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Summary

Acyl Protein Thioesterases 1 and 2 (APT1 and APT2) were described to depalmitoylate
the small GTPases H- and N-Ras, thus establishing an acylation cycle, in which Ras
shuttles between the site of palmitoylation at the Golgi and the site of its biological
activity of signal transduction at the plasma membrane. The inhibition of mutated,
constitutively active Ras proteins, which occur in 20 - 30 % of all human cancer cells,
is an intensively pursued aim. Since direct attempts of Ras inhibition failed so far,
alternative strategies were conceived like modulation of Ras signaling by interfering
with its proper membrane distribution and hence biological activity. It was shown
that the inhibition of APT proteins by palmostatin B changed the localization of
palmitoylated Ras and led to a down-regulation of Ras signaling. Besides this particular
activity of APT several other protein targets of APT were described, some of them as
specific substrates for one of the two isoforms. Furthermore, APT activity was also
linked to non-protein substrates like (lyso-)phospholipids and prostaglandin glycerol
esters. Still, the real physiological function of the conserved and ubiquitously expressed
APT proteins remains elusive.

This thesis provides new insights into possible physiological roles of APT and its
isoforms by focusing on the interaction of different substrates, ligands and inhibitors
with APT proteins. The results help to answer the question what kind of substrates
APT prefers, how substrate specificity is achieved and how APTs might have evolved
in the different eukaryotic species.

To achieve this, different in vitro assays were successfully established: A robust and
reliable fluorogenic activity assay was set up to determine activity and also inhibition
of APT proteins, using the octanoyl-ester (OPTS) of the well soluble pyrene-based
HPTS fluorophore as substrate. In contrast to standard applications, no detergents
are required due to the excellent solubility of OPTS. A second assay allowed detection
of ligand binding to two distinct sites of APT via quenching of intrinsic tryptophan
fluorescence by using Trp-mutants of AAPT1. Activity of APT on (lyso-)phospholipids
and triglycerides was evaluated with an agar-based turbidity assay, and a fluorescence
polarization (FP) approach allowed detection of the binding of palmitoylated peptides
to APT and monitoring of depalmitoylation of the membrane-bound peptides.

According to the results of this thesis, both APT isoforms of human (hAPT1 and
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hAPT2) and xenopus (ztAPT1 and xztAPT2), as well as the APT from drosophila
(dmAPT) show comparable activities on the artificial OPTS substrate, as well as on the
hydrolysis of (lyso-)phospholipids. Contrary to that, the APT homologue from yeast
(yAPT) appears unique in the conversion of both substrates: While yAPT is much
faster and more efficient at cleavage of the short chained OPTS ester, compared to the
other investigated APT proteins, it appears much slower in the conversion of the longer
chained (lyso-)phospholipids, indicating a preference for short-chained substrates.

Confirming this, the binding of two different palmitoylated peptides to yAPT ap-
pears to be much weaker compared to hAPT1, again pointing towards an inability of
yAPT to bind longer-chained substrates with high affinity. In contrast, hAPT1 shows
a preference for long-chained ligands, e.g. palmitoylated peptides or esters with an
aliphatic C12 or C16 moiety, as an experiment with synthesized variants of OPTS,
containing a lauroyl- or palmitoyl- aliphatic tail, showed.

Experiments using an fluorescence polarization assay revealed that both human
APTs are able to cleave a palmitoylated, membrane-bound nonapeptide. This hap-
pens much slower than in solution, but probably contains a rate-limiting membrane-
extraction step of the peptide that can be performed more efficiently by A APT2 than
hAPT1.

The combination of the introduced assay systems with X-ray crystallography al-
lowed a detailed analysis of inhibitor binding to APT: First, the very similar binding
mode of 2-bromopalmitate (2-BP) in the binding tunnel of AAPT1 and AAPT2 could
be revealed. Inhibition of APT proteins by 2-BP occurs for all investigated proteins
except for yAPT, which was not inhibited by this long-chained ligand. Furthermore,
2-BP was shown to influence the structure of hAPT1 proteins when used at higher
concentrations, leading to an increased thermostability. Second, the detailed binding
mode of the described isoform-selective inhibitors ML348 and ML349 could be revealed
by structural analysis. By using appropriate APT mutants, two amino acids were iden-
tified which are not only responsible for the isoform selectivity of both inhibitors, but
are - upon mutation - indeed able to switch the selectivity of both isoforms to one
or the other inhibitor, which suggest that these residues might also play a role in
the selectivity for natural substrates. Finally, a structure-based drug design approach
was successful in identifying and improving novel, competitive and isoform selective
inhibitors of hAPT?2 activity.

The structural and biochemical comparison of APTs in different organisms, e.g.
Yeast, Toxoplasma gondii, Drosophila and Xenopus revealed an evolutionary relation-
ship of the single APT gene in insects to the APT2 isoform of vertebrates, whereas the
single “APT” gene of fungi might actually be more active on substrates with shorter

acyl chains, contrary to the proposed role of yAPT in depalmitoylