m, 2H), 3.80-3.78 (m, 2H),
2.37-2.30 (m, 6H), 1.28-1.26 (m, 14H), 1.22 (d, J= 7.3 Hz, 10H).

LC-MS (ESI): tg= 5.91 min; m/z= 679.36 [M + 2H]?>*, 1357.01 [M + H]J",
calculated for CsoHggN15018P2S,: 1357.28.
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Di-(L-Homoalanine-L-Threonine-L-Proline-L-Alanine-Amide)-conjugated para-
phenolthioterephthalonitrile
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Fluorophore 7 (F7)
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Fluorophore F7 was synthesized with compounds A1 and P7 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 17.1 mg (13.4 mmol,
50.0%) could be isolated as a yellow solid.

'H NMR (700 MHz, 10%D,0/H,0): 6 8.75 (s, 2H), 8.29 (d, J= 6.0Hz, 2H), 8.16 (s,
2H cis), 8.14 (s, 2H), 7.51 (s, 2H), 7.46 (d, J= 8.7 Hz, 4H), 7.31 (s, 2H), 7.10 (d, J=
8.8 Hz, 4H), 7.00 (s, 4H), 5.23 (s, 2H), 4.44 (t, J= 7.7 Hz, 2H), 4.24 (qui, J= 6.9 Hz, 2H),
4.22-4.18 (m, 4H), 3.88-3.84 (m, 2H), 3.76-3.72 (m, 2H), 2.58-2.50 (m, 6H), 2.33-2.28
(m, 2H), 2.07-2.03 (m, 2H), 1.99-1.90 (m, 4H), 1.46 (d, J= 7.4 Hz, 6H cis), 1.36 (d, J=
7.3Hz, 6H), 1.30 (d, J= 6.5Hz, 6H), 1.22 (d, J= 7.0 Hz, 6H cis).

LC-MS (ESI): tg= 5.83 min; m/z= 639.56 [M + 2H]?*, 1277.24 [M + HJ",
calculated for CsgH7oN1§012S,: 1277.45.
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Di-(L-Homoalanine-L-Threonine-Glycine-L-Alanine-Amide)-conjugated para-
phenolthioterephthalonitrile
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Fluorophore 8 (F8)

Fluorophore F8 was synthesized with compounds A1 and P8 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 5.5mg (4.6 mmol,
18.9%) could be isolated as a yellow solid.

'H NMR (700 MHz, 10%D,0/H,0): & 8.74 (s, 2H), 8.41 (s, 2H), 7.89 (s, 2H), 7.75 (s,
2H), 7.14 (s, 4H), 6.89 (s, 2H), 6.73 (s, 4H), 4.30 (s, 2H), 4.15 (s, 2H), 4.09 (t, J= 5.3 Hz,
2H), 4.00 (t, J= 7.1 Hz, 4H), 3.84-3.78 (m, 6H), 2.42 (s, 4H), 1.10 (s, 6H), 1.09 (s, 6H).

LC-MS (ESI): tg= 6.10 min; m/z= 599.47 [M + 2H]?*, 1197.21 [M + HJ",
calculated for CsoHgaN15012S,: 1197.32.
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Di-(L-Homoalanine-L-Threonine-L-Phenylalanine-L-Alanine-Amide)-conjugated
para-phenolthioterephthalonitrile

N§N

/

AL L
S O/\\[N\\N
N/
R

Fluorophore 9 (F9)

Fluorophore F9 was synthesized with compounds A1 and P9 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 3.4 mg (2.5 mmol,
17.0%) could be isolated as a yellow solid.

'H NMR (700 MHz, DMSO-dg): 6 8.45 (d, J= 8.2 Hz, 2H), 8.36 (d, J= 7.5 Hz, 2H), 8.22
(m, 2H, 2H cis), 8.13-8.07 (m, 4H), 7.57 (d, J= 9.0 Hz, 4H), 7.44 (s, 2H), 7.27-7.22 (m,
8H), 7.20-7.17 (m, 6H), 7.10-7.07 (m, 2H), 5.25 (s, 4H), 4.63-4.57 (m, 2H), 4.50-4.41
(m, 6H), 4.29-4.26 (m, 2H), 4.22-4.18 (qui, 2H), 4.04-4.00 (m, 2H), 2.84-2.78 (m, 2H),
2.27-2.16 (m, 6H), 1.29 (d, J= 7.5Hz, 6H), 1.26 (s, 2H), 1.22 (d, J= 7.3Hz, 2H), 1.05
(d, J= 6.6 Hz, 6H).

LC-MS (ESI): tg= 6.44 min; m/z= 689.61 [M + 2HJ?*, 1377.33 [M + H*,
calculated for CeeH76N18012P2521 1377.57.
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L-Homoalanine-O-Phospho-L-Threonine-L-Proline-L-Alanine-Amide-conjugated
para-phenolthioterephthalonitrile

N

Fluorophore 10 (F10)

Fluorophore F10 was synthesized with compounds A2 and P1 using CuAAC under
oxygen-free conditions (table 6, reaction 2). Finally a total yield of 9.6 mg (9.7 mmol,
49.7%) could be isolated as a yellow solid.

'H NMR (700 MHz, 10%D»0/H,0): & 8.97 (d, J=6.4 Hz, 2H), 8.71 (d, J= 8.9Hz, 2H
cis), 8.59 (d, J 5.4 Hz, 2H cis), 8.39 (d, J= 6.1 Hz, 2H), 8.13 (s, 1H cis), 8.12 (s, 1H),
7.51 (s, 2H), 7.49 (s, 2H cis), 7.45 (d, J= 8.9 Hz, 2H), 7.43 (d, J= 8.9 Hz, 2H), 7.28 (s,
1H), 7.26 (s, 1H), 7.07 (d, J= 9.4 Hz, 2H), 7.06 (d, J= 10.7 Hz, 2H), 6.96 (s, 1H), 6.90 (s,
1H cis), 5.20 (s, 1H), 5.18 (s, 1H), 4.57 (d, J= 8.4 Hz, 1H), 4.53-4.50 (m, 3H), 4.40-4.38
(m, 1H; 1H cis), 4.24 (m, 1H), 4.19-4.16 (m, 2H; 1H cis), 3.86-3.82 (m, 3H), 3.77-3.74
(m, 1H), 3.52-3.47 (m, 2H cis), 3.25 (s, 9H), 2.53 (dd, J= 7.0 Hz, 2H), 2.48-2.43 (m, 1H
cis), 2.28-2.24 (m, 1H), 2.14-2.10 (m, 1H cis), 2.04-2.00 (m, 1H), 1.95-1.86 (m, 2H),
1.80-1.76 (m, 1H cis), 1.44 (d, J= 7.5Hz, 3H cis), 1.37 (d, J= 6.2 Hz, 3H), 1.34 (d, J=
7.3Hz, 3H), 1.28 (d, J= 6.0 Hz, 3H cis).

LC-MS (ESI): tg= 6.01 min; m/z= 496.76 [M + H]?>*, 992.11 [M]",
calculated for C44Hs5N11010PS}: 993.08.
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HR-MS: m/z calculated  m/z measured A [ppm]
[M]* 992.3307 992.3278 2.92
[M]* 993.3340 993.3321 1.91
[M] 994.3374 994.3335 3.92
[M+H]?* 496.6690 496.6676 2.82
[M+H]? 497.1707 497.1689 3.62
[M+H]?* 497.6723 497.6702 4.22

4.4.5 High-performance liquid chromatography (HPLC)

The final purification step of peptides and peptide modified fluorophores was a prepar-
ative rp-HPLC (column: Luna® 5pum C18 (2) 100x21.20mm). A linear gradient of
ACN in water with 0.1% TFA was used at a flow rate of 20 mL/min. Detection was
carried out at 210 nm and 254 nm. Peaks were collected manually.

4.4.6 lon exchange of peptide-coupled fluorophores

The fluorophores were purified by HPLC using TFA as an additive for better separa-
tion. Due to its toxicity TFA is not compatible with all proteins or possible cell exper-
iments and needs to be removed. Therefore the lyophilized final fluorophores were
dissolved in 100 mM HCI and incubated at RT for 1 min. Afterwards the fluorophores
were lyophilized again. This process was repeated 3 times. To remove excess HCI
and get a desirable consistency this process was repeated 2 more times with H,O. The
complete exchange of TFA by chloride was checked with *F-NMR spectroscopy.

4.4.7 Liquid chromatography linked mass spectrometry (LC-MS)

Analysis of intermediates and final fluorophores was performed by a LC-MS system
from Thermo Fisher Scientific. The system consists of the UV detector Thermo Sci-
entific Accela™ with the chromatographic column Eclipse XDB-C18 5 um from Agilent
and the mass spectrometer Thermo Scientific LCQ Fleet’™ ESI-MS. Here a linear gra-
dient of ACN and H,O with 0.1% formic acid (FA) was used at a flow rate of 1 mL/min.

Table 7: Linear gradient used for LC-MS

Volume Solvent

0-1mL 10% ACN + 0.1% FA

1-10mL 10% ACN + 0.1% FA — 90% ACN +0.1% FA
10-12mL 90% ACN + 0.1% FA
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4.4.8 High resolution mass spectrometry (HR-MS)

For high resolution mass spectrometry an in-house standard method was used and
performed by David Podlesainski (group of Prof. M. Kaiser). The sample was prepared
in a mixture of ACN and H,O (1:1) with 0.1% FA. An Exactive™ Plus Orbitrap mass
spectrometer in combination with a TriVersa NanoMate and an ESI Chip®?5.5 uM was
used. Measurement was performed in positive mode and parameters are listed in
table 8.

Table 8: Parameter for HR-MS

Parameter Value
Resolution 140000
Spray voltage 1500V
Capillary temp. 250 °C
S-lens RF level 50
AGC target 3eb6

4.5 UV-VIS spectroscopy

The solubility in water and the tolerance towards salts of newly designed and synthe-
sized fluorophores is a critical step for the usage in in-vivo and in-vitro experiments. To
show the solubility in aqueous solution, the fluorophores were dissolved in pure water
up to a concentration of 20 mM and then diluted to 10 uM. These experiments were
repeated in fluorescence buffer and PBS buffer. Here the turbidity at RT at Ag was
measured and plotted against the fluorophore concentration.

In addition to the solubility test at 600 nm the absorption of soluble fluorophores at A490
was recorded to calculate an extinction coefficient e400 and get a method for concen-
tration determination besides weighing in and dissolving.

For this, the fluorophores were dissolved in H,O to a concentration of 1 mM and the
absorption measured at 400 nm. The following measurement points (800 uM, 600 uM
... 10 uM) were generated from a serial dilution. In total, the experiments were carried
out in triplicate with separate weights.

4.6 Fluorescence spectroscopy

Fluorescence spectroscopy is a sensitive method for qualitative and quantitative analy-
sis. With the aggregation-induced emission properties of the new fluorophores, fluo-
rescence spectroscopy provides a direct readout for binding studies without any modi-
fications of proteins or peptides.
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Here the fluorophores were tested for autofluorescence, the maximum change in flu-
orescence induced by protein binding and the dissociation constant (Kp). The flu-
orophores were then compared to each other, and the differences caused by linker
lengths were analyzed.

4.6.1 Sample preparation

To avoid solubility effects during fluorescence spectroscopy, the samples were dis-
solved and diluted to the final working concentration 24 h before measurement. The
fluorophores were always dissolved in H,O to a concentration of 1 mM. For titration
experiments the fluorophores were then diluted in fluorescence buffer.

4.6.2 Determination of autofluorescence

To determine the working concentration for titration experiments, the fluorophores were
tested for autofluorescence in H>O, fluorescence buffer and PBS buffer at various con-
centrations (10 uM to 1 mM). The fluorescence intensity was plotted against the fluo-
rophore concentration afterwards.

4.6.3 Binding study of fluorophores with hPin1 and hPin1-WW

To characterize the binding of hPin1 and hPin1-WW to the peptide-coupled fluoro-
phores, the proteins were titrated to the fluorophores and the change in fluorescence
signal was detected with A¢= 399 nm and A¢n= 489 nm. The measurements were per-
formed with 60 uL fluorophore at various concentrations and therefore the PMT voltage
(450V - 700V) had to be adjusted (table 9). Temperature was set to 25 °C, emission
and excitation slits to 5nm and 10 measurements were averaged for each titration
point. To avoid dilution effects, the fluorophore was added to the protein stock in flu-
orescence buffer (20mM HEPES pH7.0). Fluorescence titrations were performed at
least in triple determination.

Table 9: Fluorophore concentrations used for fluorescence binding studies

Parameter Concentration with corresponding PMT
Concentration 10 uM 25 uM 50 uM 1i00uM 150 uM 200 uM
PMT 750V 650V 600V 550V 500V 450V

Finally the fluorescence signal was plotted against the protein concentration and the
binding curve was fitted with equation 1. Here the dissociation constant Kp as well as
the stoichiometric factor n were calculated. For calculation, the autofluorescence was

51



4 Materials & Methods

subtracted from each titration, the change in signal averaged and the fit forced through
the origin (0/0).

Equation 1: Calculation of binding constant K, and stoichiometry factor n

((F+n-KD)— \/(F+n-x+KD)2—(4-F-n-x))

Y=AO+Amax° 2.F

(1)

In addition to the dissociation constant Kp and stoichiometry factor n, the equation
contains the fluorophore concentration F, the fluorescence offset A; and the maximum
fluorescence signal A .

4.7 NMR Spectroscopy
4.7.1 Sample preparation

For HSQC titration experiments, the buffer of the hPin1-WW domain (expressed and
purified as "°N labeled protein) was changed to NMR buffer. Then a sample of 250 L
with a concentration of 400 uM was used in a 3mM NMR tube. Additionally the fluo-
rophore was dissolved in H,O to 2 mM.

For structural analysis by NMR spectroscopy, the fluorophores F1 and F10 were dis-
solved in 10% D,0/90% H,O. For data acquisition a 200 uL sample with a concentra-
tion of 1 mM was used in a 3mm NMR tube. Due to the reuse of fluorophores for
fluorescence spectroscopy afterwards, the addition of DSS was avoided.

For calculation of the NMR complex structure of hPin1-WW with fluorophore F10, the
protein was expressed and purified double labeled (sec.4.3.1, sec.4.2.2). After sepa-
rate buffer exchange of the protein and fluorophore into NMR buffer, they were dried
by lyophilization and dissolved afterwards in 100% D,O. Then the protein was mixed
with the fluorophore to a final sample of 1 mM '3C,"*N-hPin1-WW domain with 1 mM
fluorophore F10 in NMR buffer and 100% D,O. For data acquisition a 5 mm Shigemi
NMR tube with a sample volume of 350 uL was used.

4.7.2 Data acquisition and processing

The NMR measurements were acquired with a Bruker Ultrashield 700-NMR (Bruker
BioSpin, Fallanden) at a proton frequency of 700.22MHz. The NMR spectrometer
(700 MHz) was equipped with a triple resonance cryo probe (700 MHz). The temper-
ature was set to 25°C and controlled by a BVT3000 control unit (Bruker BioSpin, Fal-
landen). Pulse programs were mainly taken from the Bruker standard library or were
provided by Dr. Kristian Schweimer (University of Bayreuth). Set up of the acquisition
parameters as well as data processing were performed with the program TopSpin 3.5
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(Bruker BioSpin, Fallanden). Detailed settings are described in the corresponding sec-
tions or in the appendix. 1D data were processed with the command efp, while 2D data
were processed with xfb and 3D data with tf3 n, tf2 n, tf1 n. After processing, the au-
tomatic polynormal baseline correction for 2D spectra was executed with abs1 and the
automatic water correction performed with abs2.water. For 3D spectra the correction
was done accordingly with tabs3, tabs2 and tabs1.

4.7.3 TFA detection by '°F NMR spectroscopy

To check the final fluorophores for complete ion exchange, methods like ion chromatog-
raphy [62] or "°F NMR spectroscopy [213] can be used. In this work the fluorophores
were tested for remaining TFA by recording a '°F-NMR spectrum. The samples were
analyzed for a TFA signal at -79.83 ppm. A TFA dilution series in D,O was taken as
standard and positive control. The experiments were carried out by Dr. JUrgen Linders
(group of Prof. C. Mayer) on a 500 MHz Bruker Avance Neo Il equipped with a DiffBBI
probe head.

4.7.4 "N-HSQC binding experiments with the hPin1-WW domain

To show the specific binding of peptide-conjugated fluorophores (fluorophores 1-4,
10) to the binding pocket of hPin1-WW, 'H,">N-HSQC titration experiments were per-
formed. For this the buffer of purified '°N-labeled protein was changed to NMR buffer,
the protein diluted to 400 uM and a total volume of 250 uL was used for a single ex-
periment. The fluorophores were dissolved in H,O to 2 mM. After each titration step
a "H,"®N-HSQC spectrum was recorded. After binding the fluorophore, the chemical
environment for the protein had changed. This results in a change of chemical shifts
of the amino acids involved in the binding process. These shifts were measured and
the total shift perturbation for both dimensions calculated using equation 2 [10]. Due to
a larger shift range of N compared to 'H an additional weighting factor of 0.154 was
used [10].

Equation 2: Total chemical shift perturbation calculation

Abtoral = V(26N - 0.154)2 + (AdK)? (2)

The total shifts of each amino acid were plotted against the fluorophore concentration
and finally fitted with equation 1. Analogous to the fluorescence analysis, the dissocia-
tion constant Kp and the stoichiometric factor n were calculated.
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4.8 NMR structure calculation
4.8.1 Ligand parametrization for CYANA

CYANA is a script-based program for automated structure calculation of biological
macromolecules. It uses automated nuclear Overhauser effect spectroscopy (NOESY)
assignments with a fast torsion angle dynamics algorithm. For normal structure cal-
culation a standard residue library file is used. To calculate the 3D NMR structure of
fluorophore F10 additional library files for the amidated C-terminus, the phosphorylated
threonine and the AIE-core had to be created. Thereby the AlE-core was defined as
side chain addition to the homoalanine.

At the beginning the chemical structures were drawn with the program ChemDraw and
saved as molecular data file (.mol). Afterwards the file was translated into a simplified
molecular input entry specification (SMILES) code (.smi), which then was converted
into a PDB file with 3D coordinates. The final cyana library file (.lib) was then cre-
ated manually by defining angles, bonds, using the 3D coordinates and adding pseudo
atoms. The new atom numbering is illustrated in figures 25 A.

4.8.2 Structure calculation of fluorophore F10 with CYANA

Structure calculation of the isolated fluorophore F10 was carried out by the program
CYANA. For this, distance information from the 'H,'"H-NOESY spectrum was used. The
chemical shifts were assigned manually and saved as a shifts.prot file. The assignment
for the coupled amino acids was done using a 2D-COSY and 2D-TOCSY experiment,
while the assignment of the AlE-core ring system required additional data from a 2D-
NOESY spectrum. Likewise, cross-peaks were picked and assigned manually and
exported as NOESY.peaks using the program SPARKY. Finally the NOESY peaklist
NOESY.peaks was used together with the input files shifts.prot and init.cya for structure
calculation. The init.cya file includes commands to read the cyana standard library, the
manually defined libraries and ligand sequence.

Table 10: Parameters for F10 structure calculation with CYANA

Parameter

Number of shifts (shifts.prot) 31
Number of peaks (NOESY.peaks) 195

Shift tolerance ('H, 'H") 0.03, 0.03
Number of torsion angle dynamics steps 10000
randomseed 434726
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In total 7 cycles with 100 structures were calculated, sorted by the target function
(equation 3) and the 30 best structures summarized, averaged and displayed in the
output files (.upl, .pdb, .noa and .ovw).

Equation 3: CYANA target function. The function compares the calculated structures
with experimental data and is defined as zero if all experimental distance restraints and
torsion angle restraints are fulfilled. Included are the upper and lower bounds b,g, for
the distances d,; between two atoms a and $ and restraints on individual torsion angles
0; with the allowed intervals [6"", 67%]. Iy, |, and |y are considered as atom pairs (a, f)
with violated upper, lower or van der Waals distance bounds. I, is the set of restrained
torsion angles. wy, w;, wy and w, are overall weighting factors for the corresponding
restraint and wgﬁ and w; individual weighing factors. The term I, = t — (67 — 0"") /2
marks the half-width of the forbidden torsion angle range. A; displays the size of torsion
angle restraint violation [84, 86].

2 1AV 2
V=Y we ¥ wy(dus— buy) +waZw,-[1 _E(F) ]A,. (3)
(

c=ul,v  (ap)el icl, :

4.8.3 Dihedral angle prediction via TALOS+

TALOS+ is a program for the prediction of protein backbone torsion angles ¢ and 1.
Therefore information of chemical shift assignments from "HN, TH« 13Ce 13C#, 13CO
and N for any residue is combined with the protein sequence. For this the proteins
are divided into tripeptides, which are then compared to a data bank of about 200 high
resolution crystal protein structures. Additionally, TALOS+ includes an artificial neutral
network (ANN), analyzing chemical shifts and protein sequence to predict the sec-
ondary structure for a given residue. In the prediction process, each residue receives
an average value of the 10 most suitable predictions, which were then taken and rated
as good, ambiguous or bad. For structure calculation only good angle predictions are
selected [42,242].

For backbone torsion angle prediction of the hPin1-WW domain in complex with the
fluorophore F10, the protein sequence in combination with the chemical shifts were
exported as a Talos.tab file by the program CARA. In this work the shifts were imported
from an apo solution structure (BMRB 19258) [169]. Finally, the TALOS+ file was
converted by the shell script talos2dyana.com into a CYANA suitable format and the
output file angle.aco was taken as angle restraint file for the structure calculation.

4.8.4 Calculation of the complex structure with UNIO

The structure of hPin1-WW in complex with the fluorophore F10 was calculated in
cooperation with Dr. Torsten Herrmann. The initial structure, the final structure as
well as adjustments and changes in the program UNIO for non-natural amino acids
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were performed by Dr. Torsten Herrmann. The NMR spectra acquisition, peak picking
(.peaks files), prediction of angle restrictions (angle.aco), adjustments and optimization
of distance constraint files (.upl) were performed by myself.

In total 5 NOESY spectra were used for the calculation. The normal aromatic and
aliphatic 3D "*C-NOESY experiments were used as complete spectra with automatic
peak picking and assignment by UNIO. The aliphatic and aromatic filtered-edited '3C
3D-NOESY spectra (3D-xNOESY) [24, 138, 322] and the double filtered 2D-NOESY
spectrum (2D-x2NOESY) [284] were finally used as optimized upper limit files (.upl).
For this the cross-peaks were assigned manually and the upper distance limits were
adapted during the optimization process.

To keep the core structure of a three-stranded antiparallel g-sheet, additional limits for
the corresponding hydrogen bonds were set. The lower limits hbonds.lol and upper
limits hbonds.upl were manually defined and added to the calculation. Additionally, the
predicted dihedral angle restraints angle.aco from TALOS+, the molecule sequence
molecule.seq file and the non-natural CYANA library files were added. To calculate
a complex structure, a single molecule.seq file is necessary. For this the ligand is
connected to the protein by a defined linker. In total 40 structures were calculated in 7
cycles and the best 20 were summarized and displayed in the statistics.

Table 11: Parameters for complex structure calculation with UNIO

Parameter
Number of shifts (hPin1-WW.prot) 404
Number of peaks 558 (3D aliphatic *C-NOESY)

140 (3D aromatic '*C-NOESY)

Number of distance limits (.upl) 20 (2D double filtered-NOESY)
24 (3D filtered-edited aliphatic "*C-NOESY)
11 (3D filtered-edited aromatic '*C-NOESY)

angle.aco 50
Number of H-bonds (.upl and .lol) 20
Number of torsion angle 8000
dynamics steps

seed 4371
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5 Results

In recent years the AIE effect has been studied for a wide range of fluorophores includ-
ing the new thioterephthalonitriles (TPNs). The more flexible and tunable new TPN-
AlEgens are composed of aromatic thioethers and were successfully tested with small
biomolecules such as spermine [97]. In this work the TPN derivatives are specifically
modified to recognize the hPin1-WW domain and prove the principle of protein binding
for TPNs, which then can be used to characterize protein-ligand binding.

5.1 Expression and purification of hPin1 and hPin1-WW

To characterize the specific binding between proteins and the peptide-coupled fluo-
rophores, the human peptidyl-prolyl cis/trans isomerase 1 (hPin1) as well as the iso-
lated hPin1-WW domain were expressed (section 4.2.2) and purified (section 4.3.1) as
GST tagged fusion proteins. In addition to the unlabeled proteins, °N- and °N,3C
labeled hPin1-WW were expressed and purified for NMR experiments (section 4.7).

The chromatograms and SDS gels of the GSH affinity chromatography (figure 13 A,C)
show a typical purification step of a GST tagged protein and are similar for both pro-
teins. The elution profiles of both show a flow through peak (FT) followed by a high
salt wash peak (HS) and a GSH induced elution peak of GST fusion protein (E). The
fractions containing GST fusion protein were collected, pooled and concentrated. After-
wards the GST tag was removed by PreScission protease. In a subsequent size exclu-
sion chromatography (figure 13 B,D) the GST tag as well as the PreScission protease
(G) were separated from the target proteins (P). Finally, the expression and purification
of both proteins was successful and yielded high amounts of pure protein.
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Figure 13: Protein purification of hPin1-WW and hPin1. Shown are the chro-
matograms and SDS gels of the GSH affinity chromatography of hPin1-WW (A) and
hPin1 (C). The flow through (FT) contains E. coli proteins which did not bind to the
GSH column. After a washing step unspecific bound proteins were eluted (HS) by
using high salt buffer which reduces electrostatic interactions between proteins. As
shown in the SDS gel the elution peak (E) contains GST and GST fusion protein. The
chromatograms and SDS gels of the size exclusion chromatography of hPin1-WW (B)
and hPin1 (D) show the separation of unknown proteins in the void volume (V), cleaved
GST and PreScission protease (G) from the target proteins hPin1-WW and hPin1 (P).

5.2 Chemical synthesis
5.2.1 Peptide synthesis

To specifically modify the AlIE-core (figure 11) for selective protein recognition, peptides
containing an N-terminal azidohomoalanine were synthesized by solid phase peptide
synthesis (SPPS) (figure 14). The SPPS consists of two phases, the solid phase of
an insoluble polymer with a linker molecule and a liquid phase for the addition and
removal of reagents and reactants. The synthesis is carried out from the C-terminus
to the N-terminus and the first step is the Fmoc deprotection of the linker molecule. In
the following step, the carboxylic acid of the next amino acid is deprotected and can
be coupled to the free amino group of the linker. The peptide coupling is performed
again with a different coupling reagent. Then the amino protection group is cleaved
off and the next amino acid can be coupled. The reaction cycle is repeated until the
final peptide sequence is obtained. Finally, the peptide is cleaved from the resin and
all protecting groups are removed.
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Figure 14: Schematic representation of the SPPS. PGg: protection group of the side
chain. Adapted from ref [239].

The included azido-group could be used after the synthesis to couple the peptide onto
the AIE-molecules A1 and A2 (section 4.4, figure 11) using CUAAC. The protein speci-
ficity against the hPin1-WW domain was achieved by including the pThr-Pro motif into
the peptide sequence.

