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Introduction 1

1 General Introduction

1.1 Proteomics

In 1990 a project was launched to map the human genome and eleven years later in 2001 the
first drafts of the human genome were published.[1, 2] This was a major milestone in science
in general and one of the greatest achievements in the life science to date. But all milestones
have in common that they are not the end of a mission but just the beginning of the next great
steps. Today there are complete gene sequences available for many viruses, prokaryotes and
eukaryotes and their number is still increasing. The mapping of the human genome enabled a
deeper understanding of our biology in general but also of diseases, evolution, and mutations
linked to cancer. With the blueprints, the genes, in hand the next level to investigate was the
proteins. They represent the direct functional molecules and the machinery in living
organisms. This was the birth of the field of proteomics, whose tasks are the identification and
quantification of all proteins in the proteome, and furthermore the expression, interaction,
localization, modification and function of these proteins in a cell. During the last two decades
many developments in sample preparation, instrumentation and data analysis have steadily
improved this discipline. Today proteomic analysis is dominated by a "bottom up" approach
called "shotgun proteomics".[3-6] This approach generates peptides through proteolytic
digestion that are separated by chromatography and analyzed by fragmentation and mass
spectrometry. The peptide sequence is identified by comparing spectra with in silico
generated spectra from a protein database and assigning these peptides to proteins. Common

search algorithms for this process are SEQUEST, MASCOT and Andromeda.[7-10]

Sample /Lr‘epli::le Spray

preparation/ Protein -, Peptide Sample needle Mass Mass spectrum  Data
@@ ® fractionation digestion ",_,» -, separation ionization i spectrometry = analysis
0% o e e e S Bl | 7

® = SDS-PAGE = Trypsin « HPLC * Elecirospray Peptide = Ouadrupole s = PepfideSearch .
Cell culture * 20-gel * Lys-C * lon exchange ionization i = Time of flight + Sequest 3 3
skt ekt glectrophoresis - Asp-N « MALDI = Quadrupole ion traps « Mascot —-
» Glu-C = FTICR

Figure 1. Typical proteomics workflow (reprinted by permission from Macmillan Publishers Ltd: Nature

reviews. Molecular cell biology [11], copyright 2004).

The advantage of shotgun proteomics over "top down" proteomics (proteomics of intact

proteins) lies in the superior fragmentation, ionization and separation of peptides compared to
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proteins. Although the proteins are measured indirectly, shotgun proteomics can be adopted
better to protein analysis and has become the workhorse of proteomics.

Recent advances in the human proteome identified 17,294 proteins of the 20,687 protein
coding genes using human tissue samples, and 18,097 proteins using available data from cell
lines, tissue samples and body fluids.[12-14] These advances not only benefit academic work
but also the pharmaceutical industry during the drug discovery/target discovery process or
clinical analytics. For clinical use, proteomics can be applied to identify biomarkers of certain
diseases for earlier diagnosis, better treatment or for monitoring treatment progress. This
makes proteomics an increasingly valuable tool for obtaining a deeper understanding of how

life works.

1.2 Activity-Based Protein Profiling

The fast evolving field of proteomics has accelerated progress in the life sciences. Global
protein analysis from complex proteomes has improved in terms of accuracy and measuring
time. But abundance alone is not enough to understand protein functions in a cell. Many
proteins are posttranslational activated and, though expressed in high abundance, can remain
inactivated. Proteases are a well-known example of this type of protein. To study proteins
based on their activity, organic chemistry is combined with biological methods in a technique
called activity-based protein profiling.

The idea of using small molecules as probes for visualization dates back to the 1960s where
radioactive labeled diisopropyl fluorophosphonate (a covalent serine hydrolase inhibitor) was
used for cytochemical staining.[15, 16] Using an inhibitor enables labeling of only the active
form of an enzyme, regardless of its abundance. In the 1990s this idea was further developed
by attaching fluorescent reporters or biotin to inhibitors, that could then be visualized via
western blot.[17-20] This eliminates the disadvantages of using radioactivity but alters the
structure of the inhibitor and therefore could change the activity towards the protein. This was
overcome by the introduction of an alkyne handle that can be modified bioorthogonally using
the Huisgen-Sharpless-Meldal cycloaddition (click chemistry) after protein labeling.[21]
Other bioorthogonal reactions such as the Staudinger ligation or tetrazine ligation have also
been applied to ABPP, expanding the methods available for protein labeling, and even
enabling multiple independent reactions in one sample.[22-24] The probe design is typically
composed of three structural elements: the warhead or reactive group, that covalently reacts

with the active site, a spacer/binding group, that separates the tag from the warhead and/or
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increases selectivity of the probe, and the tag or ligation handle (figure 2). In the case of a
noncovalent warhead, an additional photocrosslinker can be attached to the probes, that forms
a reactive intermediate upon irradiation with UV light that reacts covalently with an electron

rich residue nearby. Commonly used photocrosslinkers are benzophenones, arylazides and

diazirines.[25-29]

warhead alkyne
handle
\ Ilnker

’*‘8 © 2 @ 0y
b

1. ceII lysis

2. click chemistry

in situ labeling

affinity
enrichment

Avidin

| [ || 1cmsms enzymatic - “
miz 2. SEQUEST LL%'% digestion — - 4
— ‘Q i

L] - N

peptides . ¢

SDS PAGE
Figure 2. Activity-based protein profiling workflow with a natural product as a probe (figure taken from [30] -

reproduced by permission of The Royal Society of Chemistry). (Rh stands for rhodamine and bio for biotin).

For analysis, a simple fluorescent readout on an SDS-PAGE gel or a western blot for a label
such as biotin can be used. Far more important is the analysis using mass spectrometry, by
incorporating ABPP into a "bottom up" proteomics workflow. ABPP is used to selectively
label certain proteins with an affinity tag, e.g. biotin. By immobilizing the labeled proteins on
a solid support (such as avidin-coated resin), the subsequent washing steps reduce the
complexity of the protein sample and thereby enrich the labeled proteins for easier
analysis.[31]

All these achievements have made it possible to study various classes of enzymes including
serine hydrolases, cysteine proteases, metalloproteases, glucosidases, and many more,
including enzymes which are pathogenesis associated.[26, 32-37] This technology enables

analysis of a selected protein or proteins of interest in a all kinds of tissues, cells, plants, fungi
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or bacteria. But ABPP is not only limited to study enzyme classes with probes based on
inhibitors, it can also be used to study the interactions of drugs or natural products. This is
done by converting the compound of interest into an activity-based probe (ABP) by attaching
a ligation handle and if needed an additional photocrosslinker, as was done in studies on
dasatinib, a Src/Abl kinase inhibitor, or for the antibiotic showdomycin.[38, 39]

So-called ‘competitive ABPP’ is also used to study new non-covalent inhibitors on known
enzyme classes. In this case the inhibitor is incubated together with an ABP, e.g.
fluorophosphonate for serine hydrolases, in the protein sample and fluorescence SDS-PAGE
used as a readout. This procedure can be tuned for high throughput with the exchange of the
SDS-PAGE readout for a fluorescence polarization-based readout of the unbound and bound
ABP.[40] This technique is already applied widely. In summary, ABPP provides a powerful
and reliable tool for investigation of enzymes, small molecules and their protein interactions

and exploring new compounds.
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2 Chemoproteomic Profiling of Acivicin

2.1 Special Introduction

2.1.1 Acivicin

Acivicin is a natural product that was isolated from the fermentation broth of Streptomyces
sviceus during screens for new antimetabolite antibiotics.[41] Further screening of bioactivity
revealed growth inhibition of L1210 cells (Mouse lymphocytic leukemia cell line), even using
the impure broth. Purification and analysis revealed ((2S)-Amino((55)-3-chloro-4,5-dihydro-
1,2-oxazol-5-yl)ethanoic acid, later named acivicin, as the active compound.[42] Acivicin
belongs to the class of non canonical amino acids and bears an electrophilic
chlorodihydroisoxazole moiety that is unique among natural products. Acivicin showed
inhibition of several glutamine dependent enzymes and is therefore considered a glutamine

antimetabolite.[43]

o 0
N-C, OH HOH
e
cl NH, H,N NH

acivicin L-glutamine

Figure 3. Acivicin and 1-glutamine.

Target identification revealed a variety of enzymes including some, but not all, glutamine
amidotransferases, CTP synthetase, anthranilate and glutamate synthetase, GMP synthetase,
carbamoylphosphate synthetase II, FGAM synthetase and y-glutamyltranspeptidase.[44-51]
Several of these enzymes play important roles in purine and pyrimidine metabolism (see
figure 4). Upon treatment with acivicin, intracellular uridine triphosphate concentrations
increase while cytosine triphosphate and guanosine triphosphate levels decrease, with no
significant change in adenosine triphosphate and inosine triphosphate levels.[46] These results
confirm the effect of the inhibition on enzymes involved in the purine and pyrimidine
metabolism. Further studies showing that exogenous administration of these nucleotides

reverses the cytotoxic effect of acivicin and that blocking the nucleoside uptake by
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dipyridamole restores the cytotoxic effect of acivicin, led to the conclusion that inhibition of

purine and pyrimidine metabolism is the mode of action.[43, 52-55]
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Figure 4. Biochemical pattern of enzyme inhibition by acivicin (reprinted from [43], with permission from

Elsevier).

Aside from enzymes involved in purine and pyrimidine metabolism, acivicin showed
inhibition of y-glutamyltranspeptidase, an enzyme important for glutathione metabolism and
in amino acid transport. Co-crystallization of ACV with bacterial y-glutamyltranspeptidase
(gGT) revealed the binding mode.[56-58] However, for the inhibition of bovine gGT an
inhibition constant of 0.3 mM was observed and for full inactivation of the human enzyme, a
concentration of 0.45 mM was necessary, both values that exceed clinically achievable levels
and also above the clinically-relevant concentrations of acivicin (5-50 uM).[44, 59, 60]
Moreover, no significant gGT dependent response could be obtained in a cellular apoptosis
model.[61] This findings suggest that gGT inhibition is unlikely to be the mechanism behind

the antitumor effect. However, acivicin is still advertised as a gGT inhibitor.
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Acivicin was subject to several clinical trials during the 1980s and 1990s, which investigated
its use for treatment of a variety of cancers including lung cancer, colorectal cancer,
astrocytoma, hepatocellular carcinoma glioblastoma and breast cancer, where acivicin was
used either alone for treatment or in combination with other chemotherapeutics like
doxorubicin and cisplatin. However, none of these trials proceeded beyond phase 2 because of
prominent negative side effects.[62-70] The side effects ranged from neurotoxic effects like
lethargy, fatigue, disorientation, depression, headaches to severe neurotoxic effects like
hallucinations, anxiety, paranoia or amnesia (at higher concentrations) and gastrointestinal
side effects like nausea, vomiting, diarrhea and stomatitis.[43] This resulted in a decrease in
research into this natural product.

However recent research into acivicin as a possible treatment of the African sleeping sickness
caused by the parasite Trypanosoma brucei showed promising results and raised new interest
in the compound. The inhibition of human CTP synthetase by acivicin made it a candidate
that could be used to also inhibit the CTP synthetase of Trypanosoma brucei, a proposed drug
target.[71] Treatment of infected mice with acivicin inhibited CTP-synthetase and reduced
Trypanosoma brucei proliferation.[72] The inhibitory effect of acivicin on CTP-synthetase of
Trypanosoma brucei could be increased by exchanging the chlorine for bromine resulting in a
12 fold increase in inhibition.[73]

Another study on acivicin which focused on the electrophile and its reactivity revealed new
facts. In this work the chlorodihydroisoxazole moiety and the exchange of chlorine for
bromine inspired a set of ABPs that were studied in Bacillus subtilis and revealed that a
diverse set of aldehyde dehydrogenases were their preferred targets.[74] These findings were
new because no link between acivicin and aldehyde dehydrogenases had previously been

reported. This opened a possible new area of acivicin research.

2.1.2 Aldehyde Dehydrogenases

Aldehyde dehydrogenases describe a group of enzymes involved in conversion of aldehydes
to the corresponding carboxylic acids using the cofactors NAD and NADP. In cells, aldehydes
are generated during several physiological processes such as lipid peroxidation, glycolysis,
amino acid catablolism and metabolism of several neurotransmitters (GABA, serotonine,
adrenaline, noradrenaline and dopamine).[75-80] Apart from the aldehydes that are produced

during metabolism, there are also aldehydes derived exogenously: xenobiotics and drugs, e.g.
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alcohol that is converted to acetaldehyde or cyclophosphamide, or isofosfamide that generates
acrolein. Other sources of aldehydes are smog, cigarette smoke or exhaust fumes. Aldehydes
posses strong electrophilic properties and are highly reactive towards several cellular targets
like glutathione, nucleic acids and protein amino acids leading to enzyme inactivation,
cellular homeostasis or even DNA damage.[81-83] While some aldehydes like retinal play
important roles in physiological processes, many aldehydes demand careful regulation and
detoxification because of their cytotoxicity and carcinogenicity.

This task is fulfilled by the aldehyde dehydrogenase superfamily that can be found in nearly
all organisms. Apart from their protective roles in oxidizing cytotoxic aldehydes, there are
additional functions of aldehyde dehydrogenases reported, such as binding of small molecules
and hormones, production of NAD(P)H, UV light absorption and scavenging of hydroxyl
radicals.[84-88] Mutation in certain enzymes leading to loss of function are associated with
several diseases. This superfamily consist of several families with subfamilies containing
multiple isoforms and can be found in several subcellular locations, including the cytosol,
nucleus, mitochondria and endoplasmatic reticulum.[89, 90] Their distribution in organs and
tissue as well as their expression levels vary depending on the enzyme family and
subfamily.[80] All of them are reported to use aldehydes as substrates. A proposed
mechanism (see figure 5) begins with the activation of a nucleophilic cysteine through
deprotonation after cofactor binding; this activated thiol forms a hemithioacetal by attacking
the aldehyde carbonyl.[91-93] An asparagine stabilizes the oxyanion, facilitating the
hydrogen transfer to the cofactor NAD(P)®, resulting in an S-thiocarbamate. This is
hydrolyzed by a water molecule and the resulting carboxylic acid and NAD(P)H/H" are
released. Binding of the cofactor initiates activation of the cysteine by deprotonation and a

new cycle starts again.[94]
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Figure 5. Mechanism of aldehyde dehydrogenases mediated oxidation of an aldehyde to a carboxylic acid. After
binding of the cofactor NAD(P)+ the cysteine is activated and forms a hemithioacetal with the aldehyde. A
hydrogen transfer to the cofactor forms an S-thiocarbamate which is hydrolyzed by a water molecule, releasing

NAD(P)H/H+ and the carboxylic acid. Upon binding of a new cofactor the cycle can start again.

To date, there are 19 putative functional genes known for human aldehyde dehydrogenases,
which can be clustered in 11 families and 4 subfamilies with specific functions.[95, 96] This

allows a classification and systematic nomenclature of enzymes of this superfamily.
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Family Gene Location Substrates
ALDHI1 ALDH1A1  Cytosol Retinal, acetaldehyde, lipidperoxidation derived aldehydes
ALDH1A2  Cytosol Retinal
ALDH1A3  Cytosol Retinal
ALDH1A7  Cytosol Retinal
ALDHIB1  Mitochondria Acetaldehyde, lipidperoxidation derived aldehydes
ALDHIL1  Cytosol 10-Formyltetrahydrofolate
ALDHIL2  Cytosol Unknown
ALDH2  ALDH2 Mitochondria Acetaldehyde, nitroglycerin
ALDH3 ALDH3A1  Cytosol, nucleus Medium-chain aliphatic aldehydes, aromatic aldehydes
ALDH3A2  Microsomes, peroxisomes Long-chain aliphatic aldehydes
ALDH3B1  Mitochondria Lipidperoxidation derived aldehydes
ALDH3B2  Mitochondria Unknown
ALDH4  ALDH4Al1  Mitochondria Pyrroline-5-carboxylate
ALDHS ALDHS5A1  Mitochondria Succinic semialdehyde
ALDH6  ALDH6A1  Mitochondria Methylmalonate semialdehyde
ALDH7 ALDH7A1  Mitochondria, cytosol Betaine aldehyde, lipidperoxidation derived aldehydes
ALDHS ALDH8A1  Cytosol Retinal
ALDH9 ALDH9A1  Cytosol y-Aminobutyraldehyde, aminoaldehydes
ALDH16 ALDHI6A1 Unknown Unknown
ALDHI8 ALDHI8A1 Mitochondria Glutamic y-semialdehyde

Table 1. Human ALDHs divided up in families with location and major known substrates.[89, 90]

Aldehyde dehydrogenases have a broad spectrum of biological activity ranging from
metabolism of important signal molecules to protection from toxic substances. ALDHs are of
major importance in cancer research. Cancer stem cells show high aldehyde dehydrogenase
activity. ALDHIAT1 in particular was regarded as a significant marker for cancer stem
cells.[97-99] But more studies revealed additional dehydrogenases to be highly active in
cancer stem cells, including ALDH1A2, ALDHIA3, ALDHIA7, ALDH2, ALDH3AI,
ALDH4A1, ALDH5A1, ALDH6A1 and ALDH9A1.[98, 100] To date ALDHIA1 and
ALDH3A1 are explicit cancer stem cell markers. High expression of aldehyde
dehydrogenases is linked to enhanced population function and resistance to cytotoxic drugs;

these features make aldehyde dehydrogenases interesting candidates for cancer research.

2.1.3 Aim of this Study

ABPP studies in bacteria with acivicin inspired probes revealed a set of aldehyde
dehydrogenases as preferred targets. However no studies on human proteome with these

probes has yet been done nor has the target preference of acivicin for aldehyde
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dehydrogenases been studied. The scope of this work was to conduct ABPP studies on
human/rodent proteome with the already reported probes as well as new probes, directly
synthesized from acivicin. All probes were compared with acivicin in terms of bioactivity,
target preference and target enzyme inhibition. New target enzymes of acivicin were further

investigated for their role in antitumor activity.
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2.2 Results and Discussion

2.2.1 Acivicin Based Probes

To convert the compound of interest into an activity-based probe (ABP) it is necessary to
attach an alkyne tag. This alkyne tag is needed for further functionalization via click-
chemistry. Although in need, this incorporation bares the disadvantage of changing the
structure of the compound and comes with a possible loss or change of the biological activity
or target specificity.

Acivicin offers two possibilities for an attachment of an alkyne tag, the amine and the
carboxyl group. The amine was converted to the amide using the N-hydroxy-succinimid ester

of hexynoic acid, to give ACV1.

r.t., 12h,
Jc
T ew CI/K/_>ﬁ0H
Scheme 1.Synthesis of ACV1.

The reaction gave a clean product after HPLC purification in good yield (78 %). To attach an
alkyne handle to the carboxyl group a direct coupling of propargylamine with various
coupling reagents (EDC and HOBt, HATU and HOBt) resulted in a mixture of acivicin
functionalized with propargylamine (ACV2) and acivicin dimers.

An alternative strategy was to protect the amine at first with a Boc-group and subsequently
couple the propargylamine using peptide coupling reagents, followed by deprotection of the
Boc-group. For the coupling, COMU combined with Oxyma Pure, HATU and Pybop that
were combined with HOBt were tested. COMU together with Oxyma Pure gave the best
results in terms of yield and purification. The boc-protected ACV?2 was deprotected with TFA

and purified by HPLC again to give the probe ACV2 in a medium overall yield (59 %).
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TFA

overall yield 59%

Scheme 2. Synthesis of ACV2.

For further characterization of an electrophilic natural product, it is possible to take solely the
electrophile and attach an alkyne tag. This electrophile can be decorated with different
residues. An additional possibility for acivicin is the exchange the chlorine of the
chlorodihydroisoxazole by bromine and thereby enhance the reactivity. This was employed to
acivicin and a better inhibition of CTP-synthase of Trypanosoma brucei was achieved.[73] A
library of bromodihydroisoxazole probes was synthesized by Dr. Ronald Frohnapfel prior to
this work.[74] The synthesis starts with the formation of glyoxylic acid aldoxime from
glyoxylic acid and hydroxylamine. With bromine, the glyoxylic acid aldoxime formed
dibromoformaldoxime that gave the dihydrobromoisoxazole via a dipolar cycloaddition with
allylalcohol. By varying the alkene, different residues can be incorporated (e.g. buten-1-ol).

The last step is an ester bond formation with hexynoic acid chloride to attach the alkyne tag.

NH,OH, 12h, Bry 3h,
rt., 0°Ctor.t.
Q (H20) 0 (H20) Br
= W
Hd o 71% HO  N-OH 76% B  OH
/\/OH
73% KZCO3Y 24h,
r.t.
o ,
Cl
TEA, 12h,
_ r.t., N’O
ST S v
- OH
Br o Br
e 71%

Scheme 3. Synthesis route for ACV1.
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With the probes of these synthesis (ACVL series) and the two natural product derived probes
ACV1/-2) a broad library halodihydroisoxazole probes was established.

W

=
0>/\/\\o 0 (?/\/\\\ 0™ o

ACVL2a ACVL2b ACVL3a ACVL3b

=
O /—:
N0, HN N-C NH
(@) o) > |
h w cl NH,
O-

ACV1
ACVL1

Figure 6. Probe library of acivicin inspired probes and probes obtained from the natural product.

The probe library contains five probes containing bromodihydroisoxazole as an electrophilic
unit. The bromodihydroisoxazole moiety is decorated with methyl, ethyl or no substituent.
The two regio isomers with methyl and ethyl substituents were also members of this library.
Two probes were derived directly from modifying the natural product carrying a

chlorodihydroisoxazole as electrophilic moiety.

2.2.2 Bioactivity of Acivicin and Probes

After the successful synthesis of the probes, the next step was to characterize the bioactivity
of probes compared to the corresponding natural product. For this purpose an assay
monitoring cell growth was performed. In this assay crystal violet is used to stain cells after
cell fixation on their growth surface. Crystal violet is a histological stain that is used to stain

all kind of cells and it can also be used to stain Gram positive bacteria.
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Q °
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crystal violet

Figure 7. Crystal violet.

After staining the cells are lysed and the attached crystal violet is dissolved and can be
measured by absorption spectroscopy.

For this purpose the cell line HepG2, a hepatocellular carcinoma cell line of human origin,
was chosen to compare the experimental data from literature of the bioactivity study of
acivicin on rat hepatoma cells.[48] HepG2 cells were incubated with various concentrations of
acivicin, ACVL1, ACVL2a, ACVL2b, ACV1 and ACV2 for up to five days, with
determining the crystal violet intensity after each day. By plotting the intensity over time, cell

growth was monitored.
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Figure 8. Growth curves of HepG2 cells with incubation of acv and acv library probes for 5 days at various
concentrations. Error bars represent standard deviation of the mean form quintuplicates. Experiments were

carried in at least two independent trials (figure adapted from[101] - reproduced by permission of The Royal

Society of Chemistry)

The growth curves show no growth inhibition for the ACVL-series (1, 2a, 2b). For acivicin
and ACV2 growth inhibition can be observed for concentrations down to 5 uM and for
acivicin down to 2.5 uM. The values for ACV2 and acivicin are quite close indicating a
similar potency towards cancer cells. For ACV1 an inhibition was also observed but at higher

concentrations with growth inhibition starting at a concentration of 25 uM ACV1.
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This assay also gives the possibility to determine ECsy values for each day of incubation.
Therefore absorptions for each concentration are set relative to the DMSO control and plotted
against the concentration on a logarithmic scale. A sigmoidal curve is fitted and ECs, values

are determined from this curve.
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Figure 9. Growth assay curves plotted for each day of acv and probe library on HepG2 cells to determine the
ECs, for each day upon incubation. Error bars display standard deviation of the mean from quintuplicates and
measurements were carried out in at least two biological replicates (figure taken from [101] - reproduced by

permission of The Royal Society of Chemistry).

While for the ACVL series no ECsy values were obtained, the ECsy values decreased over
time for acivicin, ACV1 and ACV2. ACV1 reduced cellular growth after five days with an
ECso of 14 uM (Figure 2). ACV2 already inhibited cell growth with significant effects after
two days. The ECs after five days decreased to 1.6 uM which is about 2-fold above the ECs
of the natural product acivicin (0.7 puM). This result is in agreement with the ICs, reported for
ACYV on rat hepatoma cells (0.5 uM after 7 days).[52]

An interesting point was that acivicin, as well as ACV1 and ACV2, needed a certain amount
of time to develop their anticancer potential. This in agreement to reported results from rat

hepatoma cells, were upon the third day of incubation an effect was visible. This could be due
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to the fact that acivicin and presumably ACV1 and ACV2 compete with amino acids for
cellular uptake via transporters.[102, 103]

2.2.3 Target Identification of Acivicin Probes

After characterization of the bioactivity, the next step was to identify the protein targets of
each probe. The ABPP approach was used for this task with mass spectrometrical
identification. In a first attempt mouse liver was investigated with acivicin probes. In the next

step HepG2 cells followed as a system for target identification.

2.2.3.1 Target Identification in Mouse liver

The liver is the organ where drug metabolism and detoxification takes place. It provides high
amounts of enzymes from the cytochrome P450 superfamily, several proteases and
dehydrogenases and it also represents a good system to compare the results obtained from the
study on rat hepatoma cells.

Before the pull down was carried out the optimal concentration for the labeling had to be
determined. Therefore mouse liver lysate was incubated with increasing concentrations for 1 h
at room temperature and afterwards rhodamine azide was attached by click-chemistry. The

lysate was separated by SDS-PAGE and analyzed by fluorescence scan.
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Figure 10. Fluorescence scan of an SDS-PAGE of mouse liver lysate incubated with acv-library probes at
different concentrations for one hour and subsequent attachment of rhodamine azide via click chemistry (figure

taken from [101] - reproduced by permission of The Royal Society of Chemistry).
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For the labeling with the acivicin a very distinct labeling with low background probes in
general was observed. For the ACVL-series a concentration of 50 uM gave good results,
whereas the ACV1 probe a labeling at even lower concentrations of 5 uM was visible, with
saturation of the signal at 10 uM. The labeling of ACV2 however was weaker and a
concentration of 100 uM was necessary to observe a clean labeling.

With the optimal concentration established, the acivicin probe library was incubated with
mouse liver lysate to compare the labeling pattern of the probe library. The proteins were

again analyzed after attachment of rhodamine azide by SDS-PAGE and a fluorescence scan.

ACV-probe library in mouse liver
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Aldh2
40 — - v = — Acaa2
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DMSO L1 L2a L2b L3a L3b ACV1 ACV2

50 uM 100 pM
Figure 11. Fluorescence scan of mouse liver lysates incubated with acv-probe library at

optimal concentrations (figure taken from [101] - reproduced by permission of The Royal Society of

Chemistry).

Comparing the probes by their labeling pattern it was observed that the probes ACVLI,
ACVL2b, ACVL3b showed a preference for three bands in the region of ~55 kDa as well as
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the ACV2. For the regioisomers ACVL2a,-3a a preference for a band at ~40 kDa was visible.
A decreasing labeling intensity from ACVL1 to ACVL3b at the same concentration was
observed. This might result from residues getting bigger and therefore bulkier to access the
active site. While ACVLI, beside the ester group connecting the hexynoic acid to the ring,
had no substituent on the ring, ACVL2a/-2b carried additionally a methyl group and
ACVL3a/-3b an ethyl group. These findings agreed with the findings from studies made in
bacteria [74]. ACV1 showed labeling of one band (~65 kDa), that differed from the labeling
pattern of the other probes of the library.

In the next step, the targeted proteins were identified by mass spectrometry. Therefore lysate
was again incubated with probe but this time a trifunctional linker bearing a rhodamine and a
biotin was attached by click-chemistry. With the biotin attached, the labeled proteins were
enriched on avidin beads and afterwards analyzed by SDS-PAGE and fluorescence scan (see
figure 2). The visualized bands were excised and underwent an in-gel digest for subsequent
mass spectrometrical analysis following already established protocols.[104, 105] The peptides
were separated via reversed phase chromatography prior to mass spectrometry.

The resulting peptides and the corresponding sequence, obtained through fragmentation
methods CID (collision-induced dissociation) and HCD (higher-energy collisional
dissociation), were searched against database proteome (in this case mus musculus (mouse)
fasta file obtained from uniprot) using the SEQUEST algorithm and the software Thermo
Proteome Discoverer. The SEQUEST algorithm correlates measured MS/MS spectra with
theoretical peptides obtained from an in silico digest of the database proteome.[8] The
confidence of the identity of a peptide can be quantified through a score that is calculated in
two steps. Based on the length of a continuous y/b ion sequence identified from the measured
spectrum, a preliminary score (Sp) is calculated. Through this process the top 500 peptides are
selected for further calculation applying the correlation function. This function gives scores
based on the presence of significant peaks from the measured spectrum corresponding to the
expected y/b ion peaks in each theoretical spectrum in the database (see figure 12).[106, 107]
The obtained peptides are then assigned to the corresponding proteins. Additional statistical
values like the number of peptide-spectrum match (PSM) which displays the number of
peptides identified in a search process strengthen the confidence as well as searches against

decoy databases to eliminate false positive peptides.[108]
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Figure 12. Simplified SEQUEST workflow (figure taken from [107]).

The SEQUEST algorithm identifies a lot of proteins, even with decoy database search
applied. Especially high resolution mass spectrometers like orbitrap hybrid mass
spectrometers combined with nano HPLC are very sensitive. E.g. one excised band from a
pull down can, depending on the molecular weight and proteome, identify around 50 different
proteins (with isoforms grouped for one protein hit). To identify the targeted protein or
proteins of the probe the background proteins from each band must be eliminated. This was
done by adding a control lacking the probe and therefore containing proteins binding
unspecific to agarose or biotinylated proteins. In an ideal case the targeted proteins are
identified only in the samples that was incubated with the probe and these targeted proteins
are missing in the corresponding control that was incubated with the equal amount of DMSO.
But as mass spectrometry is very sensitive and/or proteins can be high abundant, the
characterization of the target only based on identification is not sufficient. Therefore a semi
quantitative approach was applied by using the area of the precursor ions (peptide) that is
determined from the area of the precursor ion from the ion chromatogram. The values for
each peptide summed up give a value for the protein relative to the other proteins identified
and quantified in the same sample. To determine an enrichment factor the area values of one

protein from the probe sample and the control sample have to be set in relation by dividing the
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area obtained from the sample incubated with probe (termed probe) by the area obtained from

the control sample (termed DMSO).

Area (Probe)
Area (DMSO)

Formula 1. Semi quantification based on determined areas from ion chromatogram.

Ratio =

A positive hit was considered by a ratio higher than 2 for a protein. These methods indentified
for ACVL2b and ACVL3b and ACV2 three members of superfamily of aldehyde
dehydrogenases, Aldhl1Al, Aldh2 and Aldh3Al. ACV2 showed a less distinct labeling
pattern and additional bands beside the ones similar to ACVLI, -2b and -3b. For these bands
no protein hit could be obtained. AldhlAl, Aldh2 and Aldh3Al play major roles in
detoxification of aldehydes and acetic aldehyde derived from alcohol, while Aldh3A1 and
Aldhlal are additionally involved in cell differentiation and related to cancer resistance.[87,
109-112] ACV1 revealed Aldh4A1 as the band at ~60 kDa and Aldh6A1 as the weaker band
at ~55 kDa. Both dehydrogenases are mitochondrial proteins and fulfill tasks in amino acid
metabolisms.[113-115] The ACVL-series labeled dehydrogenases as it was expected from the
studies in bacteria, but the newly synthesized probes ACV1 and ACV?2 also showed labeling
of aldehyde dehydrogenases. This indicates that this enzyme class could be the preferred
target of the chloro-/bromodihydroisoxazole electrophile. As an exception to the general trend
ACVL2a labeled the thiolase Acaa2 that is in agreement with results from bacterial studies.
Acaa2 (3-ketoacyl-CoA thiolase, mitochondrial), describes a mitochondrial acetyltransferase
that is involved in fatty acid metabolism.[116-118]

The results from the LC-MS runs gave clear results for each probe and with good enrichment

factors (at least above 4).
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2.2.3.2 Target Identification in HepG2 Cells

After a successful target identification of acivicin probes in mouse liver, the next step was to
investigate the target enzymes in living cells. For this purpose an in sifu incubation of HepG2
cells with acivicin probes was carried out. HepG2 cells are derived from human
hepatocellular carcinoma and therefore represent a good match with the in vitro labeling
results of the mouse liver proteome and continued the studies of acivicin probes on the HepG2
cell line. This considers that a lysate never completely mimics a whole cell and labeling in
living cells and lysate can differ.

For in situ labeling, the optimal concentration for each probe from the mouse liver labeling
experiments were adjusted in PBS and the cells incubated for 2 h. After harvesting and lysis,
the cells underwent the standard ABPP protocol. The analytical gel of the HepG2 labeling
(figure 13) revealed a certain similarity with the in vitro labeling of the mouse liver lysate
(figure 11). There was a preference of the ACVL1 and ACVL2b series for targets around the
molecular weight of 55 kDa with ACV2 showing a weak labeling in this area. ACVL2a
showed labeling at the lower molecular weight region around 40 kDa. For ACV1, a single
pattern with one unique band at 60 kDa was observed again. Whereas for ACV2, labeling was

more promiscuous.
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ACV-probes in HepG2 cells
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Figure 13. Fluorescence scan of HepG2 cells in situ labeled with acv probe library (figure taken from [101] -

reproduced by permission of The Royal Society of Chemistry).

As labeling in PBS does not reflect physiological conditions, an in situ labeling of HepG2
with probes supplemented in media was additionally carried out. PBS could cause stress on
cells and thereby effect the protein expression pattern. For the ACVL probe series this
labeling procedure worked well using the same concentrations compared to PBS. But no
labeling was observed for ACV1 and ACV2 under these conditions. Only an increase of the
concentration from 100 uM to 200 uM, as well as extending the incubation time from 2 h to
3.5 h in conditioned media gave a labeling of comparable intensity. A possible reason could
be again the uptake of these two probes by amino acid transporters and therefore competition
with amino acids of high concentration (e.g. 2 mM for L-glutamine or 115 uM for L-
arginine). The pattern observed in media was similar to that observed in PBS with preferences
in the ~55 kDa area for ACVLI1, -2b and ACV2. ACVL2a showed a band above 40 kDa and
ACV1 a single band at 60 kDa (see figure 14). For ACV2 the labeling in this experiment was
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less promiscuous but an additional band occurred weakly at the 60 kDa area, to which will be

referred later.

ACV-probes in HepG2 cells

kDa

155 —

98

63 — | ALDH4A1

- __ ALDH1A1
. : S ALDH1B1
ALDH2

40 —

32 —

21 . -

-

DMSO L1 L2a L2b ACV1 ACV2

50 uM 200 uM
Figure 14. Fluorescence scan of in-situ labeling of HepG2 cells incubated with acivicin probes supplemented in

conditioned media (figure taken from [101] - reproduced by permission of The Royal Society of Chemistry).

These results enabled a more sophisticated technique for confirmation of the identified
targets. Studies on whole cells enable the use of stable isotope labeling (SILAC). This method
allows direct quantification through mass spectrometric analysis. For this purpose, HepG2
cells were cultivated with media supplemented with lysine and arginine that are labeled with
different isotopes and can be paired in up to three different categories (heavy, medium and
light). These amino acids are incorporated in all proteins and allow to study different
conditions of up to three cell lines next to each other based on relative quantification of the
precursor peptides using mass spectrometry.[119] For implementation of SILAC in the ABPP
workflow, cells labeled with "medium" amino acids served as DMSO control and "heavy"
labeled cells were additionally labeled with probes. After lysis both lysates were combined

and ABPP pull down was applied following mass spectrometry.
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Figure 15. SILAC labeling implemented in ABPP workflow (figure adapted from [101] - reproduced by
permission of The Royal Society of Chemistry).

A preparative approach using the trifunctional linker followed using the standard ABPP
approach and the SILAC approach followed. The preparative analysis showed a good
enrichment of the proteins and analysis of the bands on mass spectrometrical level revealed a

quite similar targets compared to the results of the mouse liver lysate screening.
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For ACVL1, ACVL2b and ACV2 the aldehyde dehydrogenases ALDH1A1 and ALDH?2 were
identified. ACVLI and ACVL2b also identified ALDH1B1 as preferred target enzyme. For
ACVL2a, ACAA2 was identified and for ACV1, ALDH4AI turned out to be its target. Many
enzymes represent homologues from the identified targets from mouse tissue.

The two identified members of the ALDHI1 family are present in many tissues. In general,
enzymes of this subfamily occur in cytosol, except ALDHIBI1 which is a mitochondrial
protein. For ALDHIATI retinal is the major substrate and therefore this enzyme plays
important roles in differentiation and development processes in retinoid depending tissues,
e.g. neurons, and during embryonal development.[120-125] A decreased level of ALDHI1A1
was observed in dopaminergic neurons of Parkinson's disease patients and in patients
suffering from schizophrenia.[126, 127] Both enzymes ALDH1A1 and ALDHI1B1 play an
important role in defending oxidative stress by metabolizing lipid-peroxidation derived
aldehydes.[128] Furthermore they play a key role in detoxifying acetaldehyde, that derived
from ethanol and lower dehydrogenase activity is associated with higher alcohol
sensitivity.[129-132] Another important fact is increasing drug resistance of tumor cells that is
accompanied with high expression of ALDHI1AI1, as it was shown for ifosfamide and
cyclophosphamide.[133, 134]

ALDH2, which represents the only enzyme of the ALDH?2 family, is located in mitochondria
and expressed in various tissues, including liver, heart, lung kidney and brain. The main role
of this enzyme is detoxifying ethanol derived acetaldehyde by oxidizing it to acetic acid.[135]
Less active mutants of this enzyme are described, with one resulting in an inactive mutant.
This inactive mutant is common among people of Asian descent and leads to alcohol flush
reaction upon consumption, because of accumulation of toxic acetaldehyde.[136, 137] Beside
acetaldehyde conversion, ALDH2 shows also nitrate reductase activity and is needed to
activate nitroglycerin, that is used for treating cardiac arrest or angina pectoris. Here again the
inactive mutant leads to a less effective treatment.[138]

ALDH4A1 is a mitochondrial enzyme, that is expressed in liver, skeletal muscle, kidney,
heart, brain, placenta, lung and pancreas.[139] The substrate is pyrroline-5-carboxylate, that is
converted to glutamate, preventing accumulation of pyrroline-5-carboxylate.[140, 141] For
type 1I hyperprolinemia, a mutation of ALDH4A1 is reported, that inactivates ALDH4A1
leading to high levels of pyrroline-5-carboxylate in blood.[142, 143] People suffering from
type II hyperprolinemia, show seizures, convulsions and mental retardation. This effect results
from high levels of pyrroline-5-carboxylate that inactivates pyridoxal phosphate, an important

cofactor needed for many biosyntheses, especially of neurotransmitters (e.g. GABA,
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serotonin, noradrenaline) and, if inactivated, causes harmful effects.[144, 145] The

deactivation of pyridoxal phosphate happens through a Knoevenagel-type condensation.

O H
(0] (0]
OH HO II:I’/OH
X 0~ “OH
N + | - .
[ ~
N
pyrroline-5-carboxylate pyridoxal phosphate

Scheme 4. Deactivation of pyridoxal phosphate by pyrroline-5-carboxylate.

Beside proline metabolism ALDH4Al oxidizes short and medium chain aldehydes and
therefore may play a role in protection from lipid peroxidation derived aldehydes.[146, 147]
ALDH4A1 i1s inducible by p53 and is thought to play a role in DNA repair, due to
upregulation upon DNA damage.[147] A knockdown of ALDH4A1 enhances susceptibility
on p53 mediated apoptosis.[147]

The only non dehydrogenase identified protein in this experiments ACAA2, describes a
mitochondrial acyltransferase.[148, 149] This protein is involved in lipid metabolism and 1is

described to attenuate BNIP3 induced apoptosis.[150, 151]

2.2.3.3 Long Term Labeling

The standard labeling procedure already gave a good insight into target specificity of the
acivicin probes. Beside these facts, some questions remained, like the fact that ACVL1 and
ACVL2b label ALDHIAT and ALDH?2 stronger than ACV?2 implying that they would inhibit
these enzymes stronger but showed no biological effect. To answer this question an ABPP
experiment was designed that reflected the results from the cell growth assay. The key was to
set up the same incubation times for the probes on HepG2 cells for ABPP experiments as for
the cell growth assay.

For this experiment the two probes that showed a biological effect, ACV1 and ACV2, were
taken and their concentration was reduced to a concentration where inhibition of cell growth
was observed. This resulted in 10 uM for ACV2 and 25 uM for ACV1 supplemented to the
media and the HepG2 cells were incubated up to five days in media containing ACV1 and

ACV2.
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Carrying out this experiment on an analytical scale revealed a single band for ACV1 in the
range of 60 kDa, that was already identified as ALDH4A]1 in the standard ABPP experiments.
In contrast to previous experiments, this band did not occur in the soluble fraction, but in the
insoluble fraction. For ACV2 an already known pattern was visible around the area of 55 kDa
and an additional band at 60 kDa appeared with high intensity (see figure 16). The distinct
labelings increased in intensity with longer incubation times. The reason for the increasing
intensity could be a slow uptake of the probes or an induction of expression of the addressed

enzymes.

A pa ACV1 &d B kDa ACV2 5d

155 155

98 98

63 e |— AL DH4A1 O3 — CEST
__ALDH1A1
ALDH2
40 40
32 32
21 : 21

1d 2d 3d 4d 5d 1d 2d 3d 4d 5d 1d 2d 3d 4d 5d 1d 2d 3d 4d 5d
Soluble Insoluble Soluble Insoluble

25 uM 10 pM
Figure 16. Fluorescence scan of HepG2 cells labeled in situ for up to five days with ACV1 and ACV2 (figure
taken from [101] - reproduced by permission of The Royal Society of Chemistry).

The following preparative enrichment with the trifunctional linker using ABPP pull down
revealed for ACV2 the targets ALDHIA1 and ALDH?2 and a new target with CES1 for the
60 kDa band (see table 5). CESI is serine hydrolase and represents a new enzyme class
among the target enzymes. The active site of ALDHs and ACAA2 have a nucleophilic
cysteine that is normally responsible for attacking electrophiles, whereas serine hydrolases

contain a nucleophilic serine.
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CES1 is a major serine hydrolase in the liver and is also expressed throughout various
tissues.[152, 153] It is involved in cholesterol and lipid metabolism, hydrolysis of xenobiotics
and drugs, e.g. cocaine and heroin, but the complete function remains unknown.[154, 155]
CESI1 is upregulated upon HCV infection in cells, being important for virus replication and
deficient CES1 is associated with lymphoma, rheumatoid arthritis and arteriosclerosis.[156-
161] It is mainly regarded for interaction with small molecules rather than diseases because of
the metabolic function. In a recent study, it was shown that the inhibition of CES1 by

organophosphorous compounds leads to hypertriglyceridemia.[162]
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An experiment with ACV2 incubation on HepG2 cells at 10 uM concentration with shorter
time intervals with 2 h, 4 h, 6 h, 8 h, 24h and 48 h could reveal that at least 4 h incubation was

essential for visual appearance of labeling.

2h 4h 6h 8h 10h 24h  48h

63 kDa

10 uM ACV2

Figure 17. Fluorescence scan of time resolved incubation of ACV2 with HepG2 cells.

The preparative enrichment for ACV1 was not successful even after several trials including
2 M and 4 M urea in PBS. Therefore an alternative route for target identification was applied.
The similar height of the band of ACV1 in the five day labeling and in the standard ABPP
labeling as well as the high specificity of ACV1 for ALDH4A1 from concentration dependent
labeling indicated, that the target enzyme of the long term labeling was also ALDH4A1. To
verify this assumption the HepG2 cells were labeled in the same manner as before in an
analytical scale and rhodamine azide was attached by click chemistry. After SDS-PAGE
fluorescence readout the gel was blotted on a PVDF membrane and analyzed by western blot
using a primary antibody against ALDH4A1 and a secondary antibody carrying HRP for
chemoluminescence detection. The membrane was first analyzed by fluorescence imaging
visualizing the rhodamine and subsequently afterwards, the antibody was detected by
chemoluminescence using HRP substrate. The bands detected by both methods were of the
same molecular weight and of the same shape proving ALDH4AIl as the target protein of

ACVI1.

1d 2d 3d 4d 5d

Fluorescence . [—63kDa

Westernblot L T 63 kDa

Figure 18. Fluorescence scan of rhodamine and chemo luminescence scan against HRP of HepG2 cells labeled
in situ with ACV1 for up to five days (figure taken from [101] - reproduced by permission of The Royal Society
of Chemistry).
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For the next step, the question remained whether protein expression of ALDH4A1 and CES1
is induced or affected upon treatment with ACV1 and ACV2. An induction seemed unlikely
since both proteins are reported to be present in liver tissue, with CES1 belonging to the high
abundant proteins. For this purpose HepG2 cells were incubated with 25 uM ACV1 and
10 uM ACV2 for up to five days and expression levels of CES1 and ALDH4A1 were
monitored by western blot. This analysis showed no alteration of CES1 and ALDH4A1
expression levels upon treatment with ACV1 and ACV2.

a-CES1 C— ——— — - a-ALDH4A1

Figure 19. Western blot analysis of CES1 and ALDH4A1 with treatment of ACV1 and ACV2 for up to 5 days
(figure taken from [101] - reproduced by permission of The Royal Society of Chemistry).

2.2.4 Confirmation of Aldehyde Dehydrogenases and ACAA2 as Target

Enzymes

For confirmation of the ALDHs as target enzymes of the acivicin probes recombinant
expression in E. coli was used. Therefore the target genes were cloned into a vector suitable
for this purpose. In this work the genes used were cloned into vectors using the Gateway®
system. This system uses the recombination system of phages and requires special vector
systems containing the recombination sites.[163]

The cDNAs of ALDH2, ALDH1B1, ALDH4A1, ACAA2, were commercially available in
pDONOR vectors and recombined via LR clonase into the pDest007 Vector. This inducible
vector contained an N-terminal strepll tag for affinity purification. After recombination, the
clones were transformed into E. coli BL21 Solu®. The ALDH1A1, cloned into pDest007, was
kindly provided by Dr.Tanja Wirth from her previous work and transformed into E. coli BL21
DE3, that provided sufficient soluble protein.

The inducible expression in E. coli provides both a good control and the protein in a complex
proteome. To verify the selectivity of a probe for a certain enzyme, it was necessary to
provide the desired enzyme in a complex proteome mixture, to exclude unspecific reactivity
towards this enzyme. For confirmation of ALDH1A1, ALDH2, ALDH1B1, the probe ACVL1
was used, ACVL2a was used for confirming ACAA2 and for ALDH4A1 the ACV1 probe
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was used. The bacteria were cultivated in LB media, with one sample inducing the expression
and one sample without induction as control. After expression, the cells were incubated with
the corresponding probe and, after attachment of rhodamine azide, analyzed by SDS-PAGE

fluorescence readout.

E ALDH4A1 ALDH2
ni i nilt i

ACV1 ACVL1

ni 1 ni T i

ACVL1 ACVL2a
E ALDH1B1

ni i

ACVL1

Figure 20. Fluorescence scan of the confirmation of target enzymes ALDH4Al, -1A1, -1B1, -2 and ACAA2
overexpressed in E. coli using ABPP of the respective probes. One culture was not induced while the other
culture overexpression was induced (figure adapted from [101] - reproduced by permission of The Royal Society

of Chemistry).

All identified proteins proofed to be hits of the probes as the induced target proteins gave a
labeling while in the non induced bacteria no labeling was observed.

For additional studies, the proteins ALDH1A1 and ALDH4A1 were purified using the Strep
IT tag. ALDHIAT was obtained in good yields and very pure while the expression of the
ALDH4A1 gave low yields but pure protein. Different strategies, from overexpression at low
temperatures overnight, expression using poor media, coexpression of pTGROE, an E. coli
chaperone, as well as the expression of the proteins fused with TRX or MBP, didn't increase
the amount of soluble proteins.[164, 165] For ALDH4A1 overexpression in E. coli BL21
Solu® in poor media (M9 medium) over night at 20 °C gave the best results, while

ALDHIA1 was overexpressed in E. coli BL21 DE3 in LB medium over night at 20 °C.
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Figure 21. Coomassie stained SDS-PAGE auf purified ALDH1A1 and ALDH4AL.

2.2.5 Competitive Labeling

After confirmation of the ALDHs as targets of the probes by labeling the overexpressed
enzymes, the question arose, if the targets were probe specific or if these ALDHs were also
targets of the natural product. This question is mandatory since none of the reported targets
were identified for acivicin before. A simple approach to answer this question is to do a
competitive labeling experiment. The lysate is preincubated with the natural product at
various concentration varying from deficient to excess concentration compared to the
concentration of the probe. In case of competition, the resulting labeling intensity after
attachment of rhodamine azide and SDS-PAGE, should decrease with increasing
concentration of the natural product.

For identification the probes that gave the strongest labeling were used against the natural
product. In mouse liver lysates ACVL1 was tested to confirm Aldhlal, Aldh2 and Aldhla7 as

acivicin target and ACV1 was tested to confirm Aldh4al as a target of acivicin.
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Figure 22. Fluorescence scan of A) acivicin competing with ACVL1 and B) acivicin competing with ACV1 in
mouse liver lysate for the target enzymes AldhlAl, -1A7 and -2 (ACVL1) and Aldh4A1 (ACV1) (figure taken
from [101] - reproduced by permission of The Royal Society of Chemistry).

Acivicin displayed a high specificity for Aldh4al, while a complete decrease of the band was
already achieved with equimolar concentrations making it a target of the natural product. This
target of acivicin was so far unknown. In contrast to ACV1, ACVLI still showed labeling for
Aldhlal, Aldh2 and Aldhlal at an equimolar ratio. At a 40 fold excess of acivicin and at a
concentration of 2 mM a decrease in intensity was observed, making these enzymes no target
of acivicin.

For the human enzymes, the lysate of HepG2 was used and ACVL1 and ACV1 in similar
manner as in the mouse liver lysate. ACVLI1 was used to investigate ALDH1A1, ALDH2 and
ALDHIB1 and ACV1 was used for ALDH4AI.
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Figure 23. Fluorescence scan of A) acivicin competing with ACVLI and B) acivicin competing with ACV1 in
HepG2 lysate for the target enzymes AldhlAl, -1B1 and -2 (ACVLI1) and Aldh4A1 (ACV1) (figure adapted
from [101] - reproduced by permission of The Royal Society of Chemistry).

The results for HepG2 were similar to the ones obtained from mouse liver, indicating

ALDH4A1 as a new target of acivicin and ALDHIA1, ALDH2 and ALDHI1BI1 being no
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targets of acivicin, with only slight decreasing intensity at high ratios at concentrations far
above clinical relevance (over 50 uM).[43]

ALDH4A1 was further confirmed as a target of acivicin via mass spectrometry by using
ABPP-SILAC approach. For this experiment HepG2 cells were labeled with heavy and
medium isotopes. The heavy labeled cells were treated with ACV1 in PBS for 2h at 100 uM
and the medium labeled cells were treated with 100 uM acivicin and 100 uM ACV1 prior to
ABPP pull down. The experiments were carried out in triplicates including one label switch
(heavy cells were treated with acivicin and ACV1 and medium cells with ACV1). With this
method a competition for the binding between acivicin and ACV1 was read out via mass

spectrometry, which proofed ALDH4A1 a target of acivicin (see table 6).
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Figure 24. A) Workflow competitive ABPP labeling with implemented SILAC. B) fluorescence scan of SILAC
HepG?2 that underwent competitive ABPP labeling (figure adapted from [101] - reproduced by permission of
The Royal Society of Chemistry).
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2.2.6 Inhibition of Aldehyde Dehydrogenases

For a deeper characterization of the probes and acivicin an inhibition assay was carried out.
Aldehyde dehydrogenases can be investigated with an assay, that is used generally for
aldehyde dehydrogenases. In this assay, propionic aldehyde is oxidized to propionic acid,

while converting NAD™ to NADH, that can be observed by absorption spectroscopy.

ALDH

(O] OH +
>z~ + HO ﬁ’ /W + H
O
NAD* NADH
340 nm

Scheme 5. Conversion of propionic aldehyde to propionic acid through ALDH using NAD™.

The slopes from the conversion of NAD", for each inhibitor concentration used, were
extracted and plotted against these concentrations. Plotting the concentrations on a
logarithmic scale, a sigmoidal curve was fitted to the plot. From this curve the 1Csy was
extracted from the fitted curve. For ALDHI1ATI the probes ACVLI, ACV2 and acivicin were
tested and ALDH4AT1 was tested against ACV1, ACV2 and acivicin.
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Figure 25. Measurement of ICs, value through ALDH activity assay for the compounds ACVLI1 (A), ACV2 (B),
ACVI1 (C) and ACV2 (D) for the dehydrogenases ALDH1A1l (A and B) and ALDH4A1 (C and D). Each
compound was tested in two independent trials in triplicates (figure taken from [101] - reproduced by permission

of The Royal Society of Chemistry).

ACVLI inhibited the enzyme ALDHIA1 with an ICsy of 0.3 uM, whereas ACV2 showed a
much weaker inhibition with an ICsy of 55 uM. This reflects very good the intensities from
the labeling studies (figure 10), where ACV2 needed higher concentrations for a sufficient
labeling. ACV1 showed a good inhibition of ALDH4A1(ICsy of 0.7 uM) as well as acivicin
(ICsp of 5.4 uM), as it was expected.

Acivicin did not show inhibition of ALDHIATI even at very high concentrations of up to
500 uM, making ALDHIATI not a target enzyme of acivicin, like it is the case for ACV2 and
ALDH4AL.
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Figure 26. Conversion of ALDH4A1 upon treatment with acivicin (A) and ACV2 (B) showing no inhibition
(figure adapted from [101] - reproduced by permission of The Royal Society of Chemistry).

This fact was not surprising since no labeling of ALDH4A1 by ACV2 occurred. The results
obtained from the ALDH-assay reflected the results obtained from the competitive labeling

experiments (figure 20 and 21) and additionally confirm ALDH4A1 as a target of acivicin.

2.2.7 Confirmation of CES1 as Target Enzyme

Time dependent labeling of ACV2 in HepG2 revealed an increasing intensity of the CES1
band. The reason of this developing signal over time was still unclear and a confirmation of
CES1 as a target was also in need. To confirm CES1 as a target, recombinant CES1 was
purchased and added to A549 lysate to embed it in a complex proteome mixture and
additionally in PBS. After incubation with ACV2, rhodamine azide was attached for
fluorescence readout. FP probe, which specifically labels active serine hydrolases, was used

as a positive control.
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Figure 27. Labeling of recombinant CES1 in A549 lysate. Incubation with FP showed the expected result with
labeled CESI1 that was spiked in A549 lysate (+). ACV2 shows no labeling on CES1 but a strong labeling of
ALDHI1A1 which is below the CES1 signal. The heat control (A) shows no unspecific binding of both probes
(figure taken from [101] - reproduced by permission of The Royal Society of Chemistry).

In this experiment the additional CES1 added to an A549 lysate was visible when labeled with
FP, indicating an active enzyme. For ACV2 no labeling of CES1 was visible. A strong band at
55 kDA was labeled by ACV2 in A549 lysate in both lanes, with and without CES1 added.
This band represents ALDH1A1, which is highly expressed in A549 lysates and was labeled
by ACV2, as already confirmed before (see chapter 2.2.3.2). The absent labeling could
indicate that CES1 was an unspecifically enriched protein by the protocol, but on the other
hand the MS identification of CES1 was explicit. To verify this assumption another point had
to be considered. The fact that a minimum incubation time of four hours was necessary and an
incubation of 24 hours gave a satisfactory signal, revealed that the inhibition of CES1 by

ACV?2 could also be a very slow process.
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For further investigation, the incubation time was extended to 24 hours and one sample was
incubated for 24 hours without the probe and subsequently incubated with the probe. This

experiment was done to cover the possibility that the enzyme could be activated by the lysate.
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Figure 28. Labeling of recombinant CESI in PBS and A549 lysates with incubation for 24 hours. In A549

lysates a strong labeling of ALDH1A1 by 20 uM ACV2 was observed but no labeling of CES1 in comparison to
the positive control of CESI labeled with 10 pM FP. Only weak labeling of CES1 in PBS by 20 uM ACV2 can
be observed (figure taken from [101] - reproduced by permission of The Royal Society of Chemistry).

From these experiments it was obvious that no direct labeling of CES1 by ACV2 occurred.
Only a weak labeling of CES1 in PBS by ACV2 was seen, but its intensity was weaker than
CESI1 labeled with FP under same conditions. The second experiment indicated clearly that
no direct labeling of CES1 by ACV2 was performed. This concluded that a whole cell was
needed to achieve a labeling of CES1 by ACV2.
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2.2.8 CESI1 Inhibition Assay

To confirm the obtained results for CES1 labeling, CES1 was also investigated for inhibition
with a standard assay for esterase activity. Esterases hydrolyze 4-nitrophenylacetate to give 4-

nitrophenol that can be monitored at 410 nm with absorption spectroscopy.

o CES1 OH
/©/ Y o+ omo —. /©/ +  CHsCOOH
o)
O,N O,N

410 nm

Scheme 6. Conversion of 4-nitrophenylacetate by CES1.

Recombinant CES1 was incubated with 4-nitrophenol acetate and different concentrations of
ACV2. Different preincubation times for ACV2 were tested ranging from one hour to four

hours, to respect results obtained by labeling of CES1 after at least 4 hours.
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Figure 29. Conversion of CES1 upon incubation of ACV2 for A) 4 hours and B) 1 hour showing no inhibition
(figure adapted from [101] - reproduced by permission of The Royal Society of Chemistry).

The results showed only conversion with no inhibition by ACV2. Even very high
concentrations or long incubation times led to no significant decrease. A very slight decrease
could be observed for an incubation of four hours, but this decrease is not sufficient to
determine an ICsy value. In HepG2 cells labeling was already obtained at 10 uM but

concentrations for ACV2 in this assay ranged up to 100 uM with no inhibition.
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2.2.9 Immunoprecipitation of CES1

Given the fact, that CES1 was only labeled after longer incubation of the Cell with ACV2 and
no direct labeling of recombinant protein was achieved, brought in the possibility that the
probe might get altered during incubation and therefore the adduct on CESI became
interesting. The challenge of directly isolating the probe-protein adduct, resulted in a new
strategy to answer this question. The new strategy consisted of CES1 labeling inside the cell
following a pull down for analysis. A suitable method is to use immunoprecipitation, as CES1
is a common protein and antibodies, sufficient for immunoprecipitation, are widely available.
The immunoprecipitation uses the affinity of the antibody towards the enzyme and the affinity
of the antibody towards immunoglobulin, that is coupled to a resin. There are different ways
to operate. The first one is to form the immunocomplex with the antigen and couple this
immunocomplex to the immunoglobulin. Another method is to couple the antibody to the
resin an form the immunocomplex afterwards. A recently developed method uses lysine
residues and couples those on aldehyde functionalized resin via reductive amination. This
offers the possibility to reuse the antibody after elution and the antibody is not eluted, too,

making the sample more pure for following analysis.
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Figure 30. A) Immunoprecipitation performed by formation of the immunocomplex before binding to the

immunogloblulin coupled to solid phase. B) Immunoprecipitation with the anribody coupled to the resin via

reductive amination before formation of the immunocomplex. (reproduced and modified by permission of

Thermo Fisher Scientific)

For the pull down of CES1 from HepG2 the strategy of forming the immunocomplex

followed by immobilization on the resin and the strategy of the covalently attached antibody

were used. The HepG2 cells were incubated with ACV?2 for 48 hours and afterwards the pull

down was performed.
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Figure 31. Western blot of Immunoprecipitation of CES1 from HepG2 that were incubated with ACV2 for 48
hours. Samples from all steps were analyzed starting with lysis, incomplete elution from beads, four washing

steps and two elution steps.

The western blots showed a successful pull down with both applied methods, unfortunately
the reuse of the covalently attached antibody was not possible. Despite the successful pull
down, there was never enough material to conduct intact protein mass spectrometry. This
result and the fact that the specificity of an antibody is a general problem led to the
conclusion, that this approach was not capable to elucidate the ACV2 originating CES1

labeling.

2.2.10 Metabolic Labeling

As the IP was unable to show the ACV2 and CESI1 protein adduct, it was reasonable to
change the strategy. The alternative strategy was an recombinant overexpression but in this
case in eukaryotic cell lines rather than using E. coli. To follow this strategy, the custom
synthesized CES1 gene was recombined into the pT-REx-DEST30 vector using Gateway®
cloning. The pTrex DEST30, which is a shuttle vector working in different expression hosts,
contains no affinity tag and uses a cmv promoter system. After transfection using

Liprofectamine 2000 two possible procedures follow. The transient transfection, that gives
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stable protein expression up to three days until the plasmid is excreted again or the stable
expression, where cells are treated with selection marker (in this case neomycin) over weeks
to get only cells carrying the plasmid. Stable cells are clonally selected and tested for
expression. The advantage of this method is to have cells expressing the protein of interest
over many passages. Disadvantages are the complex and long process until a good clone is
identified. The advantage of transient expression is the simpler procedure of the experiment
but the expression is only stable for a up to three days. For the expression of CES1, the stable
expression gave only poor results with stable cell lines towards selection, but poor expression
For transient expression, the embryonic kidney derived cell line HEK293T and the widely
known HelLa cell line were chosen. The transfection for HEK293T worked better than for

HeLa.
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Figure 32. Fluorescence scan of HEK293T and HeLa cells transfected with CES1 using different amounts of
lipofectamine 2000.

The stability for three days and the good expression in HEK293T, gave the possibility to

conduct a metabolic labeling of CES1. Therefore the cells were transfected with CESI on
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pTREx-DEST30 and incubated for 24 hours. ACV2 was added to the media and incubated for
additional 48 hours. This gave the cells enough time to start the expression of CES1 and the
two days of incubation were sufficient for ACV?2 uptake and metabolism, as experiments in

HepG?2 cells already showed.
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Figure 33. A) Fluorescence scan of metabolic labeling of ACV2 by HEK293T cells overexpressing CES1, with
control lacking the plasmid, empty vector control and HEK293T cells overexpressing CES1 without ACV2. B)
Corresponding coomassie gel (figure taken from [101] - reproduced by permission of The Royal Society of

Chemistry).

This experiment clearly showed that the whole cell is necessary for ACV?2 to label CES1 upon
incubation. Additionally this experiment confirmed CES1 as a target of ACV2. This
experiment indicated that ACV2 is metabolized after uptake and subsequently labels CES1.

A competitive metabolic labeling of acivicin and ACV?2 was carried out to identify if CES1 is
also a target of the natural product. For this experiment CES1 was transfected into HEK293T
cells and acivicin at various concentration and ACV?2 at constant concentration was added 24

hours after transfection and incubated for 48 hours.
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Figure 34. Fluorescence scan of HEK293T transfected with CES1 and incubated with increasing concentrations

of acivicin for 48 h and subsequent in vitro labeling with FP.

This experiment showed no decreased labeling of CES1 under the influence of acivicin. The
similar experiment with HepG2 cells gave the same result. This indicated CES1 as a probe
specific target. Nevertheless it showed a possible metabolization of acivicin, that could be
interesting for elucidating the mode of action. To get an insight in the metabolism of ACV2,
and thereby also possible metabolism of acivicin that is discussed, the identification of the

metabolite of ACV2 bound to CES1 needed to investigated.[43]

2.2.11 Overexpression and Pull Down of CES1

The indication of a metabolism of ACV2 emphasized the question of the structure of the
metabolite or the adduct on CES1. IP could not reveal the additional mass due to not
providing enough material but with the established recombinant expression there is a system
were enough protein can be produced. Another useful possibility was to add a 10 his tag to the

C-terminus via PCR and purify the protein via affinity chromatography. The C-terminal
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modification was a consequence of the 12 N-terminal amino acids being cleaved to give the
mature protein. After successful scale up of the transfection and purification via FPLC, a pure
protein in sufficient quantities was obtained carrying the modification and to conduct intact

protein mass spectrometry.

Control ACV2

C wash elution
Lysis Pel FT

Figure 35. A) Deconvoluted mass of purified recombinant CES1. B) Deconvoluted mass of purified
recombinant CES1 carrying metabolized ACV2. C) Fluorescence gel of different fractions from purification of

CESI carrying metabolized ACV2.

The additional mass identified from labeled CES1 towards unlabeled CES1 was, 180 kDa, but
the amount of labeled CES1 was too small to give an exact answer. For a clear analysis of the
adduct the content of labeled CES1 has to be increased. Higher amounts of ACV?2 proofed to
be toxic after the stress of transfection. A batch purification to obtain labeled CES1 from the
insoluble fraction did not improve the content of labeled protein. To address this problem the
amount of CES1 expressed upon transfection has to be reduced to increase the amount of
labeled CES1 within the cell. Additional experiments that solve this problem need to be

carried out.
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2.2.12 Active Site Determination of ALDH4A1 and CES1

Although ALDH4A1l and CES1 were confirmed as targets, the mechanism of inhibition
remained unknown. To identify the mechanism of inhibition side directed mutagenesis was
carried out to exchange the nucleophilic amino acids of the active site by alanine. For CES1
the nucleophilic serine 221 and for ALDH4A1 the cysteine 348 were exchanged by alanine.
Primers were designed using QuikChange Primer Design from Agilent Technologies. The
mutations were incorporated by PCR and the obtained ALDH4A1 C348A was transformed
into E. coli BL21 Solu® and CES1 S221A was transfected into HEK293T. ABPP
experiments for ALDH4A1 with ACV1 were carried out in bacteria to compare the created
mutant with the wild type as already described. For CES1 a metabolic labeling was conducted

to compare wild type with mutant.
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Figure 36. A) Labeling and western blot analysis of HEK293T cells and HEK293T cells overexpressing CES1
and S221A mutant. ACV2 was incubated for 48 h with both cell lines HEK293T cells and HEK293T cells
overexpressing CES1 and in addition S221A mutant. CES1 overexpressed in HEK293T was incubated with
10 uM DFP (diisopropyl fluorophosphonate, a serine protease inhibitor) for 15 min and afterwards with 10 uM
FP (fluorophosphonate probe, a serine hydrolase specific probe) (lane 2) (figure taken from [101] - reproduced

by permission of The Royal Society of Chemistry).

The experiments showed that labeling was absent in both mutants indicating that ACV1 or the

ACV?2 derived metabolite binds to the nucleophilic amino acid of the active site.

2.2.13 siRNA Knockdown of ALDH4A1 and CES1

With ALDH4A1 a new target of acivicin and with CES1 a metabolism associated target of
ACV2 have been identified. Among proteins that are related to cancer these two proteins
remain unknown. In fact, both enzymes are related to metabolism. ALDH4A1 catalyzes the

conversion of pyrrolidine-5-carboxylate to glutamate and CES1 hydrolyses various esters
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especially of drugs but their cancer related function has yet been determined. To test these
new targets for cell growth inhibition, the siRNA approach was applied. This widely used
technique reduces gene expression by applying short RNA strands of 20-25 bp length at the
mRNA level. After introduction into cells the double strand siRNA binds to Dicer (an RNAse
IIT family member) that cuts the double strand RNA into pieces of 20-25 bp. This short RNA
then binds to an argonaut protein where the guide strain remains bound to the argonaut
forming the RNA induced silencing complex (RISC), while the other strain is digested. The
RISC binds to the targeted mRNA and the argonaut catalyses the cleavage of mRNA, which
gets degraded.
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Figure 37. a) Short interfering siRNA as double strand siRNA. b) The siRNA pathway with double stranded
siRNA that is cleaved by Dicer into siRNA in an ATP dependent reaction. These siRNAs are then incorporated
into the RNA-inducing silencer complex (RISC). Once unwound, the single stranded antisense strand guides the
RISC to the messenger RNA that has a complementary sequence which results in the endonucleolytic cleavage
of the target mRNA (reprinted by permission from Macmillan Publishers Ltd: Nature reviews. Molecular cell

biology [166], copyright 2003).
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This provides a transient knockdown of the gene expression of the desired protein. After
transfection of siRNA with Lipofectamine RNAimax®, the knockdown stability was tested
using western blot analysis. The knockdown of ALDH4A1 was achieved 1 day after
transfection and remained stable for up to 4 days. For CES1 the knockdown was also
successful one day after transfection but less effectiv than ALDH4A1 and CES1 levels
increased again on day four after transfection. After establishing stable knockdowns cell
growth assay followed. To obtain information on this, cell growth was observed with crystal
violet staining, after knockdown, for four days. The knockdown of ALDH4A1 inhibited cell
growth significantly, whereas CES1 also reduced cell growth but less compared to
ALDH4A]1. This showed that the major targets ALDH4A1 of ACV1 and CES1 of ACV2, are

involved in cell growth inhibition on HepG2.
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Figure 38. A)Western blot and fluorescence analysis of knockdown efficiency for CES1 and ALDH4al in
HepG2 cells, including actin as loading control. B) cell growth assay of HepG2 cells upon with knock downs of
CES1, ALDH4A1 and a control only containing transfection reagents (figure adapted from[101] - reproduced by
permission of The Royal Society of Chemistry).

2.2.14 Conclusion and Outlook

The acivicin inspired probes of the ACVL series, except ACVL2a/-3a, show a preference for
aldehyde dehydrogenases (ALDHI1A1, -1B1 and -2) as expected from previous studies. The
acivicin derived probe ACV2 showed the same preference but with a weaker intensity. The

intensity decreased with bigger residues on the bromodihydroisoxazole moiety. These probes
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showed a distinct selective labeling and provide good tools for visualization of ALDH1A1, -
I1B1 and -2. Especially ACVLI1, which showed the strongest labeling, is easy accessible
through synthesis and therefore represents the best visualization tool among those probes. In
bioactivity studies the probes of the ACVL series showed no growth inhibition but ACV2
showed a growth inhibition close to the natural product acivicin. This indicates that an
inhibition of these three ALDHs by these probes is not sufficient. One the other hand ACV2
showed only weak labeling of ALDHs, but by extending labeling times the additional target
CES1 was labeled. A knockdown of CESI1 resulted in growth reduction. The labeling of
CES1 was metabolically derived, as no direct labeling of CES1 was possible with ACV2. A
labeling of transiently expressed CESI1 after extended incubation of whole cell with ACV2
finally approved the metabolic conversion of this probe. The labeling occurs on the active site
as mutagenesis studies revealed. CES1 was a probe specific target as well as ALDHI1AI, -
IB1 and -2, but the fact that ACV2 is metabolically converted stands in line with the

hypothesis of a metabolic conversion of acivicin into a neuroactive metabolite.[43]
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Scheme 7. Possible conversion of acivicin.

The pull down and identification of the covalently bound CES1 was not possible so far and
needs to be optimized in future studies. The characterized adduct of metabolically converted
ACV2 could explain possible conversion of acivicin and simplify the elucidation via
metabolomic studies.

Beside these findings, ACV1 showed a preference for ALDH4A1 which was not observed by
other probes used in this work. ACV1 showed growth inhibition but to a lesser extent than
ACV?2 and acivicin. ALDH4A1 could be labeled directly by ACV1, but longer labeling times
showed an alteration of structure as labeled ALDH4A1 became insoluble. Competitive

labeling and inhibition assays revealed ALDH4A1 as a target of the natural product acivicin.
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ALDH4A1 represents a new identified target of acivicin that also showed growth inhibition of
tumor cells upon siRNA knock down. The inhibition of ALDH4A1 happens by inactivation of
the active site cysteine. The alteration of neurotransmitter biosynthesis that is affected by
inactivation of ALDH4A1 could serve as an explanation for the neurological side effects of
acivicin. But ALDH4A1 seems to play an additional role as the growth reduction of tumor
cells showed. Studies in glioblastoma cells revealed a higher susceptibility to p53 mediated
apoptosis upon inhibition of ALDH4A1 expression. Future work will elucidate the role of

ALDH4A1 in growth arrest or apoptosis in relation with p53.
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3 Uterine Fibroids

3.1 Special Introduction

3.1.1 Uterine Fibroids

Uterine fibroids (also termed leiomyma or myoma), are benign smooth muscle tumors, that
represent the most common gynecological tumors in women of reproductive age. Their
prevalence ranges up to 77% among gynecological tumors with an occurrence in 70-80% of
women reaching the age of 50.[167-171] Although benign tumors, myomas negatively affect
women's life quality with their severe symptoms of heavy, irregular and prolonged menstrual
bleeding, anemia, abdominal pain and infertility. Recurrent abortion and preterm labor is also
associated with uterine fibroids.[172]

Due to their frequent occurrence, uterine fibroids became objects to clinical research but their
clear pathogenesis and etiology still remains unknown. As they normally occur after
menarche and regress following menopause, an effect of estrogens and progesterones seems
evident. Several studies confirmed this assumption by showing that these hormones promote
tumor growth.[167, 173-178] Furthermore, gene polymorphism, epigenetics, familial
disposition, oncogenic viruses as well as miRNA deregulation are additionally discussed to
trigger myoma development, but contemplation of these factors could not give a clear answer
up to date.[179-185]

The benign tumors are derived from uterine smooth muscle cells (myometrium) and consist of
large amounts of collagen, fibronectin and proteoglycan, which are typical components of the
extracellular matrix.[171, 186] A thin pseudocapsule of areolar connective tissue and
compressed muscle fibers are surrounding these tumors.[187] Uterine fibroids are classified in
three categories by their location in the uterus (see figure 39) giving subserous, intramural or

submucous myoma.
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Figure 39. A) Schematic view of the uterus (figure taken from [188])with different types of uterine fibroids and

B) picture of an uterus with multiple uterine fibroids after a hysterectomy (figure taken from [189]).

Myomas can occur as single tumors but often multiple tumors are found in one uterus.
Analysis of these multiple tumors has shown, that each tumor from the same uterus can have
different cytogenetic changes, indicating an independent development.[190] This assumption
was confirmed by several x-inactivation studies, showing the monoclonality of each tumor
from the same uterus.[191-194]

The size of myoma can vary a lot, even multiple myoma can have size variations ranging
from a few millimeters to bigger than 30 centimeters.[195] This could reflect different date of
development, with all tumors bearing the same general growth potential, but studies showed
that even small myoma can stop growing.[196] Indeed studies showed different growing
speeds of different tumors, with bigger tumors that grow faster than smaller tumors.[196, 197]
But more surprising was the finding that within multiple myomas, some myomas grow faster
than the others.[197] This endogenous growth control differentiates myomas from malignant
neoplasms, that do not possess any growth control. For benign and premalignant tumors,
growth inhibition is very often caused by oncogene-induced-senescence (OIS) and could
possibly explain the growth arrest of myomas.[198-202]

Cellular senescence describes an irreversible cell cycle arrest in the G1 phase, while cells stay
metabolically active but are incapable of DNA replication.[203] OIS describes the fact, that
senescence is caused by activated oncogenes or oncogenic viruses, that activate p14(Arf) and
pl6(Ink4a), known cell cycle inhibitors, resulting in an activation of a tumor-suppressor-

network, leading to senescence or apoptosis.
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Figure 40. Tumor suppressor networks activated by different types of stress (reproduced with permission from
[198], Copyright Massachusetts Medical Society). Stress induces higher levels of p16 (Ink4a) leading to
accumulation of tumor suppressor protein retinoblastoma (pRB), which binds to several downstream effectors
like E2F. This inactivates DNA replication and transcription leading to senescence. The other major tumor
suppressor network is the activated p53 pathway. Different factors can activate the antiproliferative gene p21,

survival factors like BCL2 or Slug leading to senescence or proapoptotic genes resulting in apoptosis.

OIS represents a critical step in the premalignant tumor during the development into an
malignant tumor were the described tumor suppressor pathways are inactive. Upon an
oncogenic mutation, a cell can react in three different ways. First, there is an antiproliferative
reaction leading to apoptosis or senescence. The second possibility is a lesion (abnormal
tissue) caused by no reaction on the mutation, but this lesion can later develop senescence or
apoptosis. And the last possibility is uncontrolled growth linked with additional mutations
(see figure 41). The state of senescence represents a very stable state, where cells can stay for
decades, but in rare cases these cells can undergo additional mutations and transform into a

malignant tumor.
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Figure 41. Tumor progression model with three different responses on oncogenic mutations (reproduced with
permission from [198], Copyright Massachusetts Medical Society). An antiproliferative response leading to
apoptosis or senescence, production of a lesion which can either promote senescence or apoptosis or transform
into a malignant tumor with absent defense mechanisms. Cells in senescence state can undergo a malignant

transformation.

Recent findings suggest that senescence plays a key role in myoma growth as tumors showed
more than 50% of [-galactosidase positive cells, which is a senescence associated
marker.[204]

Another model for myoma development recently evolved, suggesting that myomas arise from
deregulated stem cells.[205-208] The uterus undergoes several hormone controlled changes
(menstruation, pregnancy), which also includes myometrial smooth muscle cells. During these
changes cells in the uterine tissue are constantly renewed from these stem cells and this offers
a possibility for mutations. Such a mutation was found in the mediator complex subunit 12
(MEDI12) in uterine fibroids affecting its function.[209] This results in high levels of high-
mobility group AT-hook 2 (HMGA?2), which are also observed in uterine fibroids and inhibit

senescence and self renewal by down regulating p14(Arf).[210, 211] This mutation is also
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linked to an alteration of P-catenin and TGF- signaling, which regulates cell cycle,
proliferation, senescence, formation of extracellular matrix, differentiation of stem cells and

cell renewal.[210, 212-215]
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Figure 42. Tumorigenesis of uterine fibroids (reproduced with permission from [205], Copyright Massachusetts
Medical Society) A) Progesterone and estrogene mediate stem cell differentiation into myometrial cells that
develop into mature myometrial smooth-muscle cells. These have estrogene and progesterone receptors, which
in turn activate paracrine factors like WNT ligands that induce stem cell proliferation and renewal. B) HMGA2
mutation (genetic hit) differentiates stem cell into a fibrotic cell, that can start self renewal and divide in an
uncontrolled fashion until developing into a mature fibroid smooth-muscle cell. Estrogene and progesterone
receptors on this cells induce the mutated stem cell again. C) Benign tumor formation of the mutated stem cell

within myometrial tissue with extracellular matrix formation within the tumor.
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Despite the tremendous progress in this field, the growth and etiology of myoma still provides
many open questions. Without answers to these questions, a new medication on myomas is
hard to develop. Current treatment of myoma involve surgery, mainly hysterectomy, where
the complete uterus is removed, resulting in immediate cure of the symptoms and prevention
of the recurrence. On the other hand it bears all risk that come with surgeries in general and
additionally this option might be mostly inacceptable for women of reproductive age.
Myomectomy is an alternative surgical option using laparoscopically approach, to excise the
tumor. The benefit of this method is to retain the fertility but the main disadvantage is the
recurrence of myomas. Another minimal invasive option is the uterine artery embolization,
where particulate embolic agents are delivered through the uterine arteries to block the blood
vessels of the myomas.[216, 217] This method also remains the possibility of pregnancy but
returning symptoms are reported very often as well as miscarriage, preterm labor, postpartum
hemorrhage.[187]

In contrast to surgical methods, medical treatment showed only success on short-terms.
Gonadotropin-releasing hormone analoga (GnRHa) are a widely used medication in
presurgical treatment. They effectively reduce the tumor size, making surgery easier, but go in
hand with menopausal symptoms and longterm treatment showed bone demineralization.
GnRHa treatment leads to a reduction of angiogenesis and increases apoptosis and reduces the
inflammatory reaction in myoma lesions.[218] While myomas possess GnRH receptors, a
direct effect of these receptors on tumor growth is also discussed as a possible mechanism of
action.[219, 220] However an offset of GnRHa treatment induces regrowth of the tumors to
their pretreatment size and the side effects of GnRHa treatment make it inacceptable for long-

term treatment.
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Figure 43. Structures of the gnrh-antagonists nafarelin (Synarel), goserelin (Zoladex) and deslorelin (Ovuplant).

The unsatisfying results for long-term medical treatment and only surgical methods remaining

for cure with all its disadvantages, indicates that there is a need for new medical treatment

upon these tumors. The fact that their etiology is still only poorly understood, makes it a big

challenge. One possible approach is the observation on proteomic level, especially on active
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enzymes that could be involved in many development processes of myomas and are
accessible for selective inhibitor. Serine hydrolases present such an enzyme class. Until today

no such study has been performed.

3.1.2 Serine Hydrolases and MetAP2

Serine hydrolases comprise a large and widely distributed class of enzymes involved in many
physiological and pathological processes. In humans, serine hydrolases constitute even 1 % of
the predicted protein products and include proteases, lipases, thioesterases, esterases and
pepidases, making the serine hydrolases a highly diverse enzyme class.[221] Processes where
serine hydrolases are involved span from blood clotting, digestion, nerve signaling,
inflammation, to pathological conditions such as cancer, drug resistance, neurodegenerative
diseases, cardiovascular alterations, allergies and vital roles in virus life cycles.[160, 222-234]
These huge number of involved processes is the reason, why serine hydrolases gained huge
biomedical interest and are object to pharmaceutical research.

All serine hydrolases share a nucleophilic serine that is used to cleave ester or amide bonds.
The cleavage occurs through a covalent acyl-serine intermediate formed by an attack of a base

activated serine on the carbonyl group. That intermediate is cleaved by water hydrolysis.
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Figure 44. Catalytic cycle of a serine hydrolase.
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Approximately 240 human serine hydrolases are to date known and are subdivided in two
groups.[235] One subgroup contains the serine proteases, which cleave peptide bonds and are
expressed is inactive precursors, so called zymogens.[236] These zymogens are activated by
specific cleavage upon stimulation and inactivated by specific endogenous inhibitors.[237,
238] The other subgroup, termed metabolic serine hydrolases, display a more diverse set of
substrates and hence a more diverse set of structures. The metabolic serine hydrolase
subfamily contains lipases, esterases, thioestereases, peptidases and amidases.[239, 240]
Aside with the catalytic triad, that is found in the majority of the metabolic serine hydrolases,

there are also Ser-Asp and Ser-Lys Dyads used by some lipases and amidases.[235]
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Figure 45. Dendrogram showing over 200 predicted and known serine hydrolases and their relationship
(reprinted by permission from Macmillan Publishers Ltd: Nature reviews. Drug discovery [235], copyright
2012). Grey lines represent chymotrypsin like enzymes, blue lines stand for metabolic serine hydrolases,

subtilisin like enzymes are depicted in red and the green lines show other small serine hydrolases.
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Prominent serine hydrolases are trypsin, a well known enzyme involved in digestion or
thrombin and factor Xa that plays an important role in blood clotting, acetylcholinesterase,
that is important for synaptic transmission and dipeptidyl peptidase 4, that plays a role in
glucose metabolism.

Some enzymes are already considered as therapeutic targets with inhibitors that are already in
clinical use. Argatroban and Dabigatran are two inhibitors of thrombin and used for treatment
of thrombosis.[241, 242] The same indication can be treated with rivaroxoban, this time
targeting factor Xa.[243] For the treatment of dementia caused by Alzheimer's disease,
acetylcholin esterase is inhibited by e.g. rivastigmine or the natural product galantamine.[244,
245] Obesity can be treated with the lactone orlistat, that addresses lipases in order to block
the uptake of lipids.[246] Another diet associated disease, type 2 diabetes, can be treated by
addressing dipeptidyl peptidase 4, that is achieved by using e.g. saxagliptin or linagliptin
during therapy.[247, 248] This is a very diverse set of indications, that can already be treated
with serine hydrolase inhibitors and even more small molecules that target these enzymes are

already in clinical evaluation process.
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Figure 46. Serine hydrolase inhibitors in clinical use.

But not only serine hydrolases represent an interesting class regarding human pathology.
Their close relatives cysteine-, aspartic-, threonine- and metalloproteases are also enzymes of
high interest concerning therapies. The HIV1 protease is an aspartic protease and the drug
target of retroviral drugs.[249] Cysteine proteases play important roles in apoptosis and
threonine proteases contain parts of the proteasome complex, a vital enzyme in eukaryotic
cells. The metalloproteases gained huge attention, especially when related to cancer.[32, 250,
251] They are linked with tumor growth, tissue remodeling and basal membrane degradation

facilitating tumor metastasis.[252]
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A member of this family, the methionyl aminopeptidase 2, gained interest during the last 20
years. This enzyme belongs to methionyl aminopeptidase subfamily, that consists of two
proteins and is known to bind 2 cobalt or manganese ions.[253, 254] Methionyl
aminopeptidase catalyzes selectively the removal of the initiator methionine residue from
nascent proteins during maturation and therefore regulates processes like protein turnover,
protein targeting, and cell proliferation.

The reason why MetAP2 gained interest, was the finding that it is the single target of
fumagillin and its variants.[255] Studies in cells, down regulating MetAP2, showed reduced
angiogenesis as well as reduced cell proliferation and studies in rats revealed tumor growth
inhibition and metastasis.[256, 257] These findings indicate a major role in angiogenesis and
cell proliferation. In a recent investigations it was found that MetAP2 is also relevant for
treatment of obesity and MetAP2 inhibitors are currently tested in clinical trials.[258]

Results and new findings on proteases, especially serine hydrolases and MetAP2, show the
great value of these enzymes for future research. By elucidating their roles in the cells, which
is not yet fulfilled and the fact, that inhibitors can be designed on these classes, makes these

classes promising candidates for future pharmaceutical research and diagnosis.

3.1.3 Aim of this Study

The unsatisfying therapies available for myoma present an urgent need for medical therapies.
Medical treatment of myomas to date only consists of hormonal therapy with relapse upon
stopping treatment. Serine hydrolases and MetAP2 are involved in tissue regulation and
extracellular matrix remodeling. For these enzymes a wide range of inhibitors is already
available. Here these enzymes were studied in myoma tissue and healthy myometrium tissue
using the ABPP approach. A comparison of enzyme activities in healthy and tumor tissue in

several patients was investigated.



Results and Discussion 73

3.2 Results and Discussion

3.2.1 Establishing Fluorophosphonate probe

To identify serine hydrolases a probe is needed that broadly labels the big serine hydrolase
family. The fluorophosphonate probe (FP) already proved its ability to broadly label serine
hydrolases.[19] The design of this probe 1is inspired by protease inhibitors like

diisopropylfluorophosphonate or chemical warfare gases like e.g. sarin.

F./ O = Q
o N0 N F
sarin FP diisopropyl fluorophosphate

Figure 47. Fluorophosphonates sarin, the fluorophosphonate probe and diisopropyl fluorophosphponate.

With the fluorophosphonate moiety, FP bares a very potent electrophile. A PEG linker
enhancing cell permeability connects the electrophile with an alkyne for further click
chemistry modification. First labeling attempts with the commercially available FP were done
with HCT116 cells that were incubated with 10 uM FP for one hour, followed by attachment
of rhodamine using click chemistry and analysis by fluorescence readout of the SDS-PAGE.
Together with in situ labeling experiments of HCT116 cells, porcine trypsin was incubated

with 10 uM FP with the same treatment and analysis as a positive control (see figure 48).
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Figure 48. Fluorescence scan of SDS-PAGE of HCT116 cells labeled with FP after attachment of rhodamine

azide.

The observed labeling pattern proved the probe and protocol applied as appropriate. The
labeling is clear and distinct with low background. With these results in hand FP labeled
HCT116 lysates underwent LC-MS analysis by first coupling biotin-azide to FP labeled
protein followed by enrichment with streptavidin and tryptic digest on the beads, with
subsequent analysis using liquid chromatography and MS/MS analysis. Hits were defined by
a ratio of the measured peak area of the labeled proteome divided by the proteome incubated
with the same volume of DMSO as described above. MS analysis identified following

proteins as shown in the following table 7.
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A total of 11 serine hydrolases were identified with different molecular weights. The different
protein hits were assigned to bands that showed up in the fluorescence scan. One would
expect a higher number of serine hydrolases from this lysates, but no prefractionation (e.g.
preparative SDS-PAGE) was done. These findings indicate that the FP-probe and the protocol

worked properly and could be used for further experiments.

3.2.2 Homogenization of Myoma and Myometrium Tissue

Labeling of tissue is only enabled by the in vitro labeling approach. Samples were purchased
from Alcedo or obtained from the tissue collection of Bayer Schering Pharma (now Bayer
HealthCare) and were derived from women that underwent hysterectomy. Homogenization of
uterine fibroids bears several challenges and is an important step towards ABPP studies. As
mentioned above uterine fibroids, like the surrounding tissue contain high amounts of
fibronectin and collagen making them very stable tissues. Therefore a more rigid treatment for
homogenization is needed, than for instance is needed for liver tissue, to deliver satisfying
protein yields. The disadvantage of applying high force during tissue homogenization is the
consequence of protein denaturation. This is incompatible with the subsequent ABPP
protocol. For uterine fibroids a balance of high yields and a high amount of native protein was
needed. This was achieved by using a bead mill with ceramic beads of different diameters.
This method offered good protein yields together with native proteins. Detergents and high
salt buffers also improved yields and were implemented in the homogenization process. For
an adequate comparison, only tissue from one sample was used for all experiments and the

same protein amount was loaded on each gel (see figure 49).
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Figure 49. A) Fluorescence scans of homogenized tissue under different conditions. B) Protein yields calculated

from the amount of tissue used for homogenization.

In general, all methods resulted in labeling, while the addition of SDS enhanced both protein
yield and the signal to noise ratio of the labeling. The ripa buffer gave an equal result
regarding yield but the labeling compared to the background signal was weaker. The increase
of homogenization cycles provided a great improvement on protein yields. These findings

provided a robust protocol for further in dept ABPP studies on uterine fibroids.

3.2.1 Labeling of Myoma and Mpyometrium Tissue with

Fluorophosphonate Probe

With the established protocol for homogenization and labeling of myoma and myometrium a
total of 9 samples from different patients was analyzed by the ABPP approach. The initial
studies were done on small analytical scale using rhodamine azide following protocol on
preparative scale where enrichment was done using a trifunctional linker, carrying biotin and
rhodamine. The analytical scale experiments additionally offer a good control for the whole

enrichment process when applied on the same gel like the preparative samples for band
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excision (see figure 50). A problem of serine hydrolases in terms of ABPP is their low
abundance resulting in a weak fluorescence readout. This can be overcome by the

fluorescence readout of the samples after the enrichment protocol.
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Figure 50. Fluorescence gel of paired myoma and myometrium samples of patient 69 incubated with FP, with

analytical samples flanking the preparative samples from avidin enrichment.

The labeling pattern of the myoma and myometrium gave good signal to noise ratio over a
wide range of molecular weight. The fluorescence intensity of the enriched samples is, as
expected, higher than the analytical samples. Very strong labeling occurs in the areas of
~30 kDa, ~40 kDa and ~60 kDa, with the later ones occurring with almost equal intensity in
the DMSO control. The bands of ~40kDa and ~60kDa revealed to be actin and
serumalbumin, that were labeled due to high abundance. The MS analysis of myoma and
myometrium tissue of one patient revealed a big set of serine hydrolases in the sample of this

patient (see table 8). Positive protein hits were defined as described above by dividing the
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area obtained for a protein the FP sample by the area for a protein obtained by the control

sample.



[eLIPUOYO0ITUI

686 001 11’6 Tes €81 0 0 000 8 ¥ 06°CC 00+400°0  LO+HO8C 7 25PINSIONY) Y AWAZU0-[KOY 9'90602C00IdI LoDV
lzad! 001 PSEl [4%4 |¥44 0 0 000 6 S TLST 90+d06°S  LO+HOSC [ ASLIDISAOI) Y SWAZUS00-[KOY ['8¢8€€€00IdI ILODV
6L 00T L8T1 $T9 L9S 0 0 00°0 9 9 90°81 00+H00°0  LO+H6L'E [ 9Se1)SI[AX0QIED TOAT] ¥'L0STY6001dI 1SHD
0 001 L6°L L'LY S19 0 0 000 € € y1°01 00+d00°0  LO+HTY'I [IX J0108) uonemseo) T 185610001dI Id
. ; . . . . . . (uowiSely) .
LLO 9y ST'9 §'e8 9L € T LES 9 4 81°91 LOHHET'T  LOHHST'S 4 101085 JuaWAIdWOs) JO | WIOJOS] 1°€TSTT6001dI a1
0 001 9LL LLS 09L 0 0 000 6 S 09°LT 00+400°0  L0+H86'S ase1dog Jo | wiojos| ¥ 19¥S62001d1 dvd
0 10/AIQH# € T'88 9L 0 0 000 € T £6'6 00+500°0  LO+HOP'I 1 osepnded [Apndadiq 1°€S6810001dI $ddd
93e19A00 ® sapnds, sapnds,
(WnLIWOAN (OSIa 3ouanba el SYV # | INSd # paded 100§ | INSd # paded 100§ OSINa dd
S MIN # #
BAIY)/(BWOA A eaay)/(dd uondrsaq UOISSINY 198ae],
BAIY) BAIY) UOIJBULIOJUI [BIIUIL) OSINA dd vy
WNLNIWOAIA
L¥'6T SaY LLOE €°LT LYT € € 6L6 s L 6v'T91 | 90+H09°6  S0+HS6'E asewky) ['L£6€10001dI IVIND
00T 001 1°sT 88T 994 0 0 000 LT 9 18°9L 00+H00°0  80+HTL'L D ursdayre) 1+90820001dI DSLD
001 001 €L°01 9'6t €€T 0 0 000 8¢ € 91yl | 00+400°0  60+HIS‘T e)jop aseldA1], Jo g wiojos| €°0079L£001dI 1dSdL
18°0 65°LT ssoe so¢ SLT 14 4 $S°01 L3 8 8%'86C | LO+HLT'E  80+HIO0'6 z-v10q aseidAry, TTY661Y001dI ¢dSdL
LLT £6°6C 8S°1€ S'6T 99¢ 14 [ 1811 16 6 81°00¢ LO+H9E'S  60+HO0ST 1-e30q/eydie aseidA1y, Jo g wiojosy 1'6€LTLY00IdI 194VSdL
6L°0 0y STS1 PIE [4:14 C 4 59 L € 1L€T 90+d09°9  LO+HS9'T ASE[OIPAY QUOTYLIN[S[AULIO)-§ 1°90LT1#001dI asd
. . - . - - 00 - [eLIpuoydoy ‘[ urajoxd .
00T 001 LOET 6'ce 90¢ 0 0 000 € € 1€°8 00+400°0  L0+d99°S SUIUITIUOD-UTRWOp AST[OIPAYQY $'6L002000IdI ~ OTAHAV
¢ ‘ ¢ . ‘ ¢ ¢ [eLipuoyd0)I .
68°6 001 LL'TT Tes €81 0 0 000 9¢ 01 SI°SL 00+400°0  80+H9LE 7 95PI0NSI0NY) Y AWAZU0-[KOY 9'90602C001IdI [arels)4
jzad! 001 6T [4%% 1Ty 0 0 00°0 (43 1 88°16 00+H00°0  80+d8¥'S [ 9SBIANSI0IY) Y QWAZU200-[KoY 1'8€8¢£€00IdI LLOOV
€6°L 001 £6'ST §79 L9S 0 0 000 9L 4! PLIYT | 0045000  80+HI0E [ 9SeIISI[AX0QIED TOAT] ¥'LOSTY6001dI 1S40
. . ¢ ¢ ¢ ¢ ‘ ¢ (uowSery) .
LLO 9y S1°9 (SIS oL € 4 LE'S 9 ¥ 81°91 LOHHET'T  LOHHST'S g 101%) Juowadwo)) Jo | WIojos| 1'€TSTT6001dI 440
33819400 ® sapnds, sapnds,
(WnLnIWoAN (OSa aouenbag : 3&-\% SVV# | INSd # c.m d 100§ | INSd # c.w* d aloo§ OSINa dd
ea1y)/(BWOAN | ©IY)/(dd uondrsaq UoISSINY jesae],
vaIY) ©a1Y) UONRULIOJU] [BIIUIL) OSINd aa vaIy

BWOAA




‘001 01 39S Sem an[eA OIel Ay} BWOoAwW 3y} Jo ojduwres pafaqe[ ay3 ur 3uULINId0 AJUo

urojoid e Jo aseo oy uy ‘so[dwres wniowoAw snSIA sojdures ewoAw pue [01NU0d snsIoA sa[dwes pajaqe[-d.] 10} SOnel PauluLId)op Surpnour 9 juaned 10} sy urdjold °g dqeL

LY'6T 001 £6°01 €°LT Lve 0 0 000 [4 [ 06°S 00+H00°0  LO+HSET asewAy) 1"L£6€10001dI IVIND
18°0 001 SY'sT g0 SLT 0 0 00°0 94 S L9°CIT 00+H00°0  80+dL0°6 7-#19q aserdAry, T Tr66117001d1 casdL
LLT 001 Te9e §6c 99T 0 0 000 IS L LY*€91 00+H00°0  60+HII°l [-e10q/eydre aseid£1y, jo g uriojosy 1'6€LCLY00IdI  1dVSdL

6L°0 059 g6l ¥Ie 8¢ C [4 LO'L S 14 00°91 90+d8T°'1  90+HTE'S 9se[0IpAY duoryyen[S[AwIof-§ 1'90LTT¥00IdI asg



Results and Discussion 82

The facts that hormones influence myoma growth and that the menstrual cycle is also
hormonal driven was also considered. The uterine cycle describes the renewing of the
endometrium during menstruation and divides up in three phases. It starts with the
menstruation or desquamation of damaged endometrium followed by the proliferative phase
in which the endometrium, induced by estrogen, grows while in its last phase, the secretory
phase, the thickness of the endometrium reaches its peak and transforms by induction of
progesterone into secreting tissue that supports early pregnancy. Although this
transformations take place in the endometrium the serine hydrolase activity pattern in myoma
or myometrium could be affected as well. To address this issue, samples from the
proliferating, secretory phase were analyzed, while samples from the menstruation or
desquamation phase were not available. When working with patient samples there is always
the possibility that these samples can differ from each other. This brings in an additional
variant to the analysis of myoma and myometrium that has to be taken in consideration. For a
better overview preparative labeling pattern from different patients were merged together, the
myoma and myometrium lanes from each patient separated and grouped to give an overview
on myoma and myometrium labeling pattern throughout all patients (see figure 51). All
patient samples were analyzed in the same way as described above (see figure 50 and table 8)

and gels and protein hits for each patient sample can be found in the appendix.
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Myoma Myometrium
unknown proliferative secretory unknown proliferative secretory
phase phase phase phase

69 927 141 144 150 142 151 157 172 69 927 141 144 150 142 151 157 172
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Figure 51. Fluorescence scans preparative scale gels of 9 patients merged together.

The analysis of 9 different patient samples revealed certain similarities that occurred with
different intensities but also differences in the labeling pattern. A general difference within
cycle phases could not be observed. In myoma samples there was no enzyme or enzymes
observed that solely occurred on myoma or were more active in myoma throughout all
patients. On the opposite site there was a trend of enzymes around the 30 kDa area that tended
to be more active in the myometrium. The mass spectrometrical analysis over all 9 patients
revealed 32 active serine hydrolases (table 8). The serine hydrolases Acyl-coenzyme A
thioesterase 1 (ACOT1) and 2 (ACOT?2), S-formylglutathione hydrolase (ESD), tryptase
alpha/beta-1 (TPSAB1), tryptase beta-2 (TPSB2) and Tryptase delta (TPSD1) were active in
all patient samples. The serine hydrolases active in at least five patients were complement
factor I (CFI), acylamino-acid-releasing enzyme (APEH), Prolyl endopeptidase (PREP),
coagulation factor XII (F12), carboxylesterase 1 (CES1), lysosomal protective protein
(cathepsin A, CTSA), abhydrolase domain-containing protein 10 (ABHD10), cathepsin G
(CTSG), chymase (CMA1) and platelet-activating factor acetylhydrolase IB subunit beta
(PAFAH1B2). The hydrolases prothrombin (F2), carboxypeptidase vitellogenic-like (CPVL)
and platelet-activating factor acetylhydrolase IB subunit alpha (PAFAH1B1) were active in
less than five patients but were active in at least three patients. The last group showed only

activity in one or two patients and included dipeptidyl peptidase 4 (DPP4), seprase (FAP),
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complement factor B (CFB), Dipeptidyl peptidase 2 (DPP2), acyl-protein thioesterase 1
(LYPLAT), Protein phosphatase methylesterase 1 (PPME1), neutrophil elastase (ELA2),
alpha/beta hydrolase domain-containing protein 14B (ABHD14B), platelet-activating factor
acetylhydrolase IB subunit gamma (PAFAHIB3), myeloblastin (PRTN3), isoamyl acetate-
hydrolyzing esterase 1 (IAH1) homolog, putative hydrolase RBBP9 (RBBP9) and
lysophospholipase-like protein 1 (LYPLALT). This group contains highest number of serine
hydrolases. This could be due to sample specific proteins or the fact that these proteins are
low abundant. Serine hydrolases with a mass above 65 kDa showed in general lower
abundance than compared to homologues with masses below 65 kDa.