The analysis of the correct peptide synthesis was performed by LC-MS and "H-NMR
spectra with assignment of resonances in the corresponding spectra. Due to the pro-
line in most of the peptides, additional peaks could be observed in the "H-NMR char-
acterization. These peaks represent signals of peptides with a peptidyl-prolyl bond in
cis conformation which made the peak integration inaccurate. For a more accurate 'H-
NMR assignment, experiments like a 'H,"H-COSY, a 'H,"H-TOCSY or a 'H,"H-NOESY
are needed and were performed exclusively with the final fluorophores. Peptide syn-
thesis was efficient (87% to 99%) for almost all peptides, except P9 (35%). Purification
by diethyl ether precipitation followed by rp-HPLC was sufficient for further synthesis.
In addition to the set of peptides for protein recognition (P1-P5), another set of pep-
tides with a slightly modified binding motif (peptides 0, 6-9) was synthesized. Here,
the Xaa-pThr-Pro-Xaa motif was eliminated by replacing the phospho-threonine with a
normal threonine (peptides 7+8+9) and/or proline with another amino acid. Here, the
approach was to prevent specific binding by removing the proline in exchange for a
non-binding glycine (peptide 6+8) or a larger amino acid like phenylalanine (peptide 9)
and arginine (peptide 0) which then could cause steric hindrance. All peptides used in
this work, with their respective sequences and yields, are summarized below (table 12).
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Table 12: Systematic representation of all synthesized peptides

Peptide Sequence (N — C) Yield
PO N>— @) @ —NH; 98%
P1 N>— @) @ —NH; 94%
P2 @ @ —NH, 98%
P3 N;—@)- Q- —\H, 93%
P4 N:—@)- O @0 —\H, 88%
P5 N;—@)- 000 @ nNH, 87%

P7 N:—@)-O- @) —NH, 99%
g .

P6 N;—@)- —NH, 96%
P8 N:—@)- —NH; 94%
P9 N:—@)- —NH, 35%

. Homoalanine Ala pThr . Pro Gly ‘ Arg Thr . Phe

5.2.2 Copper(l)-catalyzed alkyne-azide cycloaddition (CuUAAC)

To add the azide-bearing peptides to the AlIE-core molecules (A1 and A2) obtained
from the group of J.Voskuhl, the CuAAC was used. The reaction is shown as an
example for fluorophore F1 in figure 15.
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Figure 15: lllustration of the CuAAC reaction for fluorophore F1. (I): 0.6 eq CuSO,,
1.3 eq. Sodium ascorbate, THF/H,O (2:1), 5days.

Starting the optimization with a solvent mix of THF/H,O and an AIE-core concentration
of 2mg/mL, a yield of 5-10% was achieved. To increase the reaction efficiency, solvent,
reaction volume and copper catalyst were varied (table 13).

After the CuAAC, the fluorophores were purified by filtration and standard rp-HPLC
(section4.4.5). The optimization results showed a significant increase in yield by ad-
justing the reaction volume from 5mL to 9mL due to the concomitant increase of re-
actant solubility. Based on the sufficient yield of ~50%, all following syntheses were
carried out according to reaction 2 and fluorophores are summarized in table 14.
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Table 13: Optimization of the CUAAC for fluorophore F1

Parameter Yield

Reaction 1 THF/H,O (5mL) 5-10%
CuSO,

Reaction 2 THF/H,O (9mL) 50%
CuSO,

Reaction 3 DMF (9mL) 28%
CuSO,

Reaction 4 DMF (9mL) 46%

Cul

Table 14: Systematic representation of all synthesized fluorophores
Fluorophore  Sequence (N — C) Yield
o Ss iN ~O._N
FO LWNSROWE M) 17.7%
HN-0-@- @ CN ‘ O-0\H,
N-N _ Nj ‘:‘fs //\ *o/x“i?_M N o,
F1 HN— ‘ 'NV/LJO&{/“)"S}\;ZN 7~ N' ' - NH, 49-6/0
NN oy N;<S{// C’/V\i\JN'\‘ 9,
F2 HN— _’_ » _.,N\//—;/ {}/\‘_Sf‘—g‘ ‘ @O, 32.4/0
F3 oy 1 T 55.4%
w00 -0-0-@" Uy 00 00w, '
N-N ~ ) /S(/o/ N o
F4 noeseseee Tt 6666666 54.8%
NG s~
NN o T L o
F5 HoN— ‘ 777777 '/N\/u/ {‘:);'S/xiN A _._ N, 16-5 /0
F6 HN-O-0- @ /o/) //// {/O/ <NNN -O-O—nH 31.6%
NG S N,
F7 oo L 000 50.0%
NQ“:/S ‘(::'\ N /—{NN
F8 oo Tl T e 00 e 18.9%
F9 oo 13 o 17.0%
0@ _‘/NV/}V/O‘{}—VS/E{N uN"_ -@- 0O, ’ °
F10 e 13 Dy 49.7%
No =S oy ® O

‘ Homoalanine Ala

pThr ‘ Pro

Gly ‘ Arg Thr

' Phe
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5.3 Characterization of peptide-conjugated fluorophores

5.3.1 UV-VIS spectroscopy - Solubility and extinction coefficients of
peptide-coupled fluorophores

Solubility of peptide-coupled fluorophores

The solubility of small molecules and tolerance to salts are crucial for the experimental
use in biological systems. Due to the hydrophobicity of the AlIE-core and the intolerance
of the disulfonate-conjugated fluorophore (referred to DSA) to ionic buffers, the new AIE
fluorophores were tested for their solubility properties (table 15). The already described
DSA [97] showed a good solubility in HoO and buffer with low ionic strength, but was
completely insoluble at isotonic conditions (PBS buffer).

Table 15: Solubility ofpeptide-coupled fluorophores in H,O and buffers

Fluorophore  H,O Fluorescence buffer PBS buffer
(pH 3-4) (pH 7) (PH 7)

DSA ~2mM ~2mM not soluble
FO not soluble not soluble not soluble
F1 >20mM >20mM >20mM
F2 ~5mM >20mM >20mM
F3 ~5mM ~10mM ~10mM
F4 >20mM ~ 20mM ~ 5mM
F5 not soluble not soluble not soluble
F6 not soluble not soluble not soluble
F7 >20mM >20mM >20mM
F8 > 20 mM >20mM >20mM
F9 not soluble not soluble not soluble
F10 >20mM ~10mM ~ 3mM

The new fluorophores with specific binding motifs (F1-4, F10) showed an increased sol-
ubility and salt tolerance compared to the previous fluorophores such as DSA. Small
differences in solubility were just detectable by turbidity measurements at 600 nm. With
the exception of F10, where solubility decreases with increasing ionic strength, no ten-
dency could be observed in the concentration range up to 20 mM. The fluorophores
with interrupted binding motifs FO, F6 and F9 were neither soluble in H,O nor in buffer.
Here the exchange of proline to either an arginine (F0), a glycine (F6) or a phenylala-
nine (F9) led to the aggregation in aqueous solution. The solubility was tested down to
a concentration of 25 uM and aggregation could be seen by the naked eye. In compar-
ison, fluorophores F7 and F8 were soluble up to at least 20 mM. Interestingly F8 differs
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from F6 just by the missing phosphoryl group, which in general is a positive factor for
solubility of peptides, proteins or other molecules. Nevertheless both non-binding flu-
orophores were further tested towards their autofluorescence and ability to act as a
soluble addition for a one-site binding fluorophore.

Extinction coefficients of peptide-coupled fluorophores

The concentrations of reactants in a biological binding assay are also of essential im-
portance for its correct analysis. Protein concentration can either be determined by
a Bradford protein assay or with Lambert Beer’s law (section 4.3.2). Nowadays, the
extinction coefficient of peptides and proteins can be calculated with online tools, but
not for small molecules such as the aromatic core of the synthesized fluorophores. To
simplify the concentration determination for upcoming experiments, the extinction co-
efficients of all fluorophores were determined experimentally at 1499 (Section4.5). The
results of the serial dilution showed just minor differences in the extinction coefficients
between the fluorophores.

Table 16: Extinction coefficients of peptide-coupled fluorophores

Fluorophore €400 [M~'em™]
F1 3411 + 21
F2 3167 + 26
F3 3779 + 28
F4 3472 + 21
F7 3384 + 12
F8 3248 + 36
F10 3469 + 27

5.3.2 Fluorescence properties of peptide-coupled fluorophores

The effect of aggregation-induced emission can be described as a turn-on signal and
was shown for DSA upon spermine binding [97]. In contrast, the fluorophores syn-
thesized in this work showed autofluorescence in aqueous solutions without a binding
partner. For the specific recognition of the hPin1-WW and the quantitative analysis of
the binding, soluble fluorophores with minimal autofluorescence are needed to obtain a
maximum fluorescence increase upon protein binding. To get the best possible condi-
tions for upcoming binding experiments the fluorophores were tested for differences in
their fluorescence properties such as autofluorescence, excitation and emission wave-
lengths.
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The excitation and emission spectra were identical for all new peptide-coupled fluo-
rophores and were also similar to DSA. The excitation maximum was red-shifted by
14 nm compared to DSA and displayed a wide plateau around 393-402 nm with a max-
imum at 399nm. The emission spectra, however, exhibited the same maximum at
489 nm with an additional secondary maximum at 530 nm (figure 16) [97].
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Figure 16: Excitation (dotted) and emission spectra (solid) of fluorophore F1 in
aqueous solution.

The autofluorescence was shown to be concentration dependent and almost not vis-
ible at low concentrations (<50 uM) (figure 17 B). While at low concentrations no dif-
ferences between the fluorophores were observed, increasing concentrations induced
significantly higher autofluorescence for the hPin1-WW specific fluorophores F1-F4,
than for the non-binding fluorophores F7+F8 or the asymmetric F10. At higher concen-
trations the fluorescence curve for water-solubilized F1-F4 flattened out. At the same
concentrations F1 was shown to form soluble aggregates, which then slowly sank to the
bottom. The autofluorescence properties in H,O showed promising results for low con-
centrations (figure 17 A,B), but for further protein-based assays the fluorophores had to
be checked at physiological pH and with buffer including salt. Therefore the experiment
was repeated in 20 mM HEPES pH 7.0 and PBS-buffer pH 7.0 (figure 17 C).
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Figure 17: Autofluorescence properties of peptide-conjugated fluorophores. (A)
Concentration dependent change in autofluorescence of all fluorophores in H>O. (B)
Photograph of cuvettes containing water-solubilized F1 at increasing concentrations up
to 1 mM. (C) Influence of pH (HEPES) and salts (PBS) on autofluorescence, shown as
an example for the symmetric fluorophore F1, the non-binding F7 and the asymmetric
F10. Fluorescence measurements were performed at 25 °C with a PMT of 400 V.

Dissolving the fluorophores in 20 mM HEPES buffer pH 7.0 significantly reduced the
autofluorescence of F1. The effect could be observed for all binding-specific fluo-
rophores (F1-F4), but was less intense for F4. The additional ionic strength in PBS-
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buffer only slightly increased the signal at higher concentrations. In contrast, the
non-binding fluorophores F7 and F8 exhibited low autofluorescence in H,O, but an in-
creased signal when dissolved in 20 mM HEPES pH 7.0 or PBS-buffer pH7.0. Similar
to F7 and F8, the asymmetric F10 showed a higher autofluorescence signal at neutral
pH, but also an increased fluorescence under isotonic conditions (PBS).

In conclusion, all binding specific fluorophores showed a similar autofluorescence at
low concentrations indicating no or low aggregation and therefore provide good original
conditions for further protein binding experiments. Due to the large buffer and salt
tolerance of hPin1-WW and to avoid even small differences in autofluorescence, 20 mM
HEPES pH 7.0 was chosen as the buffer for fluorescence spectroscopy.

5.4 Specific recognition of the hPin1-WW domain

The WW domain acts as a substrate binding module for the PPlase domain of hPin1 to-
wards phosphorylated Thr/Ser-Pro motifs in target peptides and proteins. This binding
motif was included in the new fluorophores and should be recognized by the hPin1-
WW domain. To show the specific recognition and binding of the fluorophores by the
protein, methods such as NMR titration experiments and fluorescence titrations were
used. In the following subsections the results for the new fluorophores are summarized.

5.4.1 NMR titration experiments

To prove the specific binding of the fluorophores by the hPin1-WW domain, an NMR
titration experiment was performed. The 'H,"™N- heteronuclear single quantum coher-
ence (HSQC) spectrum provides information of directly coupled "H and "°N nuclei in a
two-dimensional spectrum. The spectrum displays the chemical shifts for 'H in the di-
rect dimension (X-axis) and the shifts for '°N in the indirect dimension (Y-axis). Due to
differences in the chemical environment, the spectrum exhibits a unique signal for ev-
ery amide Ny and side chain amide Ny except for proline and the free N-terminal NH3.
Therefore the "H,"™>N-HSQC spectrum is a powerful tool to map interaction of protein-
ligand complexes, as residues involved in binding are found in a different chemical en-
vironment resulting in chemical shift perturbation. For weak interactions the exchange
between k,, and k. is fast enough to observe chemical shifts as an average of free
and bound protein [177]. By superimposing multiple HSQC spectra at different titra-
tion points, the fast exchange allows the measurement of chemical shift perturbation,
which for a single binding event can be seen as signals moving in a straight line. For
analysis of the titration of hPin1-WW with the fluorophores, the protein assignment was
imported from the biomedical magnetic resonance data bank (BMRB; ID 19258, [168])
and adjusted to the recorded signals of the hPin1-WW apo spectrum. The superposi-
tion of 'H,">N-HSQC spectra at increasing fluorophore concentrations showed a high
number of residues undergoing chemical shift perturbation (figure 18, A).
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Figure 18: Specific binding of fluorophore F1 to the hPin1-WW domain. (A)
'H,">N-HSQC spectra from hPin1-WW domain (400 uM) with different color-coded con-
centrations (0-500 uM) of fluorophore F1. The side chain amides of W'" and W3* are
labelled with an additional star (*). Residues M™ and W3* showed line broadening,
which leads to a loss of signal at intermediate fluorophore concentrations. Residue
S'® showed a secondary chemical shift at high fluorophore concentrations, which can
indicate soluble aggregates or unspecific binding. (B) Total chemical shift perturbation
for every amino acid after the addition of 500 uM F1. Amino acids with a total shift of
0.2 and Q23 as a direct neighbor of W3* are colored. (C) Binding curves of selected
amino acids S**, Q33, W34 and E®°. (D) NMR Structure of the hPin1-WW domain (PDB:
2M8I, [168]) with shifting amino acids colored. Additionally, the amino acids R'’, Y23
and W34 directly involved in binding are shown as sticks [233].
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As seen for the stepwise addition of fluorophore F1 (figure 18, A), ligand binding in-
duced changes in chemical shifts in both the "H and "°N dimensions. The superposition
of HSQC spectra showed similar shift perturbations to other titration experiments with
hPin1 specific peptides and peptide-coupled nanoparticles [224]. In all titration ex-
periments significant shifts were observed for the amino acids S'¢, Q33, W34 and Q%,
which were described to be essential for specific recognition of the pT-P motif [233].
The chemical shifts were plotted against fluorophore concentration and binding curves
were fitted (figure 18, C). Due to the fluorophore structure of F1-F4 with two identical
binding sites, a stoichiometric factor n=2 was added.

Additionally, residues M'™ and W3* showed loss of signal at intermediate fluorophore
concentrations up to complete disappearance. For He of W3* the signal reappeared
at higher concentrations, where the protein is saturated with ligand. For these amino
acids or side chains the chemical shift perturbation could not be traced to determine
a Kp. Plotting total chemical shift perturbations for all amino acids against the protein
sequences showed additional significant shifts for amino acids K'® and R4, which are
part of first -sheet (figure 18, B). Mapping all of these significant shifts onto the NMR
solution structure of the hPin1-WW domain (figure 18, D) displayed the binding site for
the WW-domain [8,287].

Dissociation constants of about 20-50 uM were calculated from binding curves of the
selected amino acids S8, Q33, W3* and E®. These were similar to binding constants
obtained for free peptides containing the pT-P motif [224,269]. Signals of S'¢ displayed
a secondary shift at high fluorophore concentrations resulting in an insufficient fit for
F1 and slightly higher binding constants of 30-95 uM for fluorophores F2-F4. For fluo-
rophore F1 the amino acid S'® was excluded from analysis.

Table 17: Dissociation constants of selected amino acids at fluorophore binding

816 QSS W34 E35
F1 - 39.3+7.9uM  19.3+6.8uM  24.0 + 8.6 uM
F2  846+150uM 559+3.0uM  37.2+1.8uM  31.9+2.8uM
F3 456+82uM 324+38uM  309+59uM  25.9+ 6.8 uM
F4 953+184uM 176+22uM  21.9+3.0uM  19.6 +3.1 uM
F10 30.8+147uM 382+65uM 227+56uM  18.9 +5.0 uM

In summary, the NMR titration experiments showed specific binding of all tested flu-
orophores (F1-F4, F10) by the hPin1-WW domain. The calculated Kps were as ex-
pected and most importantly comparable to previously tested peptides [224,269]. In the
next steps the fluorophores will be characterized for their fluorescence properties upon
protein binding to demonstrate their usability in fluorescence titration experiments.
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5.4.2 Fluorescence titration experiments

In addition to NMR spectroscopy, fluorescence spectroscopy is often used to visualize
protein-protein or protein-ligand interactions and characterize them. The method usu-
ally used is called fluorescence anisotropy and typically requires fluorescence labeling
of the smaller binding partner. ldeally, the fluorophores are stable, small, bright and
do not interfere with components of the biological system. But often the selection of a
suitable fluorophore is problematic due to unspecific binding or steric hindrance. Here
the new fluorophores offer new possibilities for a fluorescence-based method with di-
rect read out. Instead of detecting the anisotropy, for fluorophores the total change in
fluorescence signal can be used to detect protein-ligand binding. Upon addition of pro-
tein the fluorophores are bound and molecular movements like rotations are restricted,
inducing the AIEE effect.

To further characterize the fluorophore, its protein binding properties and change in
fluorescence intensity were investigated. Fluorescence titration experiments of fluo-
rophores F1-F4 and F10 with hPin1-WW were performed. As an example a titration
with 50 uM F1 and the hPin1-WW domain is shown in figure 19 A. The fluorescence
signal plotted against the protein concentration showed a typical binding curve and
was fitted with a stoichiometry of 1:2 (ligand:protein).
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Figure 19: Fluorescence titration of fluorophore F1 (50uM) with the hPin1-WW
domain. (A) Binding curve and non-linear fit for the titration of F1 with hPin1-WW. (B)
Hypsochromic shift of F1 with increasing protein concentration.

With protein excess (at approximately 200 uM hPin1-WW domain), the fluorescence
signal reached saturation, but with six times excess the fluorescence signal increased
again. Simultaneously the emission maximum shifted hypsochromically from 489 nm to
478 nm indicating additional non-specific binding or possibly formation of higher soluble
aggregates (figure 19 B).

In total, the fluorescence titration experiment was performed at least three times and
confirmed the specific recognition of the hPin1-WW domain. Protein binding induced a
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concentration-dependent increase in fluorescence intensity making fluorescence titra-
tion a suitable method to determine binding constants with TPN-based AlEgens.

5.4.3 Influence of a peptide linker on protein binding and its fluorescence
properties

Next, the influence of the peptide linker on fluorescence properties during protein bind-
ing was investigated. With increasing linker length, the distance between the aromatic
AlE-core and bound protein changes and could influence the induced fluorescence sig-
nal. While fluorophore F1, which does not contain an additional linker sequence, was
shown to be specifically bound by the hPin1-WW domain, a long linker could affect the
degree of molecular restriction upon protein binding. One may hypothesize that with a
too long linker sequence the protein would possibly be bound too far from the AlE-core
and the rotation may not be restricted to induce a sufficient AIE effect. Based on the
first successful titration with F1 (figure 19), the same titration experiment was also per-
formed for fluorophores F2-F4 with equal fluorophore concentration of 50 uM and PMT
of 600 V to check the influence of different linker lengths.

For all symmetric fluorophores (F1-F4) the typical shape of a binding curve was ob-
tained (figure 20) and no significant differences or trends in the maximum fluorescence
signal were observed. For fluorophores F1 and F2 the data points could be fitted per-
fectly with the assumed 1:2 binding model (n=0.5), resulting in binding constants of
Kp=2.7+0.7uM (F1) and Kp=4.5+0.4 uM (F2). For F3 and F4 however, the binding
model did not fit the experimental data (black fit) and had to be adjusted. To repre-
sent the experimental data, the stoichiometric factor n was changed to a variable factor
and was fitted together with the Kp (red fit). The adjusted fitting model resulted in
stoichiometric factors of n=0.73 (F3) and n=1.09 (F4) with Kp=5.1 +1.8 uM (F3) and
Kp=23.3+4.9 uM (F4).

The fluorophores exhibit autofluorescence at all tested concentrations with linear in-
creasing intensity (figure 17). This autofluorescence may be a result of soluble aggre-
gates. To check the influence of possible soluble aggregates on the binding affinity
and the stoichiometry factor n, the fluorescence titrations were repeated at multiple
fluorophore concentrations (10-200 uM). The fluorescence titrations and fitted binding
curves are shown as an example for F1 in figure21 and were similar for the other
symmetric fluorophores F2-F4 (appendix figures A16, A17, A18). Statistics are sum-
marized in tables 18 and 19.
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Figure 20: Fluorescence titration of fluorophores F1-F4 at 50uM with the hPin1-
WW domain. On top the fluorescence titrations for F1 and F2 fitted with the assumed
binding model of two proteins binding to a single fluorophore molecule with two binding
sites. Bottom shows the binding curves for fluorophores F3 and F4. The data were
fitted with a 2:1 binding model (n=0.5) and with a variable stoichiometry factor resulting
in value of n=0.73 (F3) and n=1.09 (F4). The equivalence point for each fluorescence
titration is marked with dotted lines.

The specific binding of the hPin1-WW domain to the symmetric fluorophores F1-F4
was successfully proven at various concentrations. Even at lower concentrations in the
range of the binding constant, the change in fluorescence signal was sufficient to fit a
binding curve and calculate binding constants. At lower concentrations of 10 uM and
25 uM the non-linear fits could be fitted with the 1:2 binding model for all fluorophores.
However, at higher concentrations (=100uM), no calculation fitted the experimental
data (black fit) and the stoichiometric factor was again set as a variable factor (red fit).
The change in stoichiometric factor increased with increasing fluorophore concentra-
tion and was most pronounced for the larger F3 and F4 (table 18).

The results showed a tendency that fluorophores containing a larger peptide linker
were affected more strongly and at lower concentrations. However, with an increasing
stoichiometric factor n, increased Kps could be observed (table 19). While small sto-
ichiometric changes did not affect the Kp as much, stoichiometric factors around n=1
increased the calculated Kp values by a factor of three to ten. At low fluorophore con-
centrations the calculated Kps were in a low uM range from 1.6-8.0 uM and increased
up to 57.6 uM for a higher stoichiometry.
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Figure 21: Concentration dependency of fluorophore F1. Fluorescence titrations
with various concentrations of F1 (10-200 uM). Shown are non-linear fits with a set
stoichiometry factor n of 0.5 (black) and a variable factor (red). With increasing fluo-
rophore concentration the assumed binding ratio of 2:1 (protein:fluorophore) did not fit.
With increasing fluorophore concentration the PMT was adjusted to detect intensities
of bound and unbound fluorophore (see section 4.6.3 table 9).
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Table 18: Stoichiometric factor for symmetric fluorophores F1-F4 at various con-
centrations. The factor was fixed at n=0.5 for low fluorophore concentrations. For
larger fluorophore concentrations n was fitted.

c (F) F1 F2 F3 F4
10 uM 0.5 0.5 0.5 0.5

25 UM 0.5 0.5 0.5 0.5

50 uM 0.5 05  073+0.05 1.09=0.10
100uM 073 +0.01 0.72+0.03 1.27 £0.09 0.93 + 0.08
150uM  0.74 +0.01 0.82+£0.02 1.72+0.06 1.34+0.06
200uM 1.12+0.06 0.92+0.04 267 +0.30 1.78+0.14

Table 19: Dissociation constants of symmetric fluorophores F1-F4 at various
concentrations. The Kps were fitted with n values from table 18.

¢ (F) F1 F2 F3 F4
10uyM  4.0+08uM 69+07uM 58+07uM  4.4+05uM
25uM 48+09uM 80+08uM 1.6+04uM 2.7 +0.7 uM
50M 27+07uM 45+04uM 51+1.8uM  23.3+4.9uM
100pM 2.0+06uM 85+21uM 6.1+38uM  19.0+ 8.4 uM
150uM  3.9+1.3uM 120+26uM 359+4.6uM 15.6+ 3.9 uM

200uM 305+82uM 16.7+50uM 49.6 +20.0uM 57.6 + 16.0 uM

Overall the symmetric fluorophores F1-F4 were tested successfully for the specific
recognition of the hPin1-WW domain. All tested linker lengths at all tested fluorophore
concentration resulted in saturated binding curves. However, the binding curves re-
vealed additional unspecific interactions at higher concentrations, probably caused by
the formation of soluble fluorophore aggregates. These interactions are increased for
fluorophores with an increased linker length and additionally influences Kp calculation
at lower concentrations. For this, small fluorophore concentrations (~25 uM) are ideal
for Kp determination at all linker lengths, while the binding curve at high fluorophore
concentrations cannot be fitted with the assumed binding model of 2:1 (protein: fluo-
rophore). Due to the following adaptation of the stoichiometric factor the Kp calculation
got influenced negatively. Hence the fluorophore F1, containing the smallest peptide, is
the best derivative with two binding sites synthesized in this work to specifically target
the hPin1-WW domain and characterize its binding.
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5.4.4 Comparison of fluorescence intensity for fluorophores with one or two
binding sites

After demonstrating the binding specificity for the symmetric fluorophores F1-F4 and
the calculation of the corresponding binding constants, the number of binding sites (one
or two) and their influence was investigated. While proteins bound to two binding sites
can restrict molecular rotations from both sides, the restriction upon a single protein
bound to the fluorophore might not result in a sufficient restriction. Therefore, the focus
using fluorophores with one binding site was on the maximum fluorescence and the
change in fluorescence upon protein binding compared to the symmetric fluorophores
F1-F4 with two binding sites.

Two approaches were pursued to synthesize fluorophores with one binding site. The
attempt with FO, F6-F9 did not result in fluorophores that are soluble and have low
autofluorescence, and tehrefore the asymmetric fluorophore F10 with a soluble TMA
group was synthesized. This fluorophore showed a sufficient solubility and just slightly
higher autofluorescence in buffer at neutral pH compared to being solubilized in H,O.
The effect was negligible at concentrations lower than 200uM (figure 17 C). Thus, flu-
orophore F10 shows good solubility and autofluorescence properties, which are also
comparable to fluorophores F1-F4. Hence, the fluorophore F10 is a good candidate to
compare the fluorescence properties of fluorophores bearing one or two binding sites.
The fluorescence titration experiments with F10 and the hPin1-WW domain were per-
formed in accordance with the titrations of F1-F4, in a fluorophore concentration range
of 10-200 uM and at PMT values between 750V (10uM) and 450V (200 uM).

At low fluorophore concentration (10 uM), the change of fluorescence intensity induced
by protein binding was very low and indistinguishable from noise (figure22). How-
ever, at concentrations between 25 uM and 100 uM and corresponding PMT values of
550-650V the signal-to-noise ratio was sufficient to fit the experimental data and cal-
culate the Kps. In this concentration range the calculated Kps were similar to those
of the symmetric fluorophores: 11.5+4.3uM (@ 25uM F10), 7.0+ 3.9 uM (@ 50 uM
F10) and 2.3+ 1.5uM (@ 100 uM F10). But with increasing fluorophore concentra-
tion, the binding curves changed again. At 150 uM and higher, the autofluorescence
was greater than the protein induced fluorescence. Analysis of the experimental data
resulted in negative binding curves (figure 22), indicating less molecular restrictions.
Here, the protein may interact with the soluble aggregated fluorophore and affects the
aggregation equilibrium.