From the visual analysis (see figure 51) first hints on different activities were detected that
were confirmed by the analysis of the mass spectrometrical data. But identification alone is
not sufficient. A comparison of enzyme activity in both healthy and tumor tissue can be
assigned. For this purpose the results for protein hits from both myometrium and myoma were
compared regarding their intensity. A similar approach as for the identification of protein hits
was used but instead of dividing the area of the probe sample by the area of the control

sample, the area of the myoma sample was divided by the area of the myometrium sample.

Area (Myoma)

Ratio =
Area (Myometrium)

Formula 2. Semi quantification of enzyme activity in different tissue based on determined areas from ion

chromatogram.

This enabled a direct readout of proteins regarding occurrence and intensity (see table 8 and

figure 52).
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The activity of a serine hydrolase in myoma and myometrium in a patient could be equal,

more active in myoma/myometrium or only active in myoma/myometrium. By applying these

criteria to the results obtained and converting it to a color code a heat map was generated to

facilitate the readout of this data.

Target
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Figure 52. Heat map of protein hits comparing their activity in myoma and myometrium. Enzymes only active

in myoma were set to the value 100 and enzymes only active in myometrium were set to 0. Equal activity ranged

from 0.5 to 2. Values in between were defined as more active in myoma/myometrium. No entry means no

detection in this patient.



The analysis of the relative activity profile gave conclusions on the activity in the healthy
tissue compared to tumor tissue. Many enzymes were only found in a small number of
patients and are not significant enough for a general characterization of myoma and
myometrium tissue, but should be still regarded as interesting enzymes for characterization,
e.g. for targeted approaches, since they mainly show low abundance and could be below the
detection limit. Enzyme showing these limitations were DPP4 and FAP, that were only found
in 2 patients but with no clear tendency regarding activity in one of both tissues types. CFB
and DPP2 showed only activity in one patient with an equal activity. The enzymes IAHI,
LYPLAI, were active in one patient and PPME1, PAFAH1B3 and LYPLA1 were found in
two patients being only active in the myoma. This could be a seen as a hint for enzymes only
active in myoma, but these enzymes again showed low abundance making them hard to
detect. By only occurring in only up to two patients, these hits were lacking significance
throughout several patients. ELA2 and PRTN3 showed similar characteristics, except being
only active in myometrium. F2 appeared in three patients only active in myometrium and a
tendency of higher myoma activity was shown by CFI (three of five patients) and F12 (three
of four patients). CPVL and PAFAH1B1 were detected in three patients but showed no clear
tendency towards activity in one of the two tissue types, as did ABHD14B that was only
found in two patients.

CESI and CTSA showed a tendency to be more active in myoma, while the tendency was
clearer for CTSA (four of five patients) than for CESI1 (three of five patients) but their
significance throughout all patients is still low. PAFAH1B2 was also detected in five patients
but a clear tendency towards activity in one of both tissues was not found.

ACOTI1, ACOT2 and ESD were always detected in all patients showing no tendency to be
more active in one of both tissues. ABHDI0 was found in eight patients also showing no
tendency to be more active in myometrium or myoma.

TPSAB1, TPSB2 and TPSD1 were detected in all patients and belong to the high abundant
serine hydrolases. They showed a higher activity in myometrium in six of nine patients and
for TPSD1 in seven of nine, with one sample only occurring in myoma. All patients with
samples from the secretory phase showed a higher activity for these enzymes in myometrium
while in two of three patients with samples from the proliferative phase showed an equal
activity. These patients (144 and 150) on the other hand showed activity of RBBP9 in myoma.
Although RBBP9 was only detected in two patients, the fact that these patients samples were

taken during the proliferative phase and the inverse activity compared to TPSAB1 and TPSB2



in these patients and the additional fact that the sample 141 was only slightly proliferating
already turning to the secretory phase highlighted the role of this enzyme.

CMAI and CTSG showed a higher activity in mainly myometrium. This was the case for
CMAL1 in five of six patients. CTSG showed in five of eight patients a higher activity in
myometrium while both enzymes showed in the majority of all patients only active in
myometrium. This activity pattern showed similarity to the three tryptases TPSAB1, TPSB2
and TPSD1 but a relation to cycle phases was not detected.

3.2.2 Functions of Differentially Active Serine Hydrolases

From the 9 patients analyzed, the enzymes TPSABI1, TPSB2, TPSD1, CMA1, CTSG, CES1,
CTSA and RBBPY showed a different activity profile in healthy and tumor tissue. These
enzymes comprise various tasks and are involved in complex processes.

The serine proteases TPSAB1, TPSB2, TPSD1 and CMALI are typical enzymes for mast cells,
a cell type discovered by Paul Ehrlich in the late 19th century. This indicates the presence of
mast cells in myometrium. Among the proteases CMA1, TPSABI and TPSB2 are well
studied, while TPSD1 was long believed to be a pseudogene but was later characterized in
various tissues.[259, 260] Mast cells occur in various tissues and organs including heart, lung,
skin, digestive system, smooth muscle tissue and are involved in a number of processes and
diseases like inflammation, wound healing, tissue remodeling, allergies, arteriosclerosis,
arthritis, tumorigenesis and autoimmune diseases.[261-264] The processes were mast cells are
involved are mainly induced by the secretion of the mast cell specific proteases TPSABI,
TPSB2, TPSD1 and CMAI1. Beside tissue degradation through their protease activity, these
mast cell proteases also activate tissue-resident macrophages, as well as several matrix
metalloproteinases (MMP) for the degradation of extracellular matrix.[233] Mast cell
proteases also influence tissue remodeling through activation of procollagenases or the
activation of transforming growth factor beta (TGF-3) which counteracts the MMP-dependent
extracellular tissue degradation.[233, 265, 266] The three tryptases (TPSABI, TPSB2 and
TPSD1) cause endothelial cells to produce interleukin-8 and the chemokine ccl2,
proinflammatory proteins that recruit leukocytes.[267] CMA1 seems to play a special role
among mast cell proteases, since some mast cells lack this protease. CMA1 can modify high-
density lipoprotein, altering cholesterol metabolism, enhance the formation of angiotensin 11,

a peptide hormone that increases blood pressure. It was shown that CMA1 can induce



apoptosis in vascular smooth muscle cells and endothelial cells.[268-271] Additional studies
with rat derived aortic smooth muscle cells showed that CMA1 inhibits cell growth and
collagen expression induced through TGF-f3.[272]

Mast cells are typically identified through the above mentioned tryptases and/or CMAI.
Nevertheless the mast cell proteases play a key role. Studies in mice with a knockout of mast
cell proteases revealed delayed wound healing on skin injury, revealing their important role in
wound healing.[273] But mast cells do not only play a role regarding inflammation/immune
processes and autoimmune diseases. They also showed a relevance regarding cancer with
effects in both ways, antitumor and tumor progressive, depending on the tumor type and
tumor microenvironment.[274] This is something, that can be observed in general. Their
ability to stimulate immune responses with its protective role, can on the other side cause
severe diseases, as shown for arteriosclerosis.[233] This makes mast cells controversial cells
that are not fully understood. Their abilities for tissue remodeling, wound healing and tumor
progression make them interesting candidates for further studies on their role in myoma
pathology since in myoma tissue mast cell indicating proteases (TPSAB1, TPSB2, TPSDI1
and CMAL1) were less active or even inactive. The critical role of regulation of mast cell
activity is currently discussed in literature. [233, 262, 263]

Along with the four proteases mentioned above CTSG showed a similar activity pattern in
myometrium and plays a role in terms of tissue remodeling and defensive system. CTSG is
produced mainly by neutrophils, but also occurs in mast cells where it is CTSG secreted along
with TPSAB1, TPSB2, TPSD1 and CMA1.[275] CTSG in combination with the other two
neutrophil serine proteases PRTN3 and ELA2 plays a major role in the innate immune
response and represents the first line of defense against bacterial tissue infection. An activity
of all three was only discovered in one patient (patient 927).[276] The functions of CTSG
include cleavage of extracellular matrix proteins like collagens or proteoglycans, the
conversion of angiotensin I to angiotensin II, cleavage of inflammatory mediators like
chemokines and cytokines (CXCLs 5 and 7,CCL 5, 15 and 23, chemerin, interleukines) that
recruit leukocytes, activation of platelets [275-279] The participation in inflammation
processes like in the case of CM A1 and the mast cell tryptases goes with a controversial role
with beneficial and detrimental effects. CTSG together with the two other neutrophil
proteases ELA2 and PRTN3 is discussed as a pharmaceutical target due to being involved in
diseases like chronic obstructive pulmonary disease (COPD), Crohn's disease, rheumatoid
arthritis, cystic fibrosis.[280] CTSG was recently found in endometrial tissue, being highly

upregulated in inflammation related endometriosis, a chronic gynecological disorder with



abnormal localization of endometrial tissue outside the uterus.[281] In an another recently
published study CTSG together with CM A1 derived from mast cells were described to be key
players in abdominal aortic aneurysm.[282]

Together all five enzymes (TPSAB1, TPSB2, TPSDI1, CMA1 and CTSG) play an important
role in inflammation processes and tissue remodeling and are typical enzymes for mast cells.
Those enzymes were mainly active in myometrium indicating a certain role for this tumors.
As a part of the immune system they play a controversy role, being part of the immune system
as well as the mediator of disease such as diverse autoimmune disorders indicating that
regulation of these cells plays a crucial role. Furthermore, studies showed that growth factors
play an important role in mediating fibroid growth, including TGF- which is regulated by
CMALI as well as angiotensin II, which is regulated by CMA1 and CTSG. That was shown in
in vitro experiments to enhance myoma proliferation.[186, 283] Furthermore the role of
mesenchymal stem cells, which were identified as a side population in myometrium and
identified to promote growth of myoma arise interest.[205-207] Mesenchymal stem cells are
regulated through TGF-8, chemokines and cytokines and play an important role in
fibrosis.[284-286]

CTSA 1is a protective protein that is expressed in a variety of tissues and is present in
lysosomes, cell membranes and in the extracellular space.[287] CTSA forms together with
neuroamidase 1 (NEU1) and B-galactosidase (GLB1) a multienzyme complex protecting from
lysosomal degradation and an absence of CTSA or mutation in this complex is connected with
galactosalidosis.[288, 289] These findings and studies in mice show that CTSA plays an
important role in diseases or processes that are mediated through NEU1 and GLB1, such as
elastic fiber formation and endothelin activation.[290] CTSA also processes bioactive
peptides like angiotensin I, substance P, oxytocin and endothelin 1.[291-293] Recent findings
suggest a role of CTSA in chaperone mediated autophagy, by degrading the lysosome-
associated membrane protein type 2a (LAMP2a), an isoform of a receptor that is solely
responsible for the induction chaperone mediated autophagy.[294] Additionally, it was shown
that CTSA together with NEU1 activates macrophages and also regulates phagocytosis of
macrophages.[295-297] These findings are interesting regarding myoma, since CTSA was
found mainly in myoma, especially in intramural myomas, as far as classified, which are
reported to have a higher accumulation of macrophages compared to otherwise localized
myomas.[298] The exact role of CTSA and especially the enzyme complex it is involved in is

still not fully understood.



Retinoblastoma-binding-protein 9 (RBBP9) has its name from binding to the tumor
suppressor protein retinoblastoma, but it has also serine hydrolase activity. Its substrates are
so far unknown.[299] The upregulation of RBBP9 was associated with tumorigenesis of
pancreatic cancer cells and the transformation process of endothelial cells.[300-302]
Furthermore, RBBP9 was found downregulated in mesenchymal stem cells of patients
suffering from amyotrophic lateral sclerosis.[303] For pluripotent stem cells RBBP9 seems to
be important to uphold pluripotency as siRNA studies showed.[304] This implicates various
functions of RBBP9, while the complete role in the human organism is not yet completely
understood. A key mechanism concerning tumor growth was identified by suppression of the
TGF-B induced growth arrest.[300] The interference in the TGF-f signaling is interesting
since the above mentioned mast cell tryptases and chymase also activate TGF-B. This is
important because RBBP9 was only found active in myoma when the mast cell tryptases and
chymase showed an equal activity in both myoma and myometrium tissue. Although there is
an interesting relationship between these enzymes additional samples must be investigated to

confirm these conclusions.

3.2.3 Labeling of Myoma and Myometrium Tissue with Fumagillin

The angiogenesis inhibitor fumagillin with its carboxyl group offers a position for directly
modifying the natural product. Probes based on fumagillin were already synthesized including
probes that were obtained from ovalicin, an angiogenesis inhibitor related to fumagillin, a
spiroepoxide bearing a second epoxide unit. The derivative fumagillin probe lacks the polyene
tag with the carboxyl group, that is replaced by an alkane spacer connected to fumagillin

through a carbamate, carrying biotin, whereas ovalicin has a similar linker attached.[305, 306]



fumagillin-biotin ovalicin-biotin

Figure 53. Already established probes build from fumagillin and ovalicin.

In this work, fumagillin was modified carrying the original polyene tag by coupling
propargylamine to the carboxyl group via amide coupling. The reaction was carried out using
the high performance coupling agents COMU and Oxyma pure. After HPLC-purification the
desired product was isolated 20% yield.

(0] \NHz
HO SN e Xy HATU, HOAt
o : DIPEA (DCM)
r.t., 1h
20%

fumagillin

Scheme 8. Synthesis of Fum probe from the natural product fumagillin.

After the successful synthesis the Fum-probe underwent first labeling experiments at various
concentrations to find an optimal concentration. For the labeling experiments the breast
cancer cell line MDA-MB231 was used. The cells were incubated with the probe for one hour

with subsequent attachment of rhodamine-azide using click chemistry.
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Figure 54. Fluorescence scan of MDA-MB231 labeled with Fum.

The labeling experiments reveal a very sensitive probe that gives a good signal to noise ratio
with specific labeling. A saturation of labeling was already achieved using concentrations as
little as 10 nM. Labeling experiments on preparative scale and pull down of labeled proteins
and LC-MS analysis revealed MetAP2 as the identified hit from that band. Hits were defined
by a ratio of the measured peak area of the labeled proteome divided by the proteome
incubated with the same volume of DMSO as described above (protein hit can be found in the
appendix).

With this successful labeling the next step was to label myoma and myometrium tissue
lysates. Lysates were obtained the same way as described above and incubated with 1 uM
Fum-probe for one hour with subsequent attachment of rhodamine-azide and fluorescence

readout of SDS-PAGE.
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Figure 55. Fluorescence scan of paired myoma and myometrium tissue samples from different patients

labeled with Fum. C stands for DMSO control.

These experiments showed a diffuse band at ~60 kDa. This result was obtained using different
patient samples. Labeling on preparative scale, with pull down and LC-MS revealed no
MetAP2 but serumalbumin, that was labeled due to high abundance. The same issue already
occurred while labeling with FP-probe. MetAP2 was not found on several patient samples, so

it was regarded as not active in these tissues.

3.2.4 Conclusion and Outlook

In this study a total number of 32 different active serine hydrolases were found in 9 different
patient samples of myoma and myometrium tissue. MetAP2 was not active in 4 different
patient samples. Among the serine hydrolases TPSAB1, TPSB2, TPSD1, CMA1, CTSG,
CESI1, CTSA and RBBP9Y showed a different activity in myometrium and myoma. In myoma



CESI1, CTSA and RBBPY showed higher activity but not over all patients. So an evident drug
target for a possible treatment was not found that way. CTSA like CES1 was active in several
myoma tissues but only in three patients for CES1 and four patients for CTSA (with higher
activity in myometrium in one patient) being too less evident. Nevertheless the role of these
enzymes in myomas or myometrium should be further investigated. RBBP9 was only active
in two patients, not being significant. But these patients showed differences in their activity
profile for TPSAB1 and TPSB2 as well. both samples were from the proliferative phase
indicating a relation of this phase and RBBP9 activity. RBBP9 represents a very interesting
target because it is involved in TGF-f signaling by suppressing it. TGF-3 stays interesting
since it is also activated by the mast cell proteases TPSAB1, TPSB2, TPSD1, CMAI1 and
CTSA, which in turn showed mainly higher activity in myometrium tissue compared to
myoma tissue. All these proteases are related to extracellular matrix degradation and tissue
remodeling and could therefore be interesting for elucidation of cellular processes upon
myoma formation. For a deeper understanding more patients need to be analyzed, especially
to clearly point out the role of RBBP9. The role of TGF-3 seems also interesting for future
work, because on the one hand there were enzymes found that activate this growth factor but
only in healthy tissue. One the other hand RBBP9 was found to be active in tumor tissue that
suppresses the TGF-3 signaling. This cytokine mainly maintains tissue homeostasis through
transcriptional regulation of genes involved in proliferation, cell survival and cytostasis,
differentiation, cell motility and the cellular microenvironment. The function of this cytokine

is found perturbed in many cancer cells.
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4 Experimental Section

4.1 Chemistry

4.1.1 Materials

All chemicals used were of reagent grade or higher and used without further purification.
Solvents for reactions were of HPLC-grade and purchased from Sigma Aldrich, Bachem or
Acros. Solvents for chromatography and workup purposes were generally of reagent grade
and purified before use by distillation. Acivicin was purchased from Santa Cruz
Biotechnology (SCBT). FP-probe was custom synthesized by SYNCOM Corp., Groningen,
NL; (Syncom #17682) as already described before.[307] ACVL probes were synthesized as
described before.[74] Recombinant CES1 was purchased from Sigma Aldrich.

'H- and “C-NMR spectra were recorded on a Bruker Avance I 360 (360 MHz), a Bruker
Avance I (500 MHz) or a Bruker Avance 111 500 (500 MHz) NMR-System and referenced to
the residual proton and carbon signal of the deuterated solvent, respectively.

HR-ESI-MS, HR-LC-ESI-MS, HR-APCI-MS and HR-LC-APCI-MS mass spectra were
recorded with a Thermo Finnigan LTQ FT Ultra coupled with a Dionex UltiMate 3000 HPLC
system. ESI-MS and LC-ESI-MS mass spectra were recorded with a Thermo Finnigan LCQ
ultrafleet coupled with a Dionex UltiMate 3000 HPLC system.

HPLC analysis was accomplished with a Waters 2695 separations module, an X-Bridge™
CI18 3.5 um OBD™ column (4.6 x 100 mm) and a Waters 2996 PDA detector.

HPLC separation was accomplished with a Waters 2545 quaternary gradient module, an X-
Bridge™ Prep C18 10 um OBD™ (50 x 250 mm), an X-Bridge™ Prep C18 5 um OBD™ (30
x 150 mm) or an YMC Triart C18 5 um column (10 x 250 mm), a Waters 2998 PDA detector

and a Waters Fraction Collector I11.
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4.1.2 2,5-Dioxopyrrolidin-1-yl hex-5-ynoate (2)
o ©O
N
\\/\)J\O_N;j
o]

2.21 mL 5-hexynoic acid (20 mmol, 1 eq.) and 2.42 mL. N-hydroxysuccinimide (21 mmol,
1.05eq.) were dissolved in 80 mL CH,Cl,. 4.33 ¢ DCC (dicyclohexylcarbodiimide)
(21 mmol, 1.05 eq.) were subsequently added in portions. The reaction mixture was stirred for
2 h at RT and filtered. The filtrate was washed twice with 50 mL. water and the combined
aqueous phases were washed with 50 mL CH,Cl,. The combined organic phases were dried
over Na,SOy4 and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (silica gel, hexane:ethyl acetate = 6:4) to yield 1.44 g
(34%) of an yellowish oil. Data is consistent with that reported in the literature.[308]

R¢ (hexane:ethyl acetate = 6:4) = 0.53

'"H NMR (500 MHz, Chloroform-d) ¢ (ppm) = 2.84 (d, J = 5.7 Hz, 4H), 2.77 (t, J = 7.4 Hz,
2H), 2.35 (td, J = 6.9, 2.6 Hz, 2H), 2.02 (t, / = 2.6 Hz, 1H), 1.96 (p, J = 7.1 Hz, 2H).

BC NMR (126 MHz, CDCl3) & (ppm) = 169.23, 168.30, 82.53, 69.97, 29.77, 25.71, 23.43,
17.71.

4.1.3 (S)-2-((S)-3-Chloro-4,5-dihydroisoxazol-5-yl)-2-(hex-5-ynamido)acetic
acid (3, ACV1)

10.0 mg acivicin (0.056 mmol, 1.0 eq.) were dissolved in 600 uL ddH20 and 300 pL
acetonitrile. 23.6 mg 2 (0.112 mmol, 2.0 eq.) and 4 pl diisopropylethylamine were added and
the solution was stirred for 14 h at RT. The crude product was purified by HPLC (5-60%
MeCN, 0.1% TFA, 15 min) to give 9.6 mg (76%) white solid.

HPLC tg = 10.9 min (5-60% MeCN, 0.1% TFA, 15 min)
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'H NMR (500 MHz, Acetonitrile-ds) 8 (ppm) = 6.97 (d, J = 8.0 Hz, 1H), 5.06 (ddd, J = 11.5,
7.4, 4.6 Hz, 1H), 4.69 (dd, J = 8.3, 4.6 Hz, 1H), 3.39 (dd, J = 17.8, 11.2 Hz, 1H), 3.24 (dd, J =
17.8, 7.4 Hz, 1H), 2.31 (t, J = 7.4 Hz, 2H), 2.23 — 2.17 (m, 3H), 1.75 (p, J = 7.1 Hz, 2H).

3C NMR (126 MHz, CDsCN) & (ppm) = 173.61, 170.21, 150.69, 84.53, 82.62, 70.15, 55.08,
41.32, 34.95, 25.15, 18.12.

HRMS-ESI (m/z): C;H4CIN,O,* [M+H]", calc.: 273.0636, found: 273.0636.

4.1.4 (S)-2-((Tert-butoxycarbonyl)amino)-2-((S)-3-chloro-4,5-
dihydroisoxazol-5-yl)acetic acid (4)

O
N-© OH

7
Cl NH

o=<o
7<

To a solution of 10.0 mg acivicin (0.056 mmol, 1.0 eq.) in 160 uL water a solution of 13.5 mg
di-tert-butyl dicarbonate (0.061 mmol, 1.1 eq.) in 210 uL acetonitrile was added. 10 uL of
triethylamine (0.072 mmol, 1.3 eq.) were added and the reaction was stirred for 14 h at RT.
The solvent was removed under reduced pressure and gave 15 mg compound 4 as a yellow oil

(97%). The product was used without further purification.

HPLC tg = 13.5 min (5-60% MeCN, 0.1% TFA, 15 min)

'"H NMR (360 MHz, Acetonitrile-ds) 6 (ppm) = 5.75 (s, 1H), 5.14 — 5.04 (m, 1H), 4.03 (dd, J
= 6.8, 2.8 Hz, 1H), 3.53 (dd, J = 17.1, 7.9 Hz, 1H), 3.23 (dd, J = 17.1, 11.4 Hz, 1H), 1.43 (s,
OH).

3C NMR (91 MHz, CDsCN) & (ppm) = 171.51, 149.12, 146.79, 85.44, 78.47, 40.10, 30.47,
27.58.



Experimental Section 102

4.1.5 Tert-butyl ((S)-1-((S)-3-chloro-4,5-dihydroisoxazol-5-yl)-2-0xo0-2-
(prop-2-yn-1-ylamino)ethyl)carbamate (5)

O
NI,O/,’ NH

cl NH

oﬂ\o
7<

15.0 mg (0.056 mmol, 1.0 eq.) of 4 were dissolved in 50 uL acetonitrile. To this solution
24.0mg COMU (0.056 mmol, 1.0 eq.) in 60 uL acetonitrile and 8.0 mg Oxyma Pure
(0.056 mmol, 1.0 eq.) in 60 uL acetonitrile were added. Subsequently 10 puL N,N-
diisopropylethylamine (0.056, 1.0 eq.) and the carboxylic acid was activated for 10 min at RT.
After activation 8 uLL propargylamine (0.061 mmol, 1.1 eq.) was added and the reaction
mixture was stirred at RT for 1.5 h. Solvent was removed under reduced pressure and the
compound was purified by HPLC (40-60% MeCN 0.1% TFA, 10 min) to give 12 mg of
compound 5 (70%) as white solid.

HPLC tg = 14.5 min (5-60% MeCN, 0.1% TFA, 15 min)

'H NMR (360 MHz, Acetonitrile-d3) & (ppm) = 4.98 (dt, J = 10.8, 6.9 Hz, 1H), 4.00 — 3.92
(m, 2H), 3.34 (dd, J = 17.8, 10.9 Hz, 1H), 3.21 (dd, J = 17.8, 7.4 Hz, 1H), 2.47 (t, J = 2.5 Hz,
1H), 1.44 (s, 9H).

BC NMR (91 MHz, CD5CN) & (ppm) = 169.52, 156.49, 150.61, 82.78, 80.75, 76.87, 71.96,
41.15,29.23, 28.41.