75



5 Results

\ O S\QO/\&NN
No : S N ® O
10 uM
2000
£ 1750 £
§ 1500 * g
Q [}]
(3] o
(7] (7]
S 1250 g
3 B = n=1
[= (=
1000 = 500 =
108‘ PMT=750V 108‘ PMT=650V
| B | L LA T T e
0 10 20 30 0 20 40 60
¢ (WW) [uM] ¢ (WW) [uM]
50 uM 100 uM
1400+
E =
Q [}
o o
c c
[}] [}]
(3] (3]
[7}] (7]
o o
[e] o
2 n=1 2 n=1
400 = =
100 ¢ PMT=600V 61588?' PMT=550V
0-1 T v v v 1 0-1 v T L B Ll B |
0 50 100 0 50 100 150 200
¢ (WW) [uM] ¢ (WW) [uM]
150 uM 200 uyM
1300 1400+
; 12009 ; ]
£ 1 { i £ 12009
9 1100+ o
S 1000+ S | i 3 ; ;
Q Q
S 900+ 5 800+ EEEEEE (]
3 3 1
?88?’ PMT= 500 V (1588:{» PMT=450V
0 ey | 1 0 eyt | 1
0 100 200 300 0 100 200 300
c (WW) [uM] ¢ (WW) [uM]

Figure 22: Concentration dependency of fluorophore F10. Shown are the fluores-
cence titrations of fluorophore F10 with the hPin1-WW domain at multiple fluorophore
concentrations between 10 and 200 uM. Binding curves were fitted with a 1:1 binding
model (n=1; equation 1). At higher fluorophore concentrations (150-200 uM), the fluo-
rescence intensity decreased upon protein binding. The PMT was adjusted according

to the experiments shown in figure 21.
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While similar Kps in the low uM range were observed for the binding of all fluorophores
(F1-F4 and F10) to the hPin1-WW domain, the total fluorescence intensities and espe-
cially the change of fluorescence intensity upon protein binding was significantly differ-
ent for F10 (figure 23) at all concentrations, compared to fluorophores F1-F4 bearing
two binding sites.
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Figure 23: Comparison of the maximum change of fluorescence upon protein
binding. The change of fluorescence intensity for the fluorophores F1-F4+F10 at all
tested fluorophore concentrations (10-200 uM). Fluorescence titrations were performed
at PMT voltages of 750 V (10 uM), 650V (25 uM), 600 V (50 uM), 550V (100 uM), 500 V
(150 uM) and 450V (200 uM).

For the symmetric fluorophores the increase in fluorescence signal was significantly
higher than for the fluorophore F10. In total, the fluorescence intensity of F10 increased
by 20-50% or even decreased upon binding the hPin1-WW domain. In contrast, the
symmetric fluorophores showed a better signal-to-noise ratio and an increasing fluo-
rescence signal up to 600% upon protein binding.

In conclusion the fluorophore F10 can be used for fluorescence titration experiments
with the hPin1-WW domain in a defined intermediate concentration range of 25-100 uM,
but suffers from a low signal-to-noise ratio. The calculated Kps (2.3-11.5uM) are
comparable to the Kps calculated for F1-F4 (1.6-8.5 uM), but due to the significant
higher increase of fluorescence signal for fluorophores with two binding sites (F1-F4),
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F10 seems not to be an alternative to fluorophore F1, which earlier was described as
the best candidate for hPin1-WW recognition (see section5.4.3). The results show a
greater increase of fluorescence signal upon protein binding for F1-F4 indicating better
rotational restriction when bound to two proteins.

5.5 Effect of protein size on fluorescence increase

After the successful recognition of the hPin1-WW domain, binding was also tested for
the hPin1 full-length protein (hPin1-FL), consisting of the WW-domain and a catalytic
PPlase domain. The full-length protein has a molecular weight four times greater than
the isolated WW-domain and was expected to restrict molecular motions even more.
The higher level of restriction should then result in a greater fluorescence signal com-
pared to the binding of the WW-domain. To test this assumption, fluorescence titration
experiments with hPin1-FL were carried out, based on the results with the hPin1-WW
domain. A fluorophore concentration of 50 uM and a PMT of 600V was used, but
titration data did not result in a saturated binding curve (not shown). Therefore, a time
resolved fluorescence measurement of the binding event was recorded to test if protein
binding results in a time-invariant fluorescence signal (figure 24, A).
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Figure 24: Fluorescence measurement of fluorophore F1 with hPin1-FL. (A) Time
dependent fluorescence signal of F1 with full length hPin1 protein. The initial auto flu-
orescence was set to 0 and after the addition of 10 uM protein (3 min) no more protein
was added and the fluorescence signal was monitored over time. (B) Normalized emis-
sion spectra directly after protein addition (dotted) and after 3 h (solid). The maximum
shifted from 489 nm to 472 nm.

After the addition of 10 uM hPin1-FL protein the fluorescence signal increased signifi-
cantly (~1300 int.), suggesting fast and specific protein binding. Thereafter, however,
the signal increased linearly without further addition of protein. The increase in flu-
orescence indicates further unknown molecular restrictions. This phenomenon was
observed for all binding specific fluorophores. Furthermore, a shift of the emission
maximum to 472nm was induced over time (figure 24, B). In summary, the steadily
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increasing fluorescence signal interfered with the expected fluorescence signal and
made it impossible to fit and analyze the experimental data. Therefore, the fluorophores
are not suitable for the quantitative analysis of the hPin1-FL protein.

5.6 Structural analysis of fluorophore F10

The structure of small chemical molecules are often solved with crystallography, in-
cluding the disulfonate derivative DSA by the group of J.Voskuhl [97]. The crystal
structure of DSA revealed a stretched linear structure with twisted aromatic rings [97].
Adding short unstructured peptide sequences to the AlE-core molecules (A1 and A2,
figure 11), a similar ring structure with flexible and unstructured peptides at both ends
was expected for the new peptide-conjugated fluorophores. In this work, however,
the chemical characterization by 2D NMR spectra of this new fluorophores showed a
high number of cross-peaks in the 2D-NOESY spectrum, indicated the presence of
a defined structure, rather than a flexible random-coil behavior of the peptide arms.
Based on this, the structure of the asymmetric F10 should be calculated by NMR spec-
troscopy. The NMR solution structure will show the structural arrangement of the con-
jugated peptide relative to the AlE-core and will help to understand the AIEE properties
of the fluorophore on a structural level.

5.6.1 Parametrization and peak assignment of the AIE-core ring system

The structure calculation was carried out using the program CYANA. CYANA uses li-
brary files to describe the configuration and geometry of amino acids and dihedral
angles. For the calculation of fluorophore F10, library files for the AlE-core, the ami-
dated C-terminus and the phosphorylated threonine had to be created. While the
phosphoryl group and amide group were just small additions to the file, the AIE-core
molecule had to be parametrized completely from scratch. It was defined as a side
chain addition to the homoalanine, which is a nonstandard amino acid and had to be
parametrized as well. The newly created library files are shown in the electronic ap-
pendix (CD/Appendix/library_files) and atom numbering of the AlE-core ring system is
shown in figure 25 A. Hydrogens were numbered in accordance with covalently bound
carbon atoms.
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Figure 25: Numbering and assignment of the AIE-core ring system. (A) Chemi-
cal structure and heavy atom numbering of the parametrized AlE-core. H-atoms were
numbered according to the numbering of their covalently bound C-atom. (B) Superpo-
sition of the COSY (blue) and NOESY spectra (red) from the H,,,-Hao region. Hydro-
gens of the three different rings could be distinguished. (C) The expansion shows the
signals from the H,,,-Hg; region of the NOESY spectrum of F10. With the cross-peaks
from Hs, Ho4, Hos and triethylamine (TMA), the phenylene rings could be assigned.

For the assignment of all cross-peaks of the fluorophore F10 all 2D-spectra (2D-COSY,
2D-TOCSY and 2D-NOESY) had to be used. In the following part only the assignment
of the aromatic hydrogens (H_,,) with the help of the 2D-NOESY and 2D-COSY spectra
are described. The 'H,"H-COSY spectrum provides information about spins connected
within three bonds. Based on the resulting COSY peak pattern, the two hydrogens
of the middle aromatic ring (Hy; and Hy4) could be distinguished from those of the
outer rings. Atoms Hy; and H;4 are single hydrogens with no additional spin system
directly connected and therefore should display a single diagonal peak with no cross-
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peaks in a COSY spectrum. This pattern for a H,,, was only found for the peaks at
7.25ppm and 7.28 ppm (figure 25 B). With additional NOESY cross-peaks to the outer
phenylene rings and their intensity differences, the peaks could be assigned to Hi4
(7.25ppm) and Hq4 (7.28 ppm). The NOESY spectrum provides information of spins
through space and within a distance of 6 A. As a result, the NOESY spectrum contains
distance information between protons, which are represented by the peak intensities.
Short distances around 1.8-3 A display more intense cross-peaks than longer distances
of 3-6 A.

The outer phenylene groups are connected to the central ring via a thioether and con-
sist of an additional ether bond in the para-position. These bonds form rotational axes,
which are mainly responsible for the AIEE properties of this molecule. Here, the ro-
tations around these axes were also the reason for chemically equivalent Hs which
appeared as a single signal in NMR spectra. The chemically equivalent hydrogen pairs
were Hs/Hg, Hg/Hg, H19/H23 and Hog/Ha2o, which were defined and used as pseudoatoms
(Q) for the CYANA calculation. The COSY spectrum showed eight peaks in the aro-
matic area of 6.7-7.7 ppm. With the help of an additional NOESY spectrum the peaks
could be assigned.

The four diagonal peaks at 7.06 ppm, 7.07 ppm, 7.43 ppm and 7.45 ppm were assigned
to the Hs of the outer phenylene rings. With the help of the NOESY cross-peaks at
5.18 ppm (H3), 4.52ppm (Hz4), 3.84 ppm (Hzs) and 3.25ppm (TMA) the peaks could
be assigned (figure 25,C) to the left and right outer phenylene ring. While the shifts at
7.06 ppm and 7.43 ppm displayed a more intense peak to Hz and lower intensities to
H.4, Hos and TMA, the shifts at 7.07 ppm and 7.45 ppm showed opposite intensities.
With these cross-peaks and the primary structure (figure 25,A) the peaks were as-
signed as follows: Hs/Hg (Q4): 7.06 ppm, He/Hg (Qs): 7.43 ppm, Hig/Ho3 (Qg): 7.45 ppm
and Hzo/H22 (Q7) :7.07 ppm.

5.6.2 Assignment of amino acids

Assignment of amino acids in NMR spectroscopy is a standard method and can be
done for small peptides based on the peak pattern of the superimposed COSY and
TOCSY spectrum if all amino acids are unique (figure 26). In contrast to the COSY
spectrum with cross-peaks showing couplings over up to three bonds, the TOCSY
spectrum provides couplings of each H atom with all other Hs within the complete spin
system (amino acid). Here all Hs show cross-peaks to each other and therefore can
be grouped and assigned to a matching amino acid.

The conjugated peptide contained four amino acids, of which only the Ala and pThr
were visible in the amide area of the spectra (= 6.5-9.5 ppm). The homoalanine forms
the N-terminal end and therefore contains a free amino group (NH3;), which quickly ex-
changes protons with water and therefore no signal can be detected. The other amino
acid not observable in the amide region was proline, which does not contain an amide
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proton due to its ring closure. Another unique feature of peptidyl prolyl bonds is their
cis/trans distribution. Due to the high percentage of cis conformation, the neighboring
amino acids appeared as both, cis and trans conformers. They were distinguished by
intensity differences and only trans peaks were used for structure calculation.

The TOCSY spectrum contains shift information of a complete spin system (amino
acid) and could be used to assign the pThr and Ala. In comparison to Ala, pThr
contains an additional CH group and could thus be distinguished from pThr. The fi-
nal assignment for amide protons was pThr(trans): 8.98 ppm, pThr(cis): 8.71 ppm,
Ala(trans): 8.39 ppm and Ala(cis): 8.59 ppm.
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Figure 26: Assignment of cis and trans amino acids. Superposition of COSY (blue)

and TOCSY (green) spectra. The expansion shows the amide region with the cis and
trans peaks of pThr and Ala.

A list of all assignments can be found in the electronic appendix (CD/Assignment_F10).

5.6.3 NMR structure of fluorophore F10

The structure of fluorophore F10 was calculated only with proton distance informa-
tion. All chemical shifts could be assigned and in total 195 manually assigned NOESY
peaks were included in the calculation. Due to the small molecule size, a total of 100
structures were calculated and sorted by their target function value (equation3). The
values of the best 30 target functions were summarized and averaged to a final target
function value of 0.65 +0.11 A2 with an average backbone RMSD of 0.39 + 0.07 A.

The structure was calculated using the AlE-core as side chain addition of homoalanine.
The stick representation shows the fluorophore from the side (left) and rotated from
the top (right) (figure 27). The phenylene rings are folded to the same side and form a
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cage-like core structure that forms hydrophobic interactions with the proline above it.
The peptide is helically twisted over the directly linked outer phenylene ring and at the
same time the TMA group is directed downwards in the opposite direction (figure 27).
The view from top side of the molecule clearly shows the proline interaction with the
left phenylene ring. The phosphoryl group, part of the binding motif, is directed to the
top, where it is freely accessible and can be recognized by the hPin1-WW domain.

Figure 27: Structure of the isolated fluorophore F10. (A) Chemical structure of the
fluorophore F10. (B) The structure of F10 is shown from the side (left) and rotated
vertically (right). TAR: Triazole ring, TMA: Trimethylamine.

Superposition of the 30 best structures showed a relatively rigid structure with rota-
tions of the outer phenylene rings around the ether-thioether axes and movement of
the triazole ring. Figure 28 B displays the two conformational states with the largest
differences in rotation and movement. Considering the ring symmetry, the 90° angle
between the two structures displays that the outer phenylene rings can rotate freely.
As a result, the triazole ring moves up to avoid steric hindrance which also changes

83



5 Results

the position of proline slightly. While the outer phenylene rings are flexible in rotation,
the middle ring is shown to be rigid and does not rotate.

Figure 28: Rotations of the AlE-core in the F10 structure. (A) The best 30 struc-
tures from NMR structure calculation shown in stick representation. (B) Two different
states from the NMR structure calculation with CYANA. Marked (red arrows) are the
two regions which varied the most. The outer phenylene rings were shown to be rotat-
able, which also moved the triazole ring. TMA: Trimethylamine, TAR: Triazole ring.

5.7 Analysis of the complex structure of hPin1-WW with
fluorophore F10

After solving the structure of the isolated fluorophore F10, which revealed a cage-like
AlE-core, an additional structure of F10 in complex with the hPin1-WW domain was
calculated. In addition to the fluorescence data, the binding can be seen on a structural
level and provided insight into the binding interface and rigidity of the bound AlE-core,
completing the study of specific protein binding. For this the hPin1-WW domain was
expressed and purified doubly labelled (°N and '3C), while the binding partner F10
was synthesized without isotopic labeling. Isotope labeling of one binding partner al-
lows observation of the individual partners in binary complexes and thus discriminates
between intra- and intermolecular contacts with the help of filter-edited and double-
filtered NOESY spectra. The complex of the hPin1-WW domain and F10 was mixed in
an equimolar ratio and acquisition parameters were summarized in table A1.
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5.7.1 Assignment of intermolecular and intramolecular contacts

Intermolecular contacts between F10 and the hPin1-WW domain were detected by
aromatic and aliphatic F1('3C-filtered)-F2('3C-edited) 3D-NOESY spectra. With the
isotope labeling of the hPin1-WW domain, protons were selected or filtered based on
the coupled atom. Isotope filtering in the first dimension suppressed protons directly
bound to an NMR active heteronucleus (*C-'H) and protons bound to inactive nuclei
(2C-"H) were detected. In contrast, isotope editing in the second dimension selected
protons directly bound to an NMR active nucleus [24]. Combining isotope filtering and
editing resulted in cross-peaks of fluorophore F10 and the hPin1-WW domain (2C-'H
to "*C-"H). The chemical shifts list was imported from an hPin1-WW domain apo struc-
ture (BMRB: 19528) and adjusted to the secondary and tertiary dimension F2 and F3
("H and '3C) of the complex structure using the unfiltered "*C-NOESY spectra. The
'H dimension, recorded for the fluorophore F10, and shifts were assigned manually
with the help of the intramolecular fluorophore cross-peaks obtained from 2D-double
filtered NOESY and TOCSY spectra.

Chemical shifts for F10 and distance information of the intramolecular fluorophore con-
tacts were gained by a F1('3C-filtered)-F2('3C-filtered) NOESY (2D-x2NOESY) spec-
trum. For the assignment of fluorophore protons a F1('3C-filtered)-F2('3C-filtered)
TOCSY (2D-x2TOCSY) spectrum was also used. The double filtered spectra sup-
pressed protons bound to NMR-active heteronuclei ("3C-H or N-H) in both dimen-
sions and resulted in 2D spectra with protons bound to inactive NMR nuclei ('2C-'H
to '2C-"H). The superimposed x2NOESY and x2TOCSY in figure 29 show similar peak
patterns for the bound fluorophore compared to the isolated fluorophore. The right ex-
pansion displays the typical TOCSY pattern for proline, which is shifted upfield by 0.6-
1.6 ppm compared to the isolated fluorophore. Due to the peak pattern the chemical
shifts were assigned in a similar order as for the isolated fluorophore. The lower expan-
sion shows the aromatic area at 6.6-7.8 ppm with cross-peaks between the AlE-core
and Hs, Hz4, Hos and TMA. Also, here the pattern is similar to the isolated fluorophore
and ring protons could be distinguished and assigned manually.

The third set of spectra used, showing both intra-protein and protein-fluorophore NOEs,
were the aromatic and aliphatic unfiltered '*C 3D-NOESY, which were picked and as-
signed automatically by the program UNIO.

85



5 Results

0.50

+0.75

+1.00

£1.25

"H [ppm]

+1.50

+1.75

r2.00

r2.25

r2.50

r2.75

________ [3.00
t m o 2.75 2.50 2.25 2.00 1.75 1.50 1.25 1.25 1.00

T
s Q. _w® N o

oy Tz iz s 5
i eIl £ S .
I T T

I 1] 6.0

6.5

F7.0

F7.5

7.8' 7I.6' o '7.4' o '7I.2' o '7.0' o '618' o '6.6

Figure 29: Superposition of the 2D-x2NOESY (red) and 2D-x2TOCSY (green)
spectra. The superimposed total spectra are shown at the top left. The right ex-
pansion shows the assignment for the proline protons highlighted in the 2D-x2TOCSY.
The lower expansion shows the assignment for the aromatic AlE-core highlighted in
the 2D-x2NOESY spectra.

5.7.2 Calculation of the NMR complex structure of hPin1-WW and F10

The complex structure of the hPin1-WW domain and the fluorophore F10 was calcu-
lated in cooperation with Dr. Torsten Herrman using the UNIO program. To obtain the
WW-domain core structure, known hydrogen bonds for the three antiparallel g-sheets
were added from the apo structure (PDB: 2M8l). For the final calculation, intermolec-
ular distance information (35) and intramolecular distances information of the ligand
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(22) were given as upper distance limits (.upl). The intramolecular distance information
of the protein, however, were given as aromatic and aliphatic '*C 3D-NOESY spectra
and were automatically assigned by UNIO (ATNOS/CANDID NOE cross-peak assign-
ment [100, 101]). After 7 cycles of calculation, a total number of 377 upper distance
restraints and 10 lower distance restraints were used in combination with 80 dihedral
restraints for the final structure. In each cycle 40 structures were calculated. For each
structure, the CYANA target function (equation 3) was calculated and the structures
sorted in ascending order. The top 20 structures with the lowest target function were
selected and output as final ensemble (figure 30). The final ensemble shows an aver-
age target function of 2.70 + 0.29 A2 and an average backbone RMSD of 0.52 + 0.10 A.
The statistics for the 20 best structures are summarized in table 20.

Table 20: Statistics of the NMR complex structure calculated by UNIO

Parameter

All upper distance restraints 377
intraresidual (|i-j| =0) 86 (22.81%)
sequential ([i-j| =1) 57 (15.12%)
medium range (1<[i-j|<4) 33 (8.75%)

long range (|i-j|=5)

201 (53.32%)

-intermolecular 35 (9.28%)
Torsion angle restrictions
y-angles 40
¢p-angles 40
Ramachandran statistics
favorable 78.64%
additional 19.24%
generously 1.82%
disallowed 0.3%
Average target function value 2.70 + 0.29 A2

(1.99 - 3.14 A?)
Root mean square deviation (RMSD)
Average backbone RMSD (residues 6-54) 0.52 + 0.10A
Average heavy atom RMSD (residues 6-54) 1.01 + 0.10A

The structures display the typical three antiparallel g-sheets of the hPin1-WW domain
and the fluorophore is stretched over the top of the g-sheet (figure 30). The pThr-Pro
binding motif is recognized as expected by the amino acids S'¢, R'”, Y23 and W34,
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Figure 30: NMR solution structure of hPin1 in complex with fluorophore F10. (A)
The best 20 structures with the lowest target function are shown as cartoon (WW-
domain) and sticks representation (fluorophore). (B) The best single structure (target
function: 1.99 A2) with labeled termini. TMA: Trimethylamine, TAR: Triazole ring.

The fluorophore shows the aromatic rings forming a C-shaped cage-like AlE-core, as
it was shown for the isolated fluorophore (figure 27). The TMA and conjugated peptide
are directed straight towards the binding site without the helical twist observed in the
free fluorophore. The AIE-core shows different motions for the three aromatic rings
(figure 30). While the left ring (TMA side) shows no rotation or movement, the other two
rings do. The middle ring displays two different states rotated by 180 ° and visualized
by the switching nitrile group. The right ring (peptide side) however, shows multiple
rotational states around the ether-thioether axis. The largest movements, however, are
shown by the triazole ring. Influenced by the outer ring rotation and resulting steric
hindrance, the triazole ring rotates and moves up.

In figure 31 A the coordination of the proline is shown. Here the proline is sand-
wiched between the amino acids Y22 and W34, forming =-r interactions. The phos-
phoryl group of the neighboring threonine points towards the loop between 1 and 2,
which contains the amino acids S'® and R'’ that were described to bind the phospho-
ryl group [233]. In this structure, both amino acids were calculated with flexible side
chains, due to missing signals.

A detailed view of the AlE-core of the fluorophore reveals another possible face-to-
edge mt-7t interaction between two aromatic rings of the fluorophore and the hPin1-WW
domain (figure 31 B). The sphere representation displays the side chain of F?° being
oriented orthogonal to the middle ring and the outer phenylene ring of the fluorophore,
forming a face-to-edge n-7t interaction and stabilizing the fluorophore binding.
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Figure 31: Contacts between the fluorophore F10 and hPin1-WW domain. (A)
Shown in cartoon representation is the WW-domain with the bound fluorophore in stick
representation and the interacting amino acids Y23 and W3* also as sticks. Additionally
labeled are both termini. (B) Close up of the stacking of the phenylene rings with the
amino acid F?°. The fluorophore and the amino acid F?° are represented as spheres.
(C) Interaction of the side chain of amino acid R'* with the fluorophore F10. The
guanidine group of R'* contacts either all three rings (left) or the fluorophore at a single
outer ring (right) by cation-mt interaction.

In addition to the ring stabilizing face-to-face n-n interactions by F25, the protein is
contacting the aromatic AIE-core by cation-m interaction with amino acid R™. With
rotation of the left outer ring (peptide side) the side chain of R'* switches between the
two conformation states shown in figure 31, C.

In summary, the AlE-core with the aromatic ring structure did not interfere with the
binding site of the hPin1-WW domain and the peptide arm of the fluorophore was rec-
ognized by the protein. With the stretched fluorophore conformation, bound on top
of the B-sheet, the fluorophore F10 displays multiple contacts to the protein. The con-
tacts to the aromatic rings will help to understand and explain the molecular restrictions
caused by protein binding.
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6 Discussion

Since the first mention of aggregation-induced emission (AIE) by the group of B. Z.
Tang in 2001, the phenomenon of AIE has become increasingly popular. Multiple
molecules featuring the AIE effect (AIEgens) were synthesized for the specific recogni-
tion of a wide range of targets including small biomolecules, macromolecules such as
proteins and even complete cells.

The focus of this work was the design, synthesis and characterization of new protein
specific AlIEgens to build up a model system for the specific recognition of the hPin1-
WW domain and the quantitative analysis of the binding on the basis of new aromatic
thioterephthalonitrile (TPN) fluorophores.

6.1 Synthesis of peptide-coupled TPN derivatives

The peptides in this work were successfully synthesized by the fast and efficient solid
phase peptide synthesis (SPPS) using Fmoc chemistry [16, 64, 184]. The use of an
automated SPPS made it possible to synthesize multiple peptide sequences automat-
ically and simultaneously in a short time without the need for manual purification be-
tween coupling steps. High yields of 93-98% were achieved for short peptides up to six
amino acids. However, peptides with a longer linker sequence of alternating alanines
and glycines exhibited lower coupling efficiency for glycine and consequently reduced
yields. Double coupling of each amino acid finally resulted in yields of 88% (P4) or
87% (P5), respectively.

With the exchange of proline to the larger phenylalanine, the yield of peptide P9 de-
creased to 35%. However, no by-products were identified to account for the loss and
also first purification step by ether precipitation did not cause a significant loss of pep-
tide P9, so no reason for the low yields could be identified. Nevertheless, the amount
of P9 was sufficient for further synthesis, so no adjustments were made.

The following and final synthesis step for protein specific AIEgens by CuAAC is a well
described mechanism to couple molecules by the reaction of alkines and azides [149].
The reaction works with multiple copper catalysts and in a wide range of solvents,
yielding high amounts of product without the need a complicated and time-consuming
purification. The most commonly used protocols include CuSQ, in an aqueous solution
and a similar condition was used in this work [201]. The azide-bearing peptides were
perfectly soluble in water, but the hydrophobic alkine-bearing AIE-core was insoluble
in H,O and barely soluble in organic solvents such as THF and DMF. The final mix
of H,O and THF was a necessary compromise to get sufficient yields of fluorophores
for the following fluorescence and NMR experiments. Starting the click reaction with
concentrations of 2mg/ml, the alkine-bearing AlE-core compounds A1 and A2 were
poorly dissolved, resulting in low yields of 5-10%. By the simple dilution of reactants,
the yields were increased to 50% and could possibly be improved further if needed
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by even lower concentrations, optimized solvents and catalysts and higher reaction
temperature of 40-70°C [200, 201].

6.2 The new hPin1-WW specific fluorophores form a well-defined
structure with enhanced solubility and good AIEE properties

In total, five of the six hPin1-WW specific fluorophores (F1-F4 and F10) exhibited high
solubility and enhanced salt tolerance in an aqueous solution up to the tested concen-
tration of 20 mM and potentially even higher. The NMR solution structure of fluorophore
F10 showed that the peptide covered the hydrophobic AlE-core by ring stacking inter-
actions of proline and the aromatic rings (see section 5.6.3, figure 27). As the proline
interacts with the aromatic AlE-core, the phosphoryl group is directed outwards where
it can interact with the solvent and adds the required hydrophilicity. These were tremen-
dous improvements in solubility and salt tolerance over thioterephthalonitrile (TPN)
derivatives such as the disulfonate (DSA) from the group of J. Voskuhl [97].