4.1.6 (S)-2-amino-2-((S)-3-chloro-4,5-dihydroisoxazol-5-yl)-N-(prop-2-yn-1-
ylacetamide (6, ACV2)

N-C. NH

Cl NH>
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12.0 mg of 5 (0.038 mmol) were dissolved in 2.0 mL of a mixture of CH,Cl,:TFA (4:1) and
stirred for 1h. The solvent was evaporated under reduced pressure and the product was
purified by HPLC (20-40% MeCN), 10 min to yield 7.0 mg of product 6 (87%) as white solid.
HPLC tg = 6.7 min (2-50% MeCN, 10 min)

"H NMR (500 MHz, Acetonitrile-ds) & (ppm) = 7.35 (s, 1H), 4.96 (ddd, J = 10.7, 8.7, 4.8 Hz,
1H), 3.94 (d, J = 5.8 Hz, 2H), 3.58 (d, J = 4.8 Hz, 1H), 3.29 — 3.14 (m, 2H), 2.43 (t, J = 2.5
Hz, 1H).

13C NMR (126 MHz, CDsCN) & (ppm) = 171.95, 150.51, 84.84, 81.10, 71.64, 57.40, 39.68,
28.89.

HRMS-ESI (m/z): CgH;;CIN;O," [M+H]", calc.: 216.0534, found: 216.0536, § = 0.93 ppm.

4.1.7 5-methoxy-4-(2-methyl-3-(3-methylbut-2-en-1-yl)oxiran-2-yl)-1-
oxaspiro[2.5]octan-6-yl (2E,4E,6E,8E)-10-0x0-10-(prop-2-yn-1-

ylamino) deca-2,4,6,8-tetraenoate (7, Fum)

7.0 mg (0.016 mmol, 1.0 eq.) of fumagillin were dissolved in 50 uL. CH,Cl,. To this solution
6.1 mg HATU (0.016 mmol, 1.0 eq.) in 50 pL CH»Cl, and 2.2 mg HOAt (0.016 mmol, 1.0
eq.) in 50 uLL CH,Cl, were added. Subsequently 10 uL N,N-diisopropylethylamine (0.016, 1.0
eq.) and the carboxylic acid was activated for 10 min at RT. After activation 2 uL
propargylamine (0.061 mmol, 1.1 eq.) was added and the reaction mixture was stirred at RT
for 1.5 h in the dark. Solvent was removed under reduced pressure and the compound was
purified by HPLC (60-80% MeCN, 13 min) to give 1.6 mg of compound 7 (20%) as white

solid.

HPLC tg = 38.2 min (5-80% MeCN, 40 min)
HRMS-ESI (m/z): CooH3sNOg" [M+H]", calc.: 496.2699, found: 496.2699.
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4.2 Biochemistry

4.2.1 Materials

4.2.1.1 Bacterial strains

Escherichia coli SoluBL21, Amsbio
Escherichia coli BL21DE3, Novagen
Escherichia coli XL1-Blue, Stratagene
Escherichia coli TOP10, Invitrogen

4.2.1.2 Eukaryotic Cell Lines

AS549, human carcinoma human alveolar basal epithelial cells, Universitdt Gottingen
HCT116, human colon cancer, Bayer HealthCare, Berlin

HeLa, human cervix carcinoma, Bayer HealthCare, Berlin

HEK293T, human embryonal kidney, Universitat Wiirzburg

HepG2, human hepatocellular carcinoma, Helmholtz Zentrum Miinchen

4.2.1.3 Plasmids

CES1 pDONR, Life Technologies
pDONR 201, Invitrogen

pDEST 007, Carsten Pieck
pT-Rex™-DEST30, Invitrogen
ALDHI1A1 pET 55, Dr. Tanja Wirth



Experimental Section 105

4.2.1.4 Nucleotides

PCR CES1his primer

Forward primer: 5'-ggggacaagtttgtacaaaaaagcaggctttaaaaggctagetggctccgtgcctttatce-3'
Reverse primer:

5'-ggggaccactttgtacaagaaafctgggtgtcaatgatgatgatgatgatgatgatgatgatgcagctctatgtgttetgtctg-3'

Mutagenesis primer

CES1S221A:
Forward primer: 5'-ctttctcctcccgetgectctccaaagatggte-3'

Reverse primer: 5'-gaccatctttggagaggcagecgggaggagaaag-3'

ALDH4A1C348A:
Forward primer: 5'-cgagcacgcggaagccttctggccaccg-3'

Reverse primer: 5'-cggtggccagaaggcttccgegtgeteg-3'

4.2.1.5 Proteins and Antibodies

Proteins

CESI1, recombimant Carboxylesterase, Sigma Aldrich

Antibodies

Anti-CEST1 antibody, primary, polyconal rabbit, Abcam
Anti-CESlantibody, primary, polyconal rabbit, Abnova
Anti-ALDH4A1 antibody, primary, polyconal rabbit, Abcam

Anti-actin antibody, primary, polyconal goat, Santa Cruz Biotechnology
Anti-rabbit IgG HRP conjugate, secondary, donkey, Pierce

Anti-goat IgG HRP conjugate, secondary, donkey, Pierce
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4.2.1.6 Media

LB

TB

1% (w/v) Tryptone (Roth)

0.5% (w/v) NaCl (Prolabo, VWR)

0.5% (w/v) Yeast extract (Applichem, Roth)
dissolved in ddH,O

pH 7.5

1.2% (w/v) Tryptone (Roth)

0.5% (v/v) Glycerol (Roth)

2.4% (wlv) Yeast extract (Applichem, Roth)
1.25% (w/v) K;HPO4

0.23% (w/v) KH,PO4

dissolved in ddH,O

pH7.5

4.2.1.7 Buffers and Solutions

PBS

PBS-T

136.9 mM NaCl
10.1 mM Na2HPO4
1.8 mM KH2PO4
2.7 mM KCI
pH=7.4

136.9 mM NaCl
10.1 mM Na2HPO4
1.8 mM KH2PO4
2.7 mM KCl

0.05% Tween 20°
pH 7.4
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Buffers for protein purification

Strep binding buffer

Strep elution buffer

His lysis buffer

His wash buffer

His Buffer A

100 mM Tris-HCI
150 mM NaCl

1 mM EDTA

pH 8.0

100 mM Tris-HC1
150 mM NaCl

1 mM EDTA

2.5 mM desthiobiotin
pH 8.0

136.9 mM NaCl
10.1 mM Na2HPO4
1.8 mM KH2PO4
2.7 mM KCI

10 mM Imidazole
0.1% SDS

1% DOC

1% NP-40
pH=28.0

50 mM Na2HPO4
300 mM NaCl

10 mM Imidazole
pH=28.0

50 mM Na2HPO4
300 mM NaCl

40 mM Imidazole
pH=28.0
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His Buffer B

50 mM Na2HPO4
300 mM NaCl

250 mM Imidazole
pH =38.0

Buffers for cloning and agarose-gel electrophoresis

50x TAE

TE

6x DNA loading buffer

Antibiotics

Kanamycin

Ampicillin

Chloramphenicol

2.0 M Tris

1.0 M Acetic acid

0.1 M EDTA

dissolved in deion. water

pH 7.0

10 mM Tris
1 mM EDTA
dissolved in deion. water

pH 8.0

250 mg Bromophenol blue
250 mg Xylencyanol

33 mL 150 mM Tris-HC1

60 mL Glycerol

dissolved in 7 mL deion. water

25 mg/mL in H20

100 mg/mL in H20

34 mg/mL in ethanol
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Induction solutions

Anhydrotetracycline (Atet) 2 g/L dissolved in DMF
10000x stock

IPTG 1000x stock 1 M dissolved in deion. water

Cell culture

Trypan blue stain 0.5% (w/v) Trypan blue
0.9% (w/v) NaCl

dissolved in deion. water and filtered

1 x Trypsin/EDTA 10 x Trypsin/EDTA (PAA) diluted in PBS
SDS-PAGE

APS solution 10% (w/v) Ammoniumpersulfate in deion. water
10 x SDS buffer 0.25 M Tris

1.92 M Glycine
1% (w/v) SDS
dissolved in deion. water

pH 8.3

2x SDS loading buffer 63 mM Tris-HCI
10% (v/v) Glycerol
2% (wlv) SDS
0,0025% (w/v) Bromophenol blue
5% (v/v) 2-Mercaptoethanol
dissolved in deion. water

pH 8
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Resolving gel buffer

Stacking gel buffer

Coomassie destainer

Coomassie stain

Click Chemistry

100x Rhodamine azide

5 mM Rhodamine azide

100x Trifunctional linker

(TFL)

10 mM TFL

TCEP-Solution

50x TBTA ligand

1x TBTA ligand

3.0 M Tris

dissolved in deion water
pH 8.8

0.5 M Tris

dissolved in deion. water
pH 6.8

10% (v/v) Acetic acid (conc.)
20% (v/v) Ethanol (abs.)
issolved in deion. water
0.25% (w/v) Coomassie Brilliant Blue
9.2% (v/v) Acetic acid (conc.)

45.4% (v/v) Ethanol (abs.)

dissolved in deion. water

100 mM Rhodamine azide dissolved in DMSO

100x Rhodamine azide 1:20 diluted in DMSO

100 mM Trifuncional linker dissolved in DMSO

100x TFL 1:10 diluted in DMSO

53 mM Tris(2-carboxyethyl)phosphine

83 mM TBTA dissolved in DMSO

50x TBTA diluted 1:50 in DMSO / t-BuOH 1:4.4
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CuSOy 50 mM CuSOq4

4.2.1.8 Agarose Gel Electrophoresis

For analysis and separation of DNA, 1% agarose-gels were used and the electrophoresis was
performed in a Mini-Sub Cell GT from Bio-Rad with a Consort EV261 Electrophoresis Power
Supply at 95 mA. Gels were prepared freshly with 300 mg agarose and 300 mL 1 x TAE
buffer. 6 pL of the PCR-product were loaded on the gel. For staining the gels were incubated
after the electrophoresis in an ethidium bromide bath (0.3—-0.5 pg/mL) and the visualization
was performed in a GenoView UV Transilluminator from VWR and documented with a video

graphic printer UP-897MD from Sony.

4.2.1.9 SDS-PAGE

For SDS-PAGE, the gel electrophoresis system fro peQLab (Twin L) or the precast
NuPAGE® Bis-Tris gels (invitrogen) with MOPS buffer (invitrogen) was used. The
electrophoresis for the invitrogen system was performed with a Consort EV261
Electrophoresis Power Supply with 120 V and dynamic ampere. For the peQLab system,
electrophoresis was performed with a Consort EV261 Electrophoresis Power Supply at 300 V
or 55 mA and dynamic ampere or voltage. The gels had a size of 20 x 20 cm whereas the
resolving gel had a volume of 36 mL and the stacking gel 14 mL. For analytical and
preparative separation, a comb with 20 and 15 sample wells, respectively, was inserted. The
polyacrylamide gels were prepared with 10—15% acrylamide for analytical and 10% for
preparative gels. First the reagents for the resolving gel were combined under stirring and the
polymerization started with the addition of the APS solution. To obtain a clean surface, the
resolving gel was topped with a layer of isopropanol during polymerization in the gel device.
Then the isopropanol layer was removed and replaced by the stacking gel. The respective
comb was inserted before the polymerization was completed. The compositions of the

resolving and stacking gels were the following:
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Composition for the preparation of one polyacrylamide gel (20 x 20 cm):

Resolving gel (10%):

H20 14.4 mL
Buffer 9 mL
10% (w/v) SDS 0.36 mL
Rotiphorese Gel 30 12 mL
TEMED 0.015 mL
APS 0.15 mL

Stacking gel (3.75%)

H20 8.8 mL
Buffer 3.6 mL
10% (w/v) SDS 0.144 mL
Rotiphorese Gel 30 1.8 mL
TEMED 0.014 mL
APS 0.072 mL

4.2.2 Molecular Biology

4.2.2.1 Transformation

One aliquot of the cells were thawed on ice for 10 min. 4 puL of the cloning reaction (or 10 ng
Plasmid) were added and the suspension was mixed by inversion of the tube and incubated for
30 min on ice. The transformation was initiated by a heatshock at 42 °C for 35 sec. 200 pL of
prewarmed LB or SOC were added and placed sidewards in a shaker at 37 °C for 2 h. 100 uL
and the rest of the suspension was plated each on an selective agar plate. After 14 h at 37 °C
single colonies were picked and grown in a liquid LB-overnight culture containing the
respective antibiotic. A cryostock was prepared from the cells (see 5.2.1.2.1). Cells were
spinned down at 4000 g for 10 min and the plasmids were isolated using the Plasmid

extraction Kit (, Germany). Concentrations were determined using a Tecan Image reader.
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4.2.2.2 Cryostocks of Bacteria

SmL of bacteria were grown over night in selective LB medium and harvested by
centrifugation. The pellet was resuspended in 500 pL selective LB medium with 500 pL

sterilized glycerol frozen in liquid nitrogen and stored at -80 °C.

4.2.2.3 PCR

For the creation of CES1his a 10x his tag was added to the C-terminus via PCR with a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad). The reaction was carried out using

Phusion DNA Polymerase (New England Biolabs) with the following PCR mix and cycle

protocol.

Mix:

10 uLL GC Buffer 5x

1 uL 10mM dNTP

2.5 uL template (7.5 ng/uL)

2.5ulL forward primer (10 pmol/uL)
2.5uL reverse primer (10 pmol/uL)
0.5uL Phusion DNA Polymerase
31ul nuclease free water

S0uL reaction mixture

PCR cycle:

3 min 98°C

10s 98 °C

15s 68 °C

45 s 72 °C 35x

10 min 72 °C

PCR products were identified on agarose gels and amplified genes were extracted with an

E.ZN.A. Cycle pure™ Kit. Concentrations of DNA were determined by measuring the
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absorption at 260 nm by a TECAN Infinite M200pro with a NanoQuant plate. The clean PCR

product underwent BP reaction.

4.2.2.4 Gateway Cloning

ALDHs
For recombinant overexpression of target proteins in E. coli the Invitrogen™ Gateway®
Technology was used. Genes ALDH2, ALDH1BI1, ALDH4A1 were available in a pDONR™

vector system and were cloned into the pDEST 007 vector using the LR Clonase™ II enzyme

mix.

1 uL ALDH-pDONR clone (80-150 ng/uL)
1 uL pDEST 007 (150 ng/uL)

8 uL TE buffer

2 ulL LR clonase

10 uL LR cloning reaction mix

24 h atrt.

The expression clone was transformed in chemically competent SoluBL21™ Competent
E. coli cells (Amsbio) and selected on LB agar plates containing 100 pg mL" ampicillin.
Cloning results were validated after plasmid amplification and preparation (E.Z.N.A.™

Plasmid Mini Kit) by sequencing.

CESI1
CES1 was recombined into pT-Rex™-DEST30 Vector (Invitrogen) by LR Clonase™ II
enzyme mix in TE buffer from PCR product.

1 uL CES1-pDONR clone (80 ng/uL)

1 uL pT-Rex™-DEST30 plasmid (150 ng/uL)
8 uL TE buffer

2 ul LR clonase

10 uL LR cloning reaction mix

24 h at rt.
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The expression clone was transformed in chemically competent One Shot® TOP10 E. coli
(Invitrogen) and selected on LB agar plates containing 100 ug mL™ ampicillin and grown in
ampicillin TB. Cells were harvested and plasmids were isolated using a QIAGEN Plasmid

Midi Kit. Validity of the clones was confirmed by plasmid sequence analysis.

CES1his
The PCR product was recombined into pPDONR201 plasmid with the following BP reaction:

1 uL PCR product (100 fmol/uL)

1 uL DONR™201 plasmid (150 ng/uL)
8 uL TE buffer

2 ul BP clonase

10 uL LR cloning reaction mix

24 h atrt.

After transformation of the BP cloning in chemically competentOne Shot® TOPI10 E. coli
(Invitrogen), cells were plated on LB agar plates containing 25 pg/mL kanamycin. Clones of
transformed cells were selected and grown in kanamycin (25 pg/mL) LB medium. Cells were
harvested and plasmids were isolated using an E.Z.N.A.™ Plasmid Mini Kit. The
corresponding expression clone was generated by in vitro LR recombination reaction of the
entry clone and the destination vector pT-Rex™-DEST30 Vector (Invitrogen) using LR

Clonase™ II enzyme mix in TEbuffer. The LR reaction mixture was prepared as follows:

1 uL CES1his-pDONR201 (100 ng/uL)
1 uL DONR™201 plasmid (150 ng/uL)
8 uL TE buffer

2 ul LR clonase

10 uL BP cloning reaction mix

24 h at rt.

The resulting clone was transformed in chemically competent One Shot® TOP10 E. coli
(Invitrogen) and selected on LB agar plates containing 100 pg mL™" ampicillin and grown in
ampicillin TB. Cells were harvested and plasmids were isolated using a QIAGEN Plasmid

Midi Kit. Validity of the clones was confirmed by plasmid sequence analysis.
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4.2.2.5 Mutagenesis

For binding site identification mutagenesis was applied with primers generated using
QuikChange Primer Design from Agilent Technologies. For the binding site of ACV2 in
CESI1 the active site serine was converted to alanine by mutagenesis using the S221A primers

to create the mutant S221A with following PCR mix and PCR cycle:

Mix:

10 uLL HF Buffer 5x

1uL 10mM dNTP

1 uL template (5 ng/uL)

4 uL forward primer (10 pmol/uL)
4 uL reverse primer (10 pmol/uL)
1.5uL DMSO

0.5puL Phusion DNA Polymerase
28 ulL nuclease free water

50 uLL reaction mixture

PCR cycle:

2 min 98°C

30s 98 °C

20s 68 °C

4 min 72 °C 22x

5 min 72 °C



Experimental Section 117

For ALDH4A1 the nucleophilic cysteine was exchanged by alanine to generate the mutant

C348A with the same mix as shown above and the following PCR cycle:

2 min 98°C
30s 98 °C
20s 70 °C
2:30 min 72 °C 22x
5 min 72 °C

The point mutations were incorporated by PCR on the corresponding plasmid created before
(CESI on pT-Rex™-DEST30 vector and ALDH4A1 on pDEST 007 vector). After PCR a
Dpnl digest was performed and plasmids were transformed and amplified in chemically

competent One Shot® TOP10 E. coli (Invitrogen) as described above.

4.2.2.6 Western Blotting

For ALDH4A1 and CESI detection, the cell lysate samples were prepared in the identical
way as for in-gel fluorescence scanning. The proteins separated by 10% SDS-PAGE were
transferred to a PVDF membrane (Biorad) with a semi-dry blotter (Biorad) for 45 min at
12 V. The blots were saturated with 5% non-fat dried milk in PBS-T (PBS with 0.05% Tween
20®, pH 7.4) for 1 h at RT, washed three times with PBS-T for 15 min and incubated with
primary rabbit polyclonal anti-CES1 antibody (Abnova, 1:5000 dilution in 5% milk in PBS-T)
or rabbit polyclonal anti-ALDH4A1 antibody (Abcam, 1:5000 dilution in 5% milk in PBS-T)
at 4 °C overnight, washed three times for 15 min with PBS-T and detected with goat anti-
rabbit IgG HRP-conjugated secondary antibody (Thermo Fisher Scientific, 1:10000 dilution in
5% milk in PBS-T, 1h at RT) and afterwards washed three times with PBS-T for 15 min.
Signals were detected using Amersham ECL Plus Western Blotting Detection reagents (GE
Healthcare) wusing a Fujifilm Las-4000 luminescent image analyser containing a
VRF43LMD3 lens with no filter. For actin detection membrane was stripped by incubating in
62.5 mM TrisHCI, 100 mM B-mercapto-Ethanol, 2% SDS, pH 6.8 for 40 min at 52 °C,
followed by 10 washes with PBS-T for 15 min. The blots were blocked with 5% non-fat dried
milk in PBS-T for 1 h at RT, washed three times with PBS-T for 15 min and incubated with
primary goat polyclonal anti-actin antibody (SCBT, 1:5000 dilution in 5% milk in PBS-T) at 4

°C overnight. After incubation the blots were washed three times for 15 min with PBS-T and
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incubated with donkey anti-goat IgG HRP-conjugated secondary antibody (SCBT, 1:10000
dilution in 5% milk in PBS-T, 1 h at RT), washed three times with PBS-T for 15 min and

detected as described above.

4.2.3 Cell Culture

4.2.3.1 Cultivation of Eukaryotic Cell Lines

Cell culture media and supplements were purchased from PAA and Sigma Aldrich. HepG2,
HEK293T and HelLa cells were cultivated in RPMI 1640 media supplemented with 10% fetal
calf serum and 2 mM L-glutamine. A549 cells were cultivated in DMEM high glucose
supplemented with 10% fetal calf serum and 2 mM L-glutamine. Cells were cultivated at

37 °C with 5% CO; in a Hera Cell 2401 incubator (Thermo Scientific).

4.2.3.2 SILAC Cell Culture

HepG2 cells were cultivated in Silac-RPMI-1640 media (PAA) supplemented with 10%
dialyzed fetal calf serum and 2 mM L-glutamine. The heavy medium was supplemented with
0.418 mM Lysine-8 (U-13C6; U15N2, Cambridge Isotopes) and 0.214 mM Arg-10 (U-13C6;
UI5N4, Cambridge Isotopes). The medium was supplemented with 0.418 mM Lysine-4
(4,4,5,5-D4, Cambridge Isotopes) and 0.214 mM Arg-6 (U-13C6, Cambridge Isotopes).
HepG2 cells were cultivated until full incorporation of amino acid isotopes before carrying

out experiments.

4.2.3.3 Cell Growth Assay

HepG2 cells from sub confluent cultures were used for the assay. Specifically, 6000 cells per
well were seeded in 96 well flat-bottom plates (Nunclon) in 100 uL. medium and cultured for
12 h with one plate for each time interval. Compounds were diluted 1:100 from 100x DMSO
stocks in 100 uL of the appropriate culture medium and added to the cells after careful

removal of the culture medium without compounds. After incubation (24 h, 48 h, 72 h, 96 h
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and 120 h) 10 uL of 11% glutaraldehyde solution was added to each well and the plate was
incubated at room temperature for 30 min. Media containing glutaraldehyde was removed and
cells were washed 10 times with ddH,O and dried overnight. After fixation cells were stained
by adding 100 uL of 0.1% crystal violet solution in water to each well followed by a 30 min
incubation step at room temperature. Crystal violet solution was removed and the wells were
washed 10 times with ddH,O and dried over night. Next 100 uL of 10% acetic acid was added
to each well and incubated at room temperature to dissolve the crystal violet. The optical
density at 590 nm was measured using a TECAN Infinite 200pro plate reader. All
measurements were performed five times and in at least three independent experiments. Error
bars were calculated from standard deviation from the mean. ICsq values were calculated from

curve fittings by Origin Pro 8.5 (OriginLab Corporation).

4.2.3.4 siRNA Knockdown

Knockdown of CES1 and ALDH4A1 gene expression was performed with silencer select
siRNA (life technologies, ALDH4A1 #4390624, CES1 #4392420). For determination of cell
growth, HepG2 cells were reverse transfected with Lipofectamine® RNAiMax (life
technologies) following the manufacturer’s instructions in 96 well plates, with one plate for
each time interval (24 h, 48 h, 72 h and 96 h). Cells only treated with transfection reagent
served as negative control.

24 h, 48 h, 72 h and 96 h after the transfection, cells were fixed by addition of 12 uL 11%
glutaraldehyde and incubation for 30 min. Media was removed and fixed cells were washed
10 times with ddH,O and dried over night. The fixed cells were stained by adding 100 uL of
0.1% crystal violet solution in water to each well and incubated for 30 min at room
temperature. Crystal violet solution was removed and the wells were washed 10 times with
ddH,0 and dried over night. The dried stained cells were lysed by addition of 100 uL 10%
acetic acid. The optical density at 590 nm was measured using a TECAN Infinite 200pro plate
reader. All knockdowns and controls were done five times for each time interval and repeated
in at least two independent trials. Error bars were calculated from standard deviation from the
mean.

To evaluate knockdown efficiency 40 pg lysate were labeled with 10 uM FP for CES1 and
50 uM ACV1 for ALDH4A1 for 1 h and Click reaction and analytical gel-based analysis and

Immunoblotting was carried out with actin as loading control
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4.2.3.5 Expression Level Determination

HepG?2 cells were cultivated in 6 wells until 70% confluent. Media was exchanged and 25 uM
ACV1 and 10 uM ACV2 were added 1:1000 from DMSO stocks and one 1 mL media was
supplemented with 1 uL. DMSO as control. After incubation for DMSO control (24 h) and for
probes (24 h, 48 h, 72 h, 96 h and 120 h) cells were harvested as described above and lysed
using lysis buffer. Protein concentration was determined using BCA (Rotiquant universal,

Carl Roth Laborbedarf) and 60 pg of proteome underwent Western blotting.

4.2.4 Protein Chemistry

4.2.4.1 Purification of ALDH4A1

Cells were grown in ampicillin M9 media at 37 °C until an OD600 of 0.7, then induced with
anhydrotetracycline 1:20000 (200 ng/uL) and cultivated for 20 h at 20 °C. Bacteria were
harvested by centrifugation (5000 g for 20 min), cell pellets were washed with PBS,
resuspended in strep binding buffer (100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA)
and lysed by French press. Cell debris was separated by centrifugation (20000 g 20 min) and
the protein was purified with StrepTrap'~ HP columns (GE Healthcare) and eluted with
100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin. After
exchanging the buffer to 50 mM Tris, 50 mM NaCl, 5% glycerol protein concentrations were
determined by BCA assay (Rotiquant universal, Carl Roth Laborbedarf).