In contrast to the elongated conformation of the crystal structure of DSA, the peptide-
conjugated fluorophore is presented as a partially helically twisted solution structure.
As the aromatic substituents of the central ring rotate to face the same side, forming
a C-shaped binding groove, the proline interacts with the aromatic rings from above.
Proline motifs and proline-rich regions such as the pThr-Pro motif are known to be
recognized and bound in aromatic grooves of proteins [308]. Specific proline recogni-
tion domains are WW domains [248,250], SRC homology 3 (SH3) domains [202] and
Ena/Vasp homology 1 (EVH1) domains [179], which were found as interacting modules
for signaling proteins [143]. Induced by the intramolecular contacts the fluorophore
forms such a binding groove and binds its own peptide on top of the AlE-core. The
fluorophores exhibit only low autofluorescence at working concentration and therefore
exhibit good AIEE properties for protein recognition.

The only insoluble hPin1 specific TPN derivative was fluorophore F5 and it contained
the largest non-polar peptide linker. Therefore, the maximum peptide length for TPN
derivatives containing non-polar amino acids was considered to be four or five amino
acids. When longer linker sequences are present the peptides potentially form a loop
or hydrophobic patch that promotes hydrophobic interactions of adjacent fluorophores
resulting in insoluble aggregates. However, the maximum peptide length could possibly
be prolonged with polar amino acids such as asparagine, glutamine etc., which should
be able to interrupt possible hydrophobic stretches and increase the solubility of larger
fluorophores.

Control fluorophores containing peptides lacking the pThr-Pro binding motif were ei-
ther insoluble (FO, F6 and F9) or had poor autofluorescence properties, making them
unusable.
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How does the structure of the symmetric fluorophore F1 look?

The molecular structure of fluorophore F10 was the first ever solved structure of an
AlEgen solved by NMR spectroscopy. However, the calculations for fluorophore F1
were not possible due to the high symmetry of the molecule, which causes ambiguity
for almost all NOE restraints.

A detailed analysis of the 2D-NOESY spectra of the fluorophores F1 and F10 revealed
a similar peak pattern, suggesting a similar core structure (figure 32 A, B). In contrast
to fluorophore F10, the fluorophore F1 contains two identical hPin1-WW specific pep-
tides, which led to a highly symmetric molecule with chemically equivalent hydrogens
for both the peptides and the aromatic AIE-core. In fact, the signals of all equivalent
hydrogens overlapped perfectly and added up to a single peak with double intensity,
which caused problems during structure calculation. Even with locked and manually
double picked and assigned cross peaks the CYANA program was not capable of cal-
culating a structure. Therefore a model for fluorophore F1, based on the structure of
F10, was manually build with the program Pymol (figure 32 C).

Using the calculated structure of the isolated fluorophore F10 as a starting model, the
functional TMA group was replaced by a second identical peptide fused to a triazole
ring. Using the center of the middle ring as mirror point, the peptide was built below
the aromatic ring system. Building the fluorophore as a point symmetric molecule,
the second peptide exhibited the opposite conformation (R-conformation) of the first
peptide. However, the model is just a proposal based on the NMR peak pattern and is
intended to give only a visual overview of a possible symmetric fluorophore structure
and help to understand fluorescence properties.

In contrast to fluorophore F10, the aromatic hydrogen signals of the left and right
phenylene ring were no longer distinguishable. Assuming a similar C-shaped core,
the peptide arms would be in close proximity, not forming a symmetric molecule and in
addition causing steric hindrance. As a result, the aromatic rings probably no longer
form a C-shaped AlE-core, but an S-shaped AlE-core. From the fluorescence and
NMR titration experiments it was shown that the fluorophores F1-F4 can bind one WW
domain on each of the two peptide arms and with the S-shaped ring conformation the
AlE-core would act as the needed spacer between the two hPin1-WW domains.
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Figure 32: Model of the fluorophore F1. (A) Peak pattern of the 2D-NOESY spec-
trum from fluorophore F10. (B) Peak pattern of the 2D-NOESY spectrum from fluo-
rophore F1 reveals a similar pattern of cross-peaks. (C) Model of the molecular struc-
ture from fluorophore F1, built with Pymol.

93



6 Discussion

6.3 The newly designed AlEgens bind specifically to the
hPin1-WW domain

The main goal of this work was the design and synthesis of protein specific AIEgens
based on thioterephthalonitriles and the implementation of a fluorescence assay with
direct read-out to detect and analyze binding to the hPin1-WW domain. The specific
recognition of the peptide arm of the fluorophores was successfully demonstrated with
an NMR titration experiment.

In NMR titration experiments the chemical shift perturbations of the hPin1-WW domain
upon fluorophore binding were similar for all tested fluorophores (F1-F4 and F10) and
analysis of the resulting binding curves resulted in binding constants in a low uM range,
which were comparable to published peptides and peptide-covered nanoparticles [224,
269]. Small differences were only found in the maximum shift perturbation of selected
amino acids in the first loop (K and R'™) and the middle strand of the p-sheet (V22
and Y?23), indicating no major differences in ligand binding, but potentially additional
contacts to the WW domain (discussed in section 6.4 and shown in figure 33, 34 C).

In addition to the NMR titrations, the fluorescence titration experiments also displayed
specific binding curves for all fluorophores. However, after reaching saturation the
fluorescence intensity increased again at higher protein concentrations, indicating fur-
ther unidentified molecular restriction of the fluorophores. Along with a hypsochromic
shift of the emission maximum (section 5.4.2, figure 19), the additional increase of flu-
orescence intensity could result from additional unspecific protein-protein or protein-
fluorophore contacts. As seen for the fluorescence of tryptophan, the emission wave-
length can be sensitive to changes in the close environment. [188,270]. For the TPN
derivatives, undefined and unknown contacts such as hydrophobic interactions and
higher aggregation are possible explanations for the phenomenon of shifting maximum
and additional fluorescence increase.

In comparison to the NMR spectroscopy, the fluorescence titration experiments can be
performed at lower concentrations, making the Kp calculation more precise. With the
relatively high concentration in NMR experiments needed for sufficient signal intensity,
the fluorophore concentration is significantly higher than the binding constant of the
hPin1-WW domain. Moreover, in fluorescence titration experiments twice the number
of data points were recorded, making the binding curves and Kp calculations more
accurate.

Overall, all designed fluorophores bound via the coupled peptides to the hPin1-WW do-
main as intended, resulting in good low uM Kp values and proving the assumed binding
models of 2 proteins binding a single fluorophore molecule carrying two peptides (2:1
for F1-F4) and a single protein binding the fluorophore F10 with a single peptide.
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6.3.1 A short peptide exhibits better binding properties

As described in the previous part, the increase of linker length did not affect the
protein binding or maximum fluorescence intensity at low fluorophore concentrations
(<25 uM). However, it affected the binding stoichiometry at higher fluorophore con-
centrations (> 100 uM). At the same fluorophore concentrations, the autofluorescence
intensity also increased drastically with linker length, indicating a possible correlation.
At low concentrations, the fluorophore molecules are assumed to be perfectly dis-
solved and to form just few intermolecular contacts. At higher concentrations how-
ever, the fluorophore interacts with other adjacent fluorophore molecules and possibly
forms water-soluble aggregates. The soluble aggregates are only visible at concen-
trations above 600 uM and in combination with UV-light (17 B). Here the fluorescence
was concentrated at the bottom of the cuvettes, showing a heterogeneous distribution
of fluorophore molecules. The interacting fluorophore molecules and possible soluble
aggregates are blocking protein binding sites and therefore influencing the established
2:1 binding model.

Interestingly, the effect of changing stoichiometry was not observed in NMR titrations,
where the fluorophore concentration was even higher, up to 1 mM. However, in flu-
orescence titration experiments the protein is titrated to a defined fluorophore con-
centration (10-200 uM) and in NMR titrations the fluorophore is titrated to the pro-
tein (400 uM). Since the fluorophore is at an equilibrium between fully dissolved and
soluble-aggregated molecules, the excess of the hPin1-WW domain removes the fully
dissolved fluorophores from equilibrium, thus shifting the equilibrium toward the fully
dissolved fluorophores. As a result, the fluorophore molecules can bind the protein
with the expected stoichiometry.

In summary, the TPN fluorophore in combination with a relatively short peptide such
as the peptide P1 showed the best results for protein binding, resulting in a soluble flu-
orophore with low autofluorescence, a large working concentration range up to 50 uM
and a significant increase of fluorescence upon protein binding.

6.3.2 The asymmetric and single peptide-conjugated fluorophore F10 is less
emissive upon protein binding

In the next step the influence of a single protein binding event on the fluorophore was
investigated with the asymmetric fluorophore F10. However, the induced fluorescence
signal was significantly lower than for the symmetric fluorophores F1-F4 and could
barely be used for the quantitative analysis of protein binding. F10 displayed similar
binding properties to F1-F4 and could be used in a similar concentration range, but
only with a total fluorescence increase of ~ 50% compared to the other fluorophores.

Assuming an elongated fluorophore molecule the hPin1-WW domain was expected to
restrict just a single rotational thioether bond, with the other bond reaching out and
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being completely unrestricted. However, the complex structure demonstrated a com-
pletely different C-shaped fluorophore conformation and two restricted rotary bonds
(discussed in the next section). Therefore, it is expected that the fluorophore is almost
completely restricted upon protein binding. As discovered later, the general quantum
yield for the TMA-conjugated AlEgen A2 was lower compared to A1 (figure 11, oral
communication from J. Voskuhl), making F10 not comparable to F1-F4.

However, a detailed look into the binding curves of the symmetric fluorophores F1-
F4 showed a linear initial increase of fluorescence, indicating a consistent restriction
without differences between the first and second protein bound to the fluorophore.
Therefore, the fluorescence signal was assumed to be induced equally for every protein
bound to a fluorophore molecule. As a result, a similar quantum yield for F10 should
result in a fluorescence signal with 50% intensity compared to the tested fluorophores
F1-F4.

6.4 The fluorophore F10 binds on top of the hPin1-WW domain

In this work the structure of the hPin1-WW domain in complex with an AlEgen was
solved, which represents the first structure of an AIEgen in complex with its target pro-
tein. In recent years multiple structures of the hPin1-WW domain as apo structure and
in complex with target peptides were solved and characterized by both crystallography
and NMR spectroscopy [167,249,287], and allow a comparison of the ligand binding
mode.

The peptide arm interacted as expected with the amino acids S'¢, R, Y22 and W34 and
the asymmetric TPN-based fluorophore F10 binds on top of the hPin1-WW domain.
Small peptide sequences of known biological target proteins are all bound in a similar
area as the F10 peptide, but the AlE-core of F10 contributes additional interactions
(figure 33). The tau peptide (figure 33 C) and the CDC25 peptide (figure 33, D) barely
contact the hPin1-WW domain except for the binding area around amino acids R'” and
W34 and are therefore quite flexible [287]. In contrast, fluorophore F10 is bound more
rigidly (figure 33 A), and similar to the Smad3 peptide (figure 33 B) [8], with additional
contacts to the side chains of amino acids R'* and F?°.
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Figure 33: Comparison of hPin1-WW complex structures and ligand binding.
NMR solution structure of the hPin1-WW domain in complex with the (A) fluo-
rophore F10, (B) Smad3 peptide (IPEpTPPPG, PDB: 2LB3) [8], (C) tau peptide
(KVSVVRpTPPKSPS, PDB:1I8H) [287] and (D) CDC25 peptide (EQPLpTPVTDL,
PDB: 118G) [287]. The AIE coupled peptide with the pThr-Pro binding motif is recog-
nized by the hPin1 WW domain and the AIE core is bound from above with additional
contacts to the WW domain.

A detailed analysis of the contacts between fluorophore F10 and the hPin1-WW do-
main (figure 34) revealed both minor and major conformational changes of amino acid
side chains compared to the hPin1-WW apo structure (PDB: 2M8l). Residues Y2 and
W34 form the typical XXX-Pro binding groove of WW domains, which is often flanked by
loops giving the WW domain its specificity for defined proline motifs [308]. Residue Y23
is in the same conformation in all but a single structure [287]. With small adjustments
of around 1 A the tyrosine adapts to the proline of the ligand forming a ring stacking
interaction. The side chain of amino acid W3* was oriented differently in all structures
and the side chain shifted up to 7.8 A compared to the apo structure of Luh et al. (fig-
ure 34 A) [167]. With the highly flexible W34 the protein can adapt to different substrate
sequences around the pT-P binding motif and avoid steric hindrance.
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Figure 34: Protein changes upon fluorophore binding. Comparison of the complex
structure and the hPin1-WW apo structure (PDB: 2M8I). The structures with the lowest
target function are aligned and shown as cartoon representations. The fluorophore F10
(green) and selected amino acids of hPin1-WW (complex: purple and 2M8I: orange)
are shown as sticks. (A) Binding of the proline by the side chains of amino acids Y23
and W34, (B) Binding of the aromatic AIE ring system by the phenyl ring of amino
acid F?°. (C) Different orientations of the amino acid R'* upon fluorophore (green
and yellow) binding. The guanidine group of R binds the fluorophore by cation-n
interactions with the aromatic ring system. (D) Flip of the amino acid M'® towards the
fluorophore F10. TAR: Triazole ring.

As expected, amino acids located in the unstructured loop regions such as W34 are
more flexible and changed more upon fluorophore binding than the side chain of e.g.
Y2 within the p-sheet. The side chain of residue R'’ is described as the additional
recognition residue for phosphorylated substrates [216]. The arginine residue is not
assigned in the NMR spectra, because its signal is absent in the '>N-HSQC. Therefore,
its position is not well defined in the structure.

In addition to the recognition site, consisting of residues S'¢, R'7, Y23 and W34, the flu-
orophore contacts the hPin1-WW domain with the aromatic ring system causing small
structural changes in the side chains of the protein at residues F2° and R (figure 34 B,
C). The phenylalanine F2° rotated down 2-3 A into the cleft formed by the middle ring
and the right (TMA side) phenylene ring of the AIE-core. Here F2° formed face-to-edge
7t-1t interactions with both rings and restricted molecular rotations of the AlE-core. A
similar stabilizing effect of F2> was only seen for the complex structure containing the
Smad3 peptide (IPEpTPPPG), in which the phenyl ring forms a face-to-edge ring stack-
ing interaction with the first proline of the peptide [8].

Due to similar binding on top of the WW domain, both the Smad3 peptide and fluo-
rophore F10 made contact with residue R'. For the Smad3 peptide, the guanidine
group of R of the hPin1-WW domain forms a salt bridge with the glutamic acid of
the Smad3 peptide. In contrast, the calculated complex structure in this work exhibited
two possible conformations for R'4, both forming a cation-r interface with the pheny-
lene rings of F10. In this work the structure with the lowest target function (1.99 A2)
displayed the arginine, similar to the structure with the Smad3 peptide, pointing to the
outside and contacting just the left outer phenylene ring (peptide side) of fluorophore
F10. Other conformational states exhibited the guanidine group in the middle of the
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phenylene rings, possibly forming equal interactions with all three aromatic rings (fig-
ure 34 C).

Unique for the new complex structure is the conformation of M'™ (figure 34 D). In all
known structures (apo and complex structures) the side chain is pointed downwards,
but here the amino acid exhibited a flipped conformation, pointing up to the triazole ring
of the fluorophore (figure 34 D). Methionine-aromatic interactions were first mentioned
by bioinformatics studies [189, 190] and were shown to stabilize protein folding [266].
With the upwards flip the side chain, sulfur is in close proximity to the triazole ring
and the left outer phenylene ring (peptide side) displaying the potential of a similar
interaction and an additional contact of the protein-fluorophore interface. This contact
is supported by several intermolecular NOEs between the M methyl group and the
aromatic protons and the connected methylene group of F10 (Q3, see figure 25).
Summing up the calculated complex structure, the fluorophore is bound on top of the
hPin1-WW domain covering almost the complete upper protein surface. The peptide
arm was recognized as expected with the aromatic ring system making additional con-
tacts to the g-sheet. The additional contacts explain the molecular restrictions of the
AlE-core that finally induce the AIEE effect and result in the fluorescence signal. With
the additional 7-t interactions of F2°, the right (TMA side) phenylene ring and middle
aromatic ring are bound in two different states, rotated by 180°. The missing inter-
mediate states indicates a strictly bound fluorophore without rotations during protein
binding. However, rotations can happen between the bound and unbound conforma-
tions, resulting in the chemically equal hydrogens in NMR spectroscopy. In contrast,
the left outer (peptide side) phenylene ring is bound to the protein in multiple confor-
mations, indicating a partly rotatable phenylene ring and resulting in less molecular
restriction of the aromatic AIE-core.

Overall, the TPN-based fluorophore cores (A1 and A2) were successfully modified with
hPin1 specific peptides, resulting in AlEgens with excellent solubility and good AIEE
properties upon protein binding. The specific recognition of the hPin1-WW domain
as a model system for protein binding was demonstrated by both NMR- and fluores-
cence titration experiments and proved the usability of TPN-based fluorophores for
specific protein recognition. At low fluorophore concentrations the fluorophores per-
fectly recognized the hPin1-WW domain and binding induced a significant increase in
fluorescence. In general, the symmetric fluorophore F1 with two peptide arms and no
additional linker sequence showed the best binding properties with good AIEE proper-
ties and a wide concentration range for the recognition of proteins. In addition to the
fluorescence data, the specific recognition of the F10-coupled peptide was shown on
a structural level and compared to other hPin1-WW complex structures. The NMR so-
lution structure is the first structure of an AIEgen in complex with its target protein and
showed the AIE-core bound on top hPin1-WW domain, making additional contacts.
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7 Outlook

New and unique thioterephthalonitrile AlEgens were successfully modified and tested
for specific recognition of the hPin1-WW domain, shown by a fluorescence assay with
direct read-out. With the proven applicability of the fluorophores for protein detection
and quantitative binding analysis, the TPN fluorophores can be adapted for further
target proteins and other macromolecules. By varying the new peptide-coupled TPN
fluorophores and coupling other peptide sequences or supramolecular ligands such as
the GCP motif [237] or molecular tweezers [18], the fluorophores can be used to detect
and characterize numerous proteins with known binding motifs.

Since the quantum yield of A2 was lower compared to A1 and the AIEE properties
of F10 were worse than those of F1, a two-arm fluorophore is preferred. However,
the group of J. Voskuhl increased the quantum yield of single-arm fluorophores by re-
placing the functional TMA group with another aromatic ring (not published, oral com-
munication from J. Voskuhl). With similar quantum yields the single-arm fluorophore
could offer steric advantages for the binding of larger proteins and proteins with deeper
binding sites.

In addition, the cellular uptake of TPN-based fluorophores could be optimized by adding
small peptide sequences containing cellular target sequences such as nuclear localiza-
tion signals (NLS) or mitochondria target signals (MTS). This would lead to improved
and regulated cellular uptake that would no longer depend on the substitution pat-
tern [221]. One group of classic NLS is the monopartite (MP) class [22], which consists
of small sequences of four to eight mainly basic amino acids. A typical MP NLS is the
sequence K(K/R)X(K/R) [203] with X being any amino acid or PKKKRKV [2]. The sig-
nal sequences could be used as a linker between the binding motif and the AlIE-core
or replace one peptide completely, making the fluorophore a dual targeting AlEgen.
Finally, during the process of structure calculation of the hPin1-WW domain in complex
with fluorophore F10, the UNIO program was updated by Dr. Torsten Herrmann. The
program can now be used for complex structures exhibiting non-natural amino acids,
e.g. proteins in complex with their small natural or non-natural inhibitors.
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8.1 NMR spectroscopy

8.1.1 Acquisition parameter of NMR spectra

Table A1: Acquisition parameter of NMR spectra. NS: number of scans, SW: spec-
tral width, TD: data acquisition size (size of fid), MT: mixing time.

Spectrum NS SW [ppm] TD
Pulse program F3 F2 F1 F3 F2 F1

"H-1D 256 16 32768
zgesgp

'H,"H-COSY 64 16 16 2048 512
cosygpprqgf

'H,"H-TOCSY 64 16 16 2048 512
dipsi2etgpsi19 (MT: 150 ms)

'H,'"H-NOESY 160 16 16 2048 512
dipsi2etgpsi19 (MT:200 ms)

'H,">N-HSQC 4 16 28 2048 256
hsqcetf3gpsi2

'H,'3C-Ali-NOESY 24 14 40 14 2048 64 128
c13noesy_ks 600MHz
(MT:100ms)

'H,'3C-Aro-NOESY 8 14 14 40 2048 200 90
aronsyhsqgc_ks (MT: 100 ms)

H,'3C filtered-edited 32 14 40 14 2048 64 128
Ali-NOESY

noesyhsqgcgpwgxi3d

(MT:100 ms)

H,'3C filtered-edited 32 14 35 14 2048 64 128
Aro-NOESY

noesyhsqcgpwgx13d

(MT:100ms)

'H,'H double 128 14 14 4016 512
filtered TOCSY
dipsigpphwgxf (MT: 150 ms)

'H,"H double 128 15 15 2048 512
filtered NOESY
dipsigpphwgxf (MT: 100 ms)
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8.1.2 'H-NMR spectra
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Figure A1: '"H-NMR spectra of fluorophore F0 (700 MHz, 10 % D,O/H,0).

-

9 8 7 6 5 4 3 2 ’ 0
ppm

Figure A2: "H-NMR spectra of fluorophore F1 (700 MHz, 10 % D,O/H,0).
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Figure A3: "H-NMR spectra of fluorophore F2 (700 MHz, 10% D,O/H,0).(*) Un-
known contamination.
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Figure A4: "H-NMR spectra of fluorophore F3 (700 MHz, 10 % D,O/H,0). (*) Un-
known contamination.
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Figure A5: "H-NMR spectra of fluorophore F4 (700 MHz, 10% D,O/H,0).(*) Un-
known contamination.
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Figure A6: '"H-NMR spectra of fluorophore F5 (700 MHz, DMSO).
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Figure A7: '"H-NMR spectra of fluorophore F6 (700 MHz, DMSO).
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Figure A8: 'H-NMR spectra of fluorophore F7 (700 MHz, 10 % D,O/H,0).
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Figure A9: "H-NMR spectra of fluorophore F8 (700 MHz, 10% D,O/H,0).(*) Un-
known contamination.
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Figure A10: "H-NMR spectra of fluorophore F9 (700 MHz, DMSO).
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Figure A11: "H-NMR spectra of fluorophore F10 (700 MHz, 10 % D,O/H,0).(*) Un-
known contamination.
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8.1.3 'H,">N-HSQC titration experiments
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Figure A12: 'H,"°N-HSQC titration spectra of hPin1-WW domain with fluorophore
F2. Shown are the 'H,"N-HSQC spectra from the hPin1-WW domain with increasing
concentration (0-500 uM) of fluorophore F2. In addition to the backbone amides, the
side chain amides of W' and W3* are labelled with an additional star (*).
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Figure A13: 'H,">N-HSQC titration spectra of hPin1-WW domain with fluorophore
F3. Shown are the 'H,"N-HSQC spectra from the hPin1-WW domain with increasing
concentration (0-500 uM) of fluorophore F3. In addition to the backbone amides, the
side chain amides of W' and W3* are labelled with an additional star (*).
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Figure A14: 'H,"”°N-HSQC titration spectra of hPin1-WW domain with fluorophore
F4. Shown are the 'H,"®N-HSQC spectra from the hPin1-WW domain with increasing
concentration (0-500 uM) of fluorophore F4. In addition to the backbone amides, the
side chain amides of W' and W34 are labelled with an additional star (*).
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Figure A15: 'H,"”°N-HSQC titration spectra of hPin1-WW domain with fluorophore
F10. Shown are the 'H,"®*N-HSQC spectra from the hPin1-WW domain with increasing
concentration (0-1000 uM) of fluorophore F10. In addition to the backbone amides, the
side chain amides of W'" and W3* are labelled with an additional star (*).
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8.2 Fluorescence titrations of fluorophores F2-4 with hPin1-WW
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Figure A16: Concentration dependency of fluorophore F2. Fluorescence titrations
with various concentrations of F2 (10-200 uM). Shown are non-linear fits with a fixed
stoichiometry factor n of 0.5 (black) and a variable factor (red).
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Figure A17: Concentration dependency of fluorophore F3. Fluorescence titrations
with various concentrations of F3 (10-200 uM). Shown are non-linear fits with a fixed
stoichiometry factor n of 0.5 (black) and a variable factor (red).

113



8 Appendix

weooseseee "
10 uM
3000+
E
® 2000+
o
c
[ o
o
(7]
§ 10004
= | n=0.5
PMT= 750 V
o rrrrrrrreeerrerTrTT T T
0 10 20 30 40 50
¢ (WW) [uM]
50 yM
E
Q
(3]
c
Q
(&
(7]
o
S n=1.09
3 10007 -0
' PMT= 600 V
0 l l l L l l l L l l l 1
0 100 200 300
¢ (WW) [uM]
150 uM
4000+
g
Q
o
c
Q
o
(7]
5 1.34
] n="1.
3 10007 N=05
PMT= 500 V
0 L l l l L l l l L l l l L l l l 1
0 100 200 300 400
¢ (WW) [uM]

S~ N,
SeARARt
S o "”"*NHz
25 yM
3000+
E
Q
o
c
Q
o
(7]
o
S
= n=0.5
PMT=650V
o -]
0 25 50 75 100
c (WW) [puM]
100 pM
5000
g 4000+
: i
O 3000+
o i
?
$ 2000-
) L n=0.93
£ 1000+ n=0.5
PMT= 550V
0 | | ol ol ol | | ol ol ol | | ol ol ol | |
0 100 200 300
¢ (WW) [uM]
200 uM
E
Q
(3]
c
Q
O
(7]
g
) L n=1.78
£ 5004 n=0.5
| PMT=450 V
0 ol ol ol | | ol ol ol | | ol ol ol | | ol ol ol | |
0 100 200 300 400
c (WW) [puM]

Figure A18: Concentration dependency of fluorophore F4. Fluorescence titrations
with various concentrations of F4 (10-200 uM). Shown are non-linear fits with a fixed
stoichiometry factor n of 0.5 (black) and a variable factor (red).
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8.3 Liquid chromatography-mass spectroscopy (LC-MS)
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Figure A19: LC-MS spectra of peptide PO.
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Figure A20: LC-MS spectra of peptide P1.
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Figure A21: LC-MS spectra of peptide P2.
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Figure A22: LC-MS spectra of peptide P3.
749.143
1496.698
375.180
1871.960
1 L n L
T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z (Da)
Figure A23: LC-MS spectra of peptide P4.
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Figure A24: LC-MS spectra of peptide P5.
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Figure A25: LC-MS spectra of peptide P6.
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Figure A26: LC-MS spectra of peptide P7.
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Figure A27: LC-MS spectra of peptide P8.
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Figure A28: LC-MS spectra of peptide P9.
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Figure A29: LC-MS spectra of fluorophore FO.
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Figure A30: LC-MS spectra of fluorophore F1.
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Figure A31: LC-MS spectra of fluorophore F2.
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Figure A32: LC-MS spectra of fluorophore F3.

975.744
4000000 -
3000000 -
2000000 -
1000000
650.943 1300.005 1950.265
04 1 i

T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z (Da)

Figure A33: LC-MS spectra of fluorophore F4.
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Figure A34: LC-MS spectra of fluorophore F5.
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Figure A35: LC-MS spectra of fluorophore F6.
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Figure A36: LC-MS spectra of fluorophore F7.

120



8 Appendix

599.515
3000000
2000000 -
1000000 - 1197.292
04 l L

T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

m/z (Da)

Figure A37: LC-MS spectra of fluorophore F8.
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Figure A38: LC-MS spectra of fluorophore F9.

496.804
1000000 -
800000 -
600000 -
400000 -
992.126

200000 4
1015.021 1510.265

04 I ll L

T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z (Da)

Figure A39: LC-MS spectra of fluorophore F10.
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