4.2.4.2 Purification of ALDH1A1

Cells were grown in ampicillin LB media at 37 °C until an OD600 of 0.6, then induced with
IPTG 1:1000 and cultivated for 5h at 37 °C. Bacteria were harvested by centrifugation
(5000 g for 20 min), cell pellets were washed with PBS, resuspended in strep binding buffer
(100 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA) and lysed by French press. Cell
debris was separated by centrifugation (20000 g 20 min) and the protein was purified with
StrepTrap' ™ HP columns (GE Healthcare) and eluted with 100 mm Tris-HCl pH 8.0,
150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin. After exchanging the buffer to 50 mM
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Tris, 10% glycerol pH = 7.5, protein concentrations were determined by BCA assay

(Rotiquant universal, Carl Roth Laborbedarf).

4.2.4.3 Purification of CES1

CESThis clone was transfected into HEK cells using Lipofectamine® 2000 (life technologies)
according to manufacturer's instructions in petri dishes (150 mm). 24 h after transfection
media containing Lipofectamine® 2000 was exchanged and cells were grown for additionally
48 h. For metabolic labeling of CESlhis the transfection media was exchanged 24 h after
transfection with media containing 60 uM ACV2 and incubated for additional 48 h.

Cells were harvested by scraping and centrifugation (800g, 5 min) and lysed using 1 mL lysis
buffer (PBS, 1% NP40, 1% DOC, pH 8.0, 10 mM imidazole) per dish. Cell debris was
removed by centrifugation (21,000 g, 20 min) and the protein was purified using a His Trap
HP column (GE Healthcare). The lysate was washed with his wash buffer (50 mM Sodium
Phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole). The protein was eluted with a gradient
of his buffer A (50 mM Sodium Phosphate, pH 8.0, 300 mM NaCl, 40 mM imidazole) to his
buffer B (50 mM Sodium Phosphate, pH 8.0, 300 mM NaCl, 250 mM imidazole) form O-
100% his buffer B. Fractions containing CES1 were collected and buffer was exchanged with
PBS, pH 7.4. Protein concentration was determined by BCA Assay (Rotiquant universal, Carl
Roth Laborbedarf).

4.2.4.4 Protein Quantification via BCA assay

Protein concentrations were determined using Rotiquant universal, Carl Roth Laborbedarf.
Standard curve was determined with BSA at concentrations 0, 25, 50, 100, 200, 400 pg/mL
BSA. In a flat bottom 96-well-plate, 50 uL of BSA solution, protein solution or dilution was
added. 100 uL of 15:1 solution of reagent 1 : reagent 2 was added to this solution and
incubated at 60 °C for 15 min. The absorption at 503 nm or 492 nm was measured with a

TECAN Infinite 200pro plate reader. All measurements were carried out as triplicates.
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4.2.4.5 ALDH Activity Assay

For inhibition assays, 1 ul of probe stock with different concentrations was pre-incubated with
3.5ug ALDH1Al or ALDH4Al in 49 uL 50 mM Tris-HCl (pH 8.5) for 30 min at RT.
Afterwards, 50 pL substrate mixture containing 5 mM Tris-HCI, 100 mM KCI, 5 mM -
mercaptoethanol, 1 mM B-NAD" and 100 uM propionaldehyde were added to initiate the
enzymatic reaction. The product formation of NADH was monitored by measuring the
absorption increase at 340 nm at 37 °C in flat bottom 96-well-plates with a TECAN Infinite
200pro plate reader. Uninhibited ALDH1A1 served as control. All measurements were carried
out as triplicates in at least three independent experiments. Error bars were calculated from
standard deviation from the mean. ECsy values were calculated from curve fittings by Origin

Pro 8.5 (OriginLab Corporation).

4.2.4.6 CES1 Activity Assay

In a 96 flat bottom well plate 2.5 ug CES1 (Sigma Aldrich) in 49 uL. 100 mM sodium
phosphate (pH 7.4) was pre-incubated with 1 ul probe stock, in different concentrations or
DMSO as control, for different times (1 h, 2 h, 3 h, 4 h). After pre-incubation 50 uL 1 mM 4-
nitrophenyl acetate in 100 mM sodium phosphate (pH 7.4) was added and the reaction was
monitored at 410 nm, 37 °C for 20 min using a TECAN Infinite 200pro plate reader. All
measurements were carried out in triplicates and in two independent trials. Error bars

represent standard deviation from the mean.

4.2.4.7 Immunoprecipitation

Classic immunoprecipitation: HepG2 cells were grown in petri dishes (150 mm) until 70 %

confluent. One dish was incubated with 30 uM ACV?2 (1:10000 from DMSO stock) for 3 days

and to one dish the corresponding amount of DMSO was added. After incubation cells were
washed with PBS and harvested by scraping in PBS. Cells were pelleted by centrifugation at
800 g for 5 min and PBS was removed. Cells were lysed by resuspension in 2 mL IP-lysis
buffer (PBS, 1% NP-40, 1% DOC, 1 mg/mL BSA) and incubation on ice for 10 min. To each
sample 2. 5 ul antiCES1 antibody (Abnova) was added and incubated over night at 5 °C under
gently rotation. 300 uL protein A/G resin (Thermo Fisher Scientific) was added to tube and
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incubated for 2 h with gently rotation at 5 °C. Beads were pelleted by centrifugation at 500 g
for 5 min and supernatant removed. The remaining beads were washed with 2 mL IP-lysis
buffer followed 4 mL PBS. For washing the beads were pelleted by centrifugation at 500 g for
5 min and supernatant removed. The antigen was eluted 3 times with 100 uL. 25 mM citric
acid.

Direct IP: The direct immunoprecipitation was performed with columns, beads and solutions
from a Pierce direct IP Kit (Thermo Fisher Scientific) according to manufacturers' instructions

with 26 pg anti CES1 (Abcam) and 100 pL resin.

4.2.5 ABPP Experiments

4.2.5.1 In situ ABPP Labeling Experiments

Analytical labeling in PBS: Cells were grown in 6 well plates until a confluence of 70% was

reached. The media was exchanged to PBS containing either probes at a concentration of 50
or 100 uM or the corresponding amount of DMSO as control. After incubation with probes
for 2 h cells were washed with PBS and harvested by scraping in 1.5 mL PBS. Cells were
pelleted by centrifugation at 800 g for 5 min and PBS was removed. Cells were lysed in
50 uL lysis buffer (PBS, 1% NP-40, 1% DOC) and incubated on ice for 10 min. Soluble and
insoluble fractions were separated by centrifugation at 21000 g for 20 min at 5 °C. The
insoluble fraction was resuspended in 50 puL lysis buffer by sonication under ice cooling. The
samples then underwent Click reaction and analytic gel-based analysis.

Analytical labeling in medium: Cells were grown in 6 well plates until 70% confluent. The

probes were added to the wells with a dilution of 1:1000 from DMSO stocks and the control
well was supplemented with the corresponding amount of DMSO. After incubation for 3.5 h
cells were washed with PBS and harvested by scraping in 1.5 mL PBS. Cells were pelleted by
centrifugation at 800 g for 5 min and PBS was removed. Cells were lysed by resuspension in
50 uL lysis buffer (PBS, 1% NP-40, 1% DOC) and incubation on ice for 10 min. Soluble and
insoluble fraction were isolated by centrifugation at 21000 g for 20 min at 5 °C and insoluble
fraction was resuspended in 50 puL lysis buffer by sonication under ice cooling. The samples
then underwent Click reaction and analytic gel-based analysis.

Preparative labeling in PBS: Cells were grown to 70% confluence in Petri dishes (150 mm).

Then the medium was aspirated and cells were washed with 10 mL PBS and then harvested in
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20 mL fresh PBS by scraping. Cells were washed (800 g, 5 min), resuspended in 1000 uL
PBS containing probes at the appropriate concentration and incubated for 2 h at RT.
Subsequently, cells were pelleted for 5 min at 800 g at RT to remove PBS with excess of the
probe, washed twice with 500 uL. PBS and resuspended in 500 pL lysis buffer. Soluble and
insoluble fraction were separated by centrifugation at 21000 g for 60 min at 4 °C. Insoluble
pellets were resuspended in 500 puL lysis buffer by sonication under ice cooling. Protein
concentration was assayed (Rotiquant universal, Carl Roth Laborbedarf) and adjusted to
2 mg/mL in PBS.

Preparative labeling in medium: Cells were grown in petri dishes (150 mm) until 70%

confluent. The probes were added to the wells with a dilution of 1:10000 from DMSO stocks
and the control well was supplemented with the corresponding amount of DMSO. After
incubation for 1 h cells were washed with PBS and harvested by scraping in PBS. Cells were
pelleted by centrifugation at 800 g for 5 min and PBS was removed. Cells were lysed by
resuspension in 2 mL lysis buffer (PBS, 1% NP-40, 1% DOC) and incubation on ice for
10 min. Soluble and insoluble fraction were isolated by centrifugation at 21000 g for 20 min
at 5 °C and insoluble fraction was resuspended in 1 mL lysis buffer by sonication under ice
cooling. Protein concentration was assayed (Rotiquant universal, Carl Roth Laborbedarf) and

adjusted to 2 mg/mL in PBS.

4.2.5.2 Preparative in situ ABPP Labeling Experiments

Cells were grown to 70% confluence in Petri dishes (150 mm). The medium was aspirated
and cells were washed with 10 mL PBS and then harvested in 20 mL fresh PBS by scraping.
Cells were washed (800 g, 5 min), resuspended in 1000 uL PBS containing probes at the
appropriate concentration and incubated for 2 hours at RT. Subsequently, cells were spun for
S min at 800 g at RT to remove PBS with excess of probe, washed twice with 500 uL. PBS
and resuspended in 500 uL lysis buffer (PBS, 1% NP-40, 1% DOC). Soluble and insoluble
fraction were separated by centrifugation at 14 800 rpm for 60 min at 4 °C. Insoluble pellets
were resuspended in 500 uL lysis buffer by sonication under ice cooling. Protein
concentration was assayed (Rotiquant universal, Carl Roth Laborbedarf) and adjusted to

2 mg/mL in PBS.
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4.2.5.3 Click Reaction and Analytical Gel-Based Analysis

To 45 pL of proteome 1 uL RhN; (5 mM in DMSO) was added, followed by 1 uL. TCEP
solution (53 mM in ddH,0) and 3 pL ligand TBTA (83 mM in DMSO/fert-butanol). Samples
were gently vortexed and the cycloaddition was initiated by the addition of 1 pL CuSOg4
solution (50 mM in ddH,0). The reaction was incubated for 1 h at RT. For analytical gel
electrophoresis, 50 uL 2xSDS loading buffer were added and 50 puLL were applied on the gel.
Roti®-Mark STANDARD (Carl Roth GmbH & Co. KG, for Coomassie staining) and
BenchMark™ Fluorescent Protein Standard (Life Technologies) were applied as markers to
determine the protein mass. Fluorescence scans of SDS gels were performed with a Fujifilm

Las-4000 luminescent image analyser containing a VRF43LMD3 lens and a 575DF20 filter.

4.2.5.4 Click Reaction and Preparative Gel-Based Analysis

To 947 uL proteome solution 3 pL trifunctional linker [309] (10 mM in DMSO) was added,
followed by 10 uL TCEP solution (53 mM in ddH,O) and 30 pL ligand TBTA (83 mM in
DMSO/tert-butanol). The samples were gently vortexed and the cycloaddition was initiated
by the addition of 10 uL. CuSOy solution (50 mM in ddH,0O). The reaction was allowed to
proceed for 1 h at RT. Reactions for enrichment were carried out together with a control
lacking the probe to compare the results of the biotin-avidin enriched samples with the
background of unspecific protein binding on avidin-agarose beads. The proteins were
precipitated by addition of 4 volumes of cold acetone (4 mL, -20 °C) followed by an
incubation for 18 h at -20 °C. Then the proteins were pelleted (30 min, 21,000 g, 4 °C) and
the supernatant was discarded. The proteins were washed with prechilled methanol
(2x 200 uL, -20 °C) and resuspended by sonication (5-10 sec, 10% max. intensity; 15 min,
21,000 g, 4 °C). Subsequently, the pellet was dissolved at RT in 1 mL 0.2% SDS in PBS by
sonication and incubated under gentle mixing with 50 pL of prewashed (3 x 1 mL 0.2 % SDS
in PBS) avidin-agarose beads (avidin-agarose from egg white, 1.1 mg/mL in aqueous glycerol
suspension, Sigma-Aldrich) for 2 h at RT. The beads were washed with 0.2% SDS in PBS
(3x1mL), 6 M urea (2 x 1 mL) and PBS (3 x I mL). 50 uL of 2xSDS loading buffer was
added and the proteins were released for preparative SDS-PAGE by incubation for 6 min at
96 °C. The beads were pelletized (3 min, 21,000 g) and the supernatant was isolated and
stored at -80 °C. The supernatant was applied on a preparative gel, and run for 4-5 h (300 V).
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After gel electrophoresis, the bands were visualized using a Fujifilm Las-4000 luminescent
image analyser containing a VRF43LMD3 lens and a 575DF20 filter. The observed bands

were excised and diced into pieces of approximately 1 mm length, prior to further processing.

4.2.5.5 Long Term Labeling Experiments

Analytical: Cells were grown in 6 well plates until a confluence of 70% was reached. The
probes were added 1:1000 from DMSO stocks and one 1 mL media was supplemented with
1 uL DMSO as control. The media was exchanged with 1 mL media containing probes at the
appropriate concentrations. After incubation (24 h, 48 h, 72 h, 96 h and 120 h) cells were
washed with PBS and harvested by scraping in 1.5 mL PBS. Cells were pelleted by
centrifugation at 800 g for 5 min and PBS was aspirated. Cells were lysed by resuspension in
50 pL lysis buffer (PBS, 1% NP-40, 1% DOC) and incubation on ice for 10 min. Soluble and
insoluble fraction were isolated by centrifugation at 21000 g for 20 min at 5 °C and insoluble
fraction was resuspended in 50 pL lysis buffer by sonication under ice cooling. The samples
then underwent Click reaction and analytic gel-based analysis.

Preparative: Cells were grown in Petri dishes (150 mm) until they reached 70% confluence.
Then the media was exchanged with 10 mL media with appropriate probe concentration and
media lacking the probe as control. After incubation (24 h, 48 h, 72 h, 96 h and 120 h) the
cells were washed with 10 mL PBS and harvested by scraping in 20 mL PBS. Cells were
pelleted by centrifugation at 800 g for 5 min. The cells were lysed by resuspending in 500 pL
lysis buffer and incubation for 10 min on ice. Soluble and insoluble fraction were isolated by
centrifugation at 21000 g for 20 min at 5 °C and insoluble fraction was resuspended in 50 uL
lysis buffer by sonication under ice cooling. The samples then underwent subsequently Click

reaction and preparative gel-based analysis.

4.2.5.6 Preparative SILAC Labeling

In situ: For preparative SILAC labeling cells were grown in media containing a combination
of medium (L-[U-13C6,14N4]arginine and L-[2H4]lysine) or heavy (L-[U-
13C6,15N4Jarginine and L-[U-13C6,15N2]lysine) isotope-labeled forms of arginine and
lysine until full incorporation of the amino acids. The further workflow followed the protocol

described in the section Preparative in situ ABPP labeling experiments. The cell population
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containing medium isotope-labeled arginine and lysine served as control cells while the cell
population containing heavy isotope-labeled forms of the mentioned amino acids underwent
treatment with probes. After cell lysis the protein concentration was determined and 2 mg of
each SILAC labeled proteome mixed. The total volume was adjusted to 947 puL. The samples
underwent Click reaction and preparative gel-based analysis.

Five day labeling: Cells grown in media substituted with medium-labeled isotopes of arginine

and lysine served as controls and cells grown in media substituted with heavy-labeled isotopes
of arginine and lysine were incubated with probe. Incubation and harvest was done according
to five day labeling (preparative). After lysis 2 mg of each cell population was mixed together
and adjusted to a total volume of 947 uL. The samples underwent Click reaction and
preparative gel-based analysis.

Competitive control labeling: For competitive labeling, applying the same labeling scheme as

above, cells serving as controls were incubated for 15 min with 100 uM acivicin and
afterwards 100 uM ACV1 was added and incubated for additional 2 h. The complementary
cells were solely incubated with 100 uM ACV1 for 2 h. After incubation lysis was executed
according to Preparative in situ ABPP labeling experiments and subsequently underwent
Click reaction and preparative gel-based analysis and 50 uL of lysates underwent Click
reaction and analytic gel-based analysis. The experiment was repeated once maintaining the
same labeling scheme of SILAC cell labels and probe treatment. A third experiment was
carried out with pre-treatment of heavy labeled cells with 100 uM acivicin for 15 min
following incubation with 100 pM ACV1 for 2 h and treatment of medium labeled cells with
100 uM ACV1 for 2 h.

4.2.5.7 Mouse Liver Lysate

300 mg of mouse liver were cut into smaller pieces and added to a 2 mL tube containing
ceramic beads (91-PCS-CKM, peglab) and 1 mL cold PBS was added. The liver was
homogenized by a Precellys 24 homogenizer (peqlab) with 5000 rpm for 10 sec in two cycles.
Soluble and insoluble fraction were separated by spinning at 21000 g for 20 min at 5 °C. The
insoluble pellet was resuspended in 1 mL. PBS by sonication. Protein concentration was

assayed (Rotiquant universal, Carl Roth Laborbedarf) and adjusted to 2 mg/mL in PBS.
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4.2.5.8 Myoma and Myometrium Tissue Lysates

Myoma and Myometrium tissues were obtained from Alcedo Biotech or from the tissue
collection of Bayer Schering Pharma (now Bayer HealthCare). Approximately 50 mg of
myoma and myometrium tissue were cut into smaller pieces and added to a 2 mL tube
containing ceramic beads (91-PCS-CKM or 91-PCS-CK28, peglab) and 700 uL cold PBS,
0.1% sds was added. The tissues were homogenized with a Precellys 24 homogenizer
(peglab) with 5000 rpm for CKM beads or 6000 rpm for CK28 beads for 20 sec in three
cycles. The lysate was transferred to a tube and the remaining beads were washed with
400 uL 5 M NaCl solution and this solution was added to the lysate. Soluble and insoluble
fraction were separated by spinning at 21000 g for 20 min at 5 °C. The insoluble pellet was
resuspended in 700 uL PBS, 0.1% sds by sonication. Protein concentration was assayed

(Rotiquant universal, Carl Roth Laborbedarf) and adjusted to 2 mg/mL.

4.2.5.9 In vitro Labeling Experiments

Analytical: 1 pul probe stock was added to 44 uL proteome to adjust the desired concentration
and incubated at RT for 1 h. After incubation Click reaction and analytical gel-based analysis
was performed.

Preparative: 1 uLL probe stock was added to 946 uL proteome solution to get the appropriate
probe concentration (50 uM for ACVL probes and 100 uM ACV2 and 20 uM ACV1) with
one sample lacking the probe as control. The solution was incubated for 1h at RT.

Subsequently Click reaction and preparative gel-based analysis was performed.

4.2.5.10 Labeling of Overexpressed Proteins

Expression clones ALDHIAI, ALDHIB1, ALDH2, ALDH4A1 and ACAA2 were grown in
10 mL ampicillin LB at 37 °C with two cultures for each gene until ODgy of 0.5 and
subsequently one sample was induced with anhydrotetracycline and cultivated for additional
3 h the corresponding sample was cultivated the additional 3 h without induction. The
bacterial cell pellets were washed with PBS and resuspended in 100 uL PBS containing
50uM ACVLI1 for ALDH1A1, ALDHIBI, ALDH2; 50 uM ACVL2a for ACAA2 and
50 uM ACV1 for ALDH4A1. The cells were incubated for 2 h at RT and lysed by sonication.
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Soluble and insoluble fraction were separated by centrifugation (21000 g for 20 min at 5 °C).
Insoluble pellets were resuspended in 100 uLL PBS using sonication. The samples underwent

Click reaction and analytical gel-based analysis.

4.2.5.11 Competitive Labeling Experiments

43 uL of proteome solution were incubated with 1 uL of acivicin stock to adjust the desired
concentration (see gel below) and incubated for 15 min at RT. After pre-incubation 1 uL of
probe stock was added to adjust the desired probe concentration and incubated for 1 h at RT.

After that Click reaction and analytical gel-based analysis was performed.

4.2.5.12  Labeling of Recombinant CES1

1 uL of CES1 stock (5 ug/uL) was added to 43 uLL PBS or 43 uL A549 lysate. One sample
containing 44 uLL PBS or 44 uLL A549 lysate was incubated with 1 uL DMSO and served as
control. The heat control consisted of 43 uLL PBS or 43 uL. A549 lysate with 1 uL CES1 stock
(5 ng/uLl) and was treated for 7 min at 96 °C. The samples were incubated with 1 pL probe
stock to obtain a concentration of 10 uM FP-probe and 20 uM for ACV2 probe for 1 h at RT.

After completion Click reaction and analytical gel-based analysis was performed.

4.2.5.13 Labeling of Recombinant CES1 for 24 h

Three samples were prepared by adding 1 uL of CESI stock (5 ug/uL) to 43 ul PBS and two
samples by adding 1 uL CESI stock to 43 pL. A549 lysate. One sample of each set served as
control lacking probe and was incubated with 1 uL DMSO. Another sample from each set
was incubated with ACV2 at a concentration of 20 uM and incubated for 24 h at RT. As a
positive control one sample of CES1 in PBS was labeled with 10 uM FP probe for 1 h at RT.
After completion of incubation Click reaction and analytical gel-based analysis was

performed.
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4.2.5.14 Labeling of CES1 and Mutant S221A

In a 6 well plate with HEK293T cells two wells were transfected with CES1(wt) and one well
withS221A using Lipofectamine® 2000 as described above. 24 h after transfection one well
transfected with CES1, one well transfected with S221A and one well containing only
HEK?293T cells were incubated with 25 uM ACV2. 3 days after transfection, cells were
harvested and lysed as described above. One untreated CES1 transfection was incubated with
10 uM diisopropyl fluorophosphonate (DFP) for 15 min and subsequently incubated with
10 uM FP probe. Samples underwent Click reaction analytical gel-based analysis and

western blotting.

4.2.5.15 Labeling of ALDH4A1 and Mutant C348A

pDEST 007 plasmid carrying ALDH4A1 (wt) and C348A were transformed into competent
SoluBL21™ Competent E. coli cells (Amsbio) and overexpressed as described above
(Overexpression for target validation). One sample for ALDH4A1 and C348A was not
induced and served as a control and one sample overexpressing ALDH4A1 was incubated
after lysis with 50 uM disulfiram 15 min prior to incubation with 50 uM ACVI1. After

incubation Click reaction analytical gel-based analysis and Western blotting.

4.2.6 Mass Spectrometry

4.2.6.1 In Gel Digestion

Protein bands were excised from the gel and subsequently washed with ddH,O (100 pL,
15 min, 550 rpm, RT), 50 mM ammonium bicarbonate in MeCN (200 puL, 15 min, 550 rpm,
RT) and dehydrated with 100% MeCN (100 pL, 10 min, 550 rpm, RT). The shrunken gel
pieces were rehydrated in 50 mM ammonium bicarbonate (100 pL, 5 min, 550 rpm, RT),
followed by a further dehydration step (100 pL MeCN, 15 min, 550 rpm, RT). The
supernatant was removed and the gel pieces were again washed with MeCN (100 pL, 10 min,
550 rpm, RT) and then dried under vacuum in a centrifugal evaporator (15 min, 1 mbar, RT).

The proteins were reduced by addition of DTT solution (10 mM in 50 mM ammonium
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bicarbonate, 100 pL, 45 min, 550 rpm, 56 °C) to the gel pieces. Then the pieces were washed
with MeCN (100 pL, 10 min, 550 rpm, RT), prior to alkylation with iodineacetamide solution
(55 mM in 50 mM ammonium bicarbonate, 100 pL, 30 min in the dark, 550 rpm, RT). The
gel pieces were afterwards washed with MeCN:50 mM ammonium bicarbonate (1:1) (100 pL,
15 min, 550 rpm, RT) and MeCN (100 pL, 10 min, 550 rpm, RT) and dried in vacuo in a
centrifugal evaporator (15 min, 1 mbar, RT). 100 uL digest solution (0.5 pg trypsin in 100 uLL
50 mM ammonium bicarbonate) was added and incubated for 10 min at 4 °C, followed by
37 °C, 300 rpm overnight. The next day the supernatant was transferred into a LoBind tube
(Eppendorf AG) and 25 mM ammonium bicarbonate (100 pL, 15 min sonication, RT) was
added to the gel pieces. Then MeCN (100 pL) was added and the sample sonicated for
15 min. The supernatant was transferred into the same LoBind tube. 5% FA (100 pL, 15 min
sonication, RT) was added to the gel pieces, followed by additional MeCN (100 pL, 15 min
sonication, RT). The supernatant was transferred into the same LoBind tube and replaced by
MeCN (100 pL, 15 min sonication, RT). The supernatant was transferred into the LoBind
tube and the solvent was removed in vacuo in a vacuum centrifuge (4 h, 1 mbar, RT). The

remaining peptides were stored at -20 °C.[310]

4.2.6.2 Sample Preparation for Mass Spectrometry

Centrifugal filters (modified Nylon, 0.45 pm, low protein binding, VWR International, LLC)
were pre-rinsed with ddH,O (1 x 500 pL, 21000 g, 1 min, RT), 0.5 N NaOH (1 x 500 pL,
21000 g, 1 min, RT), ddH,O (2 x 500 pL, 21000 g, 1 min, RT) and 1 % FA (1 x 500 pL,
21000 g, 1 min, RT). The peptides were dissolved in 1% FA (20 puL, 15 min sonication, RT)
and added to the pre equilibrated filters and centrifuged (21000 g, 1 min, RT). The filtrate was

transferred into a vial.

4.2.6.3 Mass Spectrometry and Bioinformatics

Measurements were performed using an Orbitrap XL coupled online to an Ultimate 3000
nano HPLC system (Thermo Fisher Scientific). Samples were loaded on a trap column and
separated on a 15 cm C18 column (2 um, 100 A, Thermo Fisher Scientific Inc.). For protein
identification either the five most intense ions of the full scan were fragmented using CID or a

combination of CID of the three most intense ions and HCD of the two most intense ions was
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performed. The mass spectrometry data were searched using the SEQUEST algorithm against
the corresponding database (ipi.human.v3.68.fasta and ipi.mouse.v3.68.fasta) via the
Proteome Discoverer Software 1.3 (Thermo Fisher Scientific Inc.). Peptides were considered
with a minimal mass of 350 Da and a maximal mass of 10,000 Da. Protein N-terminal
acetylation and oxidation on methionine were added as variable modifications.
Carbamidomethylation on cysteine was added as fixed modification. Mass tolerances of the
precursor and fragment ions were set to 10 ppm and 0.5 Da. Filters were set to further refine
the search results. The Xcorr vs. charge state filter was set to Xcorr values of 1.5, 2.0, 2.25
and 2.5 for charge states +1, +2, +3 and +4, respectively. The number of different peptides
had to be > 2 and the peptide confidence filter was set to at least medium. These filter values
are similar to others previously reported for SEQUEST analysis. Xcorr values (Score) of each
run, the peptide spectrum matches (PSM) as well as the total number of obtained peptides,
unique peptide, ratio from SILAC or precursor ion intensity ratio between labeled and control
samples are reported below. Identified proteins from gel slices were defined as true probe
targets when the peak area of labeled sample versus unlabeled (control) sample is
significantly increased. Intensities of proteins from the same gel slice can be estimated by the
score and the number of peptide spectral matches (PSMs). Proteins underlying the
fluorescence bands in ABPP approaches posses in addition to an increased peak area a high

score and number of PSMs compared to other proteins identified in the same slice.

4.2.6.4 Mass Spectrometry of Intact Proteins

Purified CES1 and CES1 labeled with metabolized ACV?2 were diluted to a concentration of
0.1 mg/mL. Solutions were desalted on a Massprep on-line desalting cartridge (Waters)
according to the manufacturer’s procedure on a Dionex UltiMate 3000 HPLC system.
Samples were measured on a Thermo LTQ FT Ultra mass spectrometer with electron spray
ionization that was coupled to the Dionex UltiMate 3000 HPLC system. Thermo Scientific

ProMass Deconvolution™ software was used for data analysis and deconvolution.
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5 Zusammenfassung

Acivicin

Acivicin ist ein Naturstoff der aus Streptomyces sviceus isoliert wurde und antitumor
Eigenschaften besitzt. In klinischen Studien konnte seine Antitumor Eigenschaften gezeigt
werden, jedoch wurden keine Studien aufgrund der Nebenwirkungen weiterverfolgt. Unter
den Naturstoffen nimmt Acivicin eine einzigartige Position aufgrund seines Elektrophils, des
Chlordihydroisoxazols, ein. In vorhergehenden Untersuchungen wurden Sonden auf Basis
dieses Elektrophils fiir Activity-based protein profiling synthetisiert, deren Reaktivitidt noch
zusitzlich durch den Austausch von Chlor mit Brom erhoht wurde. ABPP beschreibt eine
chemoproteomische technik mit der anhand von Sonden Proteine kovalent modifiziert
(markiert) werden, die dann durch Clickchemie mit Fluoreszenzfarbstoffen zur Visualisierung
oder Affinititstags zur Anreicherung modifiziert werden konnen. Mit diesen Sonden konnte
in Bakterien bereits eine Selektivitit fiir Aldehyd-Dehydrogenasen festgestellt werden.

Fiir Acivicin waren aus bisherigen Studien keine Aldehyd-Dehydrogenasen als Zielproteine
bekannt. Aus diesem Grund wurden die bereits Sonden mit zwei Sonden, die sich vom
Naturstoff ableiten lassen erweitert und ABPP Experimente in Mausleberproteom und
Leberkrebszellen (HepG2) durchgefiihrt. Es stellten sich wie erwartet, Aldehyd-
Dehydrogenasen mit ihren Vertretern ALDH1A1, -1B1, -2 und ALDH4AT1 als Zielproteine
heraus. In Zellwachstumsstudien mit HepG2, konnte auch eine Inhibition des Zellwachstums
der beiden neuen Acivicin abgeleiteten Sonden wie Acivicin gezeigt werden wihrend die
Bromdihydroisoxazolsonden keine Inhibition zeigten. Kompetitive ABPP Experimente mit
Acivicin und Aktivititsassays konnte gezeigt werden, dass es sich ALDH4A1 um ein neues
Zielprotein von Acivicin handelt. In Langzeit ABPP Experimenten zeigte sich mit CES1 ein
neues Zielprotein neben den Aldehyd-Dehydrogenasen. CES1 konnte weder direkt markiert
noch in Aktivitits assays mit den Acvicinsonden inhibiert werden. Nur eine ldngere
Inkubation unter Einwirkung der ganzen Zelle konnte dies erreichen, sodass eine
Metabolisierung nahe lag. Diese wurde auch durch transiente Uberexpression von CES1 in
HEK293T Zellen einhergehend Markierung nach lidngerer Inkubationszeit bewiesen. Fiir
ALDH4A1 und CES1 wurden durch Mutagenesestudien die nucleophilen Aminosiduren
Cystein and Serin als Reste fiir die kovalente Modifizierung identifiziert. Des weiteren wurde
fiir beide Enzyme in siRNA Experimenten der Einfluss auf das Zellwachstum von HepG2

untersucht. Durch den Knockdown wurde bei beiden Enzymen eine Reduktion des
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Zellwachstums festgestellt. Mit diesen Ergebnissen konnte mit ALDH4Al ein neues
Zielprotein von Acivicin, das einen Rolle bei der Zellwachstumsinhibierung spielt, wie auch

eine mogliche Metabolisierung, wie sie seit lingerem diskutiert wird, gezeigt werden.

Uterus myomatosus

Uterus myomatosus oder kurz Myome sind gutartige glattmuskuldre Uterustumore, die die
hiufigsten Tumore des Uterus darstellen. Beim Erreichen des fiinfzigsten Lebensjahres haben
70-80% der Frauen bereits Myome entwickelt. Trotz ihrer Gutrarigkeit konnen Myome mit
thren Symptomen die Lebensqualitit in negativer Hinsicht beeinflussen. Die Symptome
umfassen gesteigerte und verldngerte Regelblutung, Andmie, Unterleibsschmerzen bis hin zu
Unfruchtbarkeit und Frithgeburt. Trotz vieler Untersuchungen ist wenig iiber den Ursprung
und die Pathogenese von Myomen bekannt. Ein hormoneller Hintergrund und deregulierte
Mesenchymale Stammzellen werden zurzeit als Ursache fiir Myome vermutet. Die
Behandlung von Myomen erfolgt durch Vergabe von Gonadotropin-Releasing Hormon
Analoga (GnRHa), die einerseits einen Wachstumsstopp der Myome bewirken, jedoch einen
menopausalen Zustand auf der anderen Seite und deswegen nur kurzzeitig eingesetzt werden.
Neben medikamentosen Behandlungen werden hauptsidchlich Operative Methoden bei der
Myombehandlug eingesetzt. Zum einen besteht die Mdoglichkeit einer Myomektomie durch
Laparoskopie oder die Entfernung des gesamten Uterus durch Hysterektomie.

In dieser Arbeit wurden Gewebeproben von Patientinnen auf Aktivitdt von Serin-Hydrolasen
im Myomgewebe und dem entsprechendem gesunden Myometriumsgewebe untersucht.
Serin-Hydrolasen spielen eine Rolle in verschiedene Prozessen, wie beispielsweise der
Gestaltung der extrazelluldren Matrix, und sind adressierbar durch Inhibitoren. Durch die
Verwendung einer Fluorosphonatsonde in ABPP Experimenten konnte nach Etablierung einer
Homogenisierungsmethode ein Aktivitdtsprofil erstellt werden. Durch Untersuchung von
neun Patientinnen konnten 32 verschiedene Serin-Hydrolasen identifiziert werden. Unter all
diesen Serin-Hydrolasen zeigten TPSAB1, TPSB2, TPSD1, CMAI1, CTSG, CES1, CTSA und
RBBP9Y ein unterschiedliches Aktivititsprofil in Myom- und Myommetriumsgewebe. CES1
und CTSA zeigten sich aktiver im Myom von einigen Patientinnen aber nicht durchgehend.
Fir RBBP9 konnte eine hohere Aktivitdt im Myom von zwei Patientinnen festgestellt werden,
jedoch wurden beide Proben wihrend der Proliferativen Phase des Uteruszyklus entnommen.
Die Serin-Hydrolasen TPSAB1, TPSB2, TPSDI, CMA1 und CTSG zeigten eine hohere
Aktivitdt im Myometrium von fast allen Patientinnen bis auf jene beiden Patientinnen mit

einer RBBP9 Aktivitit im Myom. TPSAB1, TPSB2, TPSD1, CMAI1 und CTSG spielen
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wichtige Rollen im Entziindungsprozess und weiteren Prozessen. Ein wichtiger Prozess ist
allerdings der Gewebemodellierung durch Aktivierung von TGF-B , einem Cytokin das in
viele Prozesse involviert ist wie Zellwachstum, -differenzierung, -migration, Apoptose, und
extrazelluldrer Matrix Aufbau. RBBP9 spielt beim Thema TGF-3 wiederrum auch eine Rolle,
da es in den TGF-f3 Signalweg eingreift.

Mit dieser Arbeit konnten interessante Einblicke in das Aktivititsmuster von Serin-
Hydrolasen gewihrt werden. Mit weiteren Patientinnen kann die Studie noch ausgeweitet
werden, wobei weitere zusitzliche Proben besonders aus der proliferativen Phase untersucht
werden sollten. Ein interessanter Aspekt ist die Rolle von TGF-3 in der Pathogenese von

Myomen der weiterfiihrend Untersucht werden kann.
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6 Summary

Acivicin

Acivicin is a natural product from Streptomyces sviceus with antitumor activity. Several
clinical trials were carried out with acivicin on various tumors but all failed due to the severe
side effects. The chlorodihydroisoxazole of the non canonical amino acid acivicin represents
an unique electrophilic moiety among natural products. Previous work depicted this
electrophilic moiety and enhanced the electrophilicity by exchanging chlorine by bromine to
build probes for activity-based protein profiling. ABPP is chemoproteomic method that uses
probes that are covalently linked to the target enzyme. Via click chemistry a reporter tag or a
biotin tag can be attached for visualization or enrichment followed by mass spectrometry
analysis. On the previous work aldehyde dehydrogenases were identified as preferred targets
for this moiety in bacteria proteome.

However no aldehyde dehydrogenase was yet reported as a target of acivin. Based on these
results two new probes were synthsized from the natural product. ABPP studies in mouse
liver proteome and HepG2 cells revealed ALDHI1AL, -1B1, -2 and ALDH4A]1. Cell growth
studies revealed growth inhibition of HepG?2 cells by the two acivicin derived probes, while
the bromodihydroisoxazole probes showed no effect. In competitive ABPP studies with
acivicin and activity assays, ALDH4A1 turned out to be a target of acivicin and the other
aldehyde dehydrogenases to be probe specific. This represents a new target among the
enzymes already confirmed for acivicin. In long term labelings that mimic the conditions of
the cell growth studies a new target with CES1 along with the ALDHs was identified.
Labeling of CES1 occured after a certain amount of time and recombinant CES1 could not be
labeled directly nor inhibited in an activity assay with acivicin probes. This implicated a
metabolization of the probe before labeling. Overexpression of CES1 in HEK293T cells with
extended labeling times showed labeling of the serine hydrolase CES1 and proofed the theory
of metabolization. For the two enzymes ALDH4A1 and CES1 mutagenesis studies revealed
the nucleophile cysteine and serine to be attacked by acivicin or probes. The same enzymes
were investigated in terms of bioactivity with siRNA studies. Both enzymes were knocked
down and their influence on tumor cell growth was investigated. Both enzymes showed
growth reduction upon knockdown. These results conclude, that with ALDH4A1 a new target

of acivicin was found that plays a role in the growth reduction mediated through acivicin.
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Additionally a possible metabolization of the acivicin moiety, that was long discussed, was

shown.

Uterine fibroids

Uterine fibroids or myoma are benign smooth muscle tumors of the uterus. By reaching the
age of 50 years, 70-80% of women developed myomas. These tumors can affect life quality in
a negative way with their symptoms that reach from heavy, irregular and prolonged menstrual
bleeding, anemia, abdominal pain and even infertility to recurrent abortion and preterm labor.
Despite many research on myomas their etiology and pathogenesis remains unknown. A
hormonal background and deregulated mesenchymal stem cells are regarded as the origin of
myomas. Treatment of myomas can be achieved by application of Gonadotropin-releasing
hormone analoga (GnRHa) that stop myoma growth but also lead to a menopausal condition
and are limited to short term treatment. Next to medical treatment, surgical methods are the
treatment of choice with a laparoscopically excision (myomectomy) or the removal of the
uterus (hysterectomy).

In this work patient samples were investigated for different activities of serine hydrolases in
myoma tissue and the corresponding healthy myometrium tissue. Serine hydrolases are
involved in processes like extracellular matrix remodeling and accessible with drugs. The
activity profile was obtained with a fluorophosphonate probe by using ABPP. After
establishment of tissue homogenization and labeling protocol, 9 patient samples were
examined. A total of 32 different serine hydrolases were identified from these samples.
Among those serine hydrolases, TPSAB1, TPSB2, TPSD1, CMA1, CTSG, CES1, CTSA and
RBBP9 showed a different activity profile in myoma and myometrium. CES1 and CTSA
showed higher activity in myoma in some patients but not in general. RBBP9 showed higher
myoma activity in two patients but these samples were taken from the proliferative phase of
the uterus. TPSABI, TPSB2, TPSD1, CMA1l and CTSG showed higher activity in
myometrium in general, but the activity was equal in both patients that showed RBBP9
activity. The three tryptases (TPSAB1, TPSB2 and TPSD1) together with CMA1 and CTSG
are involved in a number of processes, e.g. inflammation, but especially tissue remodeling.
Furthermore they are known to activate TGF-B. This cytokine plays many roles in terms of
cell growth, differentiation, migration, apoptosis, and extracellular matrix production. In turn
RBBP9 interferes in the TGF-3 signaling pathway.

This work gave intersting insight in the activity profile of serine hydrolases of myoma and

myometrium tissue. More patients samples would result in a deeper analysis, especially with
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samples that were taken from the proliferative phase. Additionally the role of TGF-B in

myoma formation myoma growth could deliver a better understanding of these tumors
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7 Abbreviations

°C degree Celsius

pL microliter

uM micromolar

ABPP activity-based protein profiling
ACN acetonitrile

ACV acivicin

ALDH aldehyde dehydrogenase

Asn asparagine

Asp aspartic acid

ATP adenosine triphosphate

BOC t-butyloxycarbonyl

BSA bovine serum albumin

CaCl2 calcium cholride

CC click chemistry

CID collision-induced dissociation
cDNA complementary DNA

cm centimeter

CO, carbon dioxide

COMU 1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-

carbenium hexafluorophosphate

CTP cytidine triphosphate

CuSO4 Copper(Il) sulfate

cyc cycle

Cys cysteine

d doublet

DCC N,N’-Dicyclohexylcarbodiimide
DCM dichloromethane

ddH,0O deionized water

DFP diisopropyl fluorophosphonate
DIPEA N,N-Diisopropylethylamine

DMEM Dulbecco’s Modified Eagle’s Medium
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DMF dimethylformamid

DMSO dimethylsulfoxid

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

dsDNA double stranded DNA

DTT dithiothreitol

ECso half maximal effective concentration

EDTA ethylene diamine tetraacetat

e.g. exempli gratia = for example

eq. equivalents

ESI-MS electrospray ionization mass-spectrometry

EtOAc ethyl acetate

FBS fetal bovine serum

FP fluorophosphonate

g gram

Glu glutamine

h hour

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate

HCD higher-energy collisional dissociation

HCI hydrochloric acid

His histidine

HIV human immunodeficiency virus

HOAt 1-Hydroxy-7-azabenzotriazole

HOBt 1-Hydroxybenzotriazole

HPLC High Performance Liquid Chromatography

HRP horseradish peroxidase

Hz Hertz

1Cs half maximal inhibitory concentration

IPTG Isopropyl B-D-1-thiogalactopyranoside

Kan Kanamycin

kDA kilo dalton

L2K lipofectamine 2000

LB Luria-broth
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LC liquid chromatography
LTQ-FT Linear trap quadrupole - Fourier Transform
Lys lysine

M molar

m multiplet

m/z mass to charge ratio

MeCN acetonitrile

mg milligram

MHz Megahertz

min minute

mL milliliter

mM millimolar

MS mass spectrometry

MW molecular weight

NaCl sodium chloride

NAD nicotinamide adenine dinucleotide
nM nanomolar

nm nanometer

NMR Nuclear magnetic resonance
OD optical density

PAGE polyacrylamide gel electrophoresis
PBS Phosphate Buffered Saline
PCR polymerase chain reaction
PEG polyethylene glycol

ppm parts per million

PTM post-translational modification
PVDF polyvinylidene difluoride

q quartet

quint. quintet

Rf Retention factor

RhN3 Rhodium azide

RNA ribonucleic acid

rpm rotations per minute

RPMI Roswell Park Memorial Institute medium
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It room temperature

S singlet

SDS sodium dodecyl sulfate

sec second

siRNA small interfering RNA

SILAC stable isotope labeling by amino acids in cell culture
t triplet

TBTA Tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amin)
TCEP Tris-(2-carboxyethyl)-phosphine

TEMED N,N,N’,N’-Tetramethylethylenediamine

TEV Tobacco Etch Virus

TFA Trifluoroacetic acid

TFL Trifunctional linker

Tris Tris-(hydroxymethyl)-aminomethan

wt wild type
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9 Appendix

9.1 Chemical Structures
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Figure 56. Chemical structures of compound used in this work
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9.2 Patient 927
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Figure 57. Fluorescence scan of paired myoma and myometrium samples of patient 927 incubated with FP.






0 Y6p1 60°1C go¢ sLT I z 1oy 9z 9 06°€8 | Lo+AKTT S0+AVE'S z-e10qosedAIL  TTH66IH00Id  TASdL
0 e 81T $'6c 99T i € 61'ch 8T L 0L'%8 | L0+HS9T 80+4€9°E [-i2q/eydie osejdAIL Jo 7 WOjOST  T'6ELTLYO0IAT  19VSdL
10°€ €9'¢ 00°0S an 8T z 9 €T vz L TIE8 | L0+E06Y S0+ASL'T ase[0IpAY duoNIEINSAWIO)-S  1°90LI [+00IdI asa
95°L 001 69T Tesssy 0 0 000 8 z 1T | 90+IS9s  LO+EEY'T £ asuromsoon v amismsoa oy 9'9060ZZ00I  TLOOV
0 001 9t L9 €8¢ 0 0 000 z z 9,9 | 00+H00°0 LOHIEY'T 1 Joyoey Juowaidwod  +°£9816200IdT D
0 001 65 L'L9 $19 0 0 000 z z €6's | 00+F00°0 LO+ASK'T 11X J0108f uone[nseo)  Z'18561000IdI Tid
0 001 0% 0'0L 79 0 0 000 z z 6T°S | 00+H00°0 LO+IE6'T (uawSex]) Wquorpoid  1°89561000IdI o
8 001 L8'8 908 01L 0 0 000 ¥ ¥ YZSI | 00+300°0 LOHETT'S osepndodopud [Al01d  T'¥9T80000IdT  dA¥d
70 19°01 9791 T8 €L S ¥ LLYT I 8 L8'8E | L0+A9ST 80+H99°T awkzud SuIsea[aI-proe-ounwe[Aoy ¢ IYLLEE00II  HAdY
L0°T 001 e L'L8 09L 0 0 000 € z TITL | 00+300°0 LO+AOK'T aseadog Jo [ WOJOS] ' [9¥S6T00IdT dvd
890 001 999 788 99 0 0 000 S v 6V°€T | 00+H00°0 LOHLY'T posepndad [Apndediq  1'€5681000IdI  ¥ddd
(wmnryawoky (osma wum...%w“u @l vy | owsas TP e wsa# PP G005 | osna da
€aIY)/(BWOA Baly)/(dd S MIN # # uondrsa(q UOISSIDY 1esae],
BaIY) BaIY) UOIBULIOJUT [BISUIL) OSINA ad BaIY
WNLNIWOAIA
10°€ 6€°ST 90°1S Tt 8T €1 9 €9'ch 8¢ 6 T9STT | Lo+asy's 80+49€°S ase[0IpAY SuONIEINSAWIO)-S  1°90LT [H00IdI asa
96°L 00T 89°1€ Tes €8t 0 0 000 st I Y9'6L | 00+H00°0 S0+AIT'T S u%mﬂwm%mﬁ 9'90602200IdI  TLOJV
00T 00T €1'6€ 9y ITy 0 0 000 8T 4 9168 | 00+300°0 80+HST'1 [ 9SLIANSIONY)  JWAZU00-[KOY  ['8E8EEEO0IAT  [LODY
001 001 LT ) 08 0 0 000 € z €0°IT | 00+H00°0 LOHISL'T urajoxd oAnodjo1d [ewososAT  §'¥6LITO00IT  VSID
00T 00T LT'ST 79 19§ 0 0 000 91 L 0T'Ly | 00+300°0 SO+AIY'T | [ 95L191saAX0IEd I9AIT JO [ WI0jos]  '08T0T000II  [SHD
8 001 19°L 908 01L 0 0 000 9 v 96'L1 | 00+00°0 LO+IE9'S osepndodopud [Kl0Xd  T'¥9T80000IdT  dA¥d
A 001 ¢s'e At L 0 0 00°0 S z 90°€T | 00+H00°0 LO+E9L'E awkzus Surseajar-poe-ourwelAoy ¢ [YLLEE00IAI  HAAY
L0°T 001 €9 L'L8 09L 0 0 000 L v S6'T¢ | 00+H00°0 L0+68'C aseadog Jo [ WOJOS] ' [9¥S6200IdI dvd
89°0 001 00°€ T'88 99L 0 0 000 4 4 65°S 00+H00°0 LO+ESY'T  osepnded [Apndediq  1°€56810001dI 7ddd
(wnpyowokpy (OSWa Mw.w%wwu POl gy | owsar TPIPD G0 wsa# PP G5 | osna dd
€IIY)/(BWOAA eaIy)/(dd S MIN # # uondrsaq UoISSINVY 1SRy,
BaIY) Ba1Y) UOIBULIOJUI [BIIUID) OSINd dd vIY

BWOAA




"L76 Wuoned 10§ s)y u121014 *0T dqRL

001
001
001

001

90yl
YL
LY*91

€L°01

8°LT
(914
88T

9'6T

96T
L9t
994

€€

000
00°0
000

00°0

91

L1

8T°8C
98°0C
LOEY

65°8S

00+400°0
00+300°0
00+400°0

LO+EV0'Y

LO+EI8'S
LO+H0T'E
80+HS6 1

80+H98°C

unse[qoreAN

asejse[a rydonnoN

0 ursdoyie)

')[op aseidAI], Jo 7 ulojosy

1'60%L2000IdI
1°69LLT000IdI

1'¥9082000IdI

€'0029L£001d1

ENLId
wvVId

DSILO

1dsdL



Appendix 168

9.3 Patient 141
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Figure 58. Fluorescence scan of paired myoma and myometrium samples of patient 141 incubated with FP.
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9.4 Patient 142
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Figure 59. Fluorescence scan of paired myoma and myometrium samples of patient 142 incubated with FP, with

analytical samples flanking the preparative samples from avidin enrichment.
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9.5 Patient 144
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Figure 60. Fluorescence scan of paired myoma and myometrium samples of patient 144 incubated with FP.
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Appendix 178

9.6 Patient 150

Patient 150
kDa

155 —

63 —

40 —

21 —

DMSO FP DMSO FP FP  DMSO FP DMSO
analytical preparative analytical
myoma myometrium

Figure 61. Fluorescence scan of paired myoma and myometrium samples of patient 150 incubated with FP, with

analytical samples flanking the preparative samples from avidin enrichment.
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Appendix 182

9.7 Patient 151

Patient 151
kDa

155

98
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myoma myometrium

Figure 62. Fluorescence scan of paired myoma and myometrium samples of patient 151 incubated with FP.
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Appendix 186

9.8 Patient 157

Patient 157
kDa

155 —

DMSO FP FP DMSO

myoma myometrium

Figure 63. Fluorescence scan of paired myoma and myometrium samples of patient 157 incubated with FP.
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Appendix 190

9.9 Patient 172
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Figure 64. Fluorescence scan of paired myoma and myometrium samples of patient 172 incubated with FP.
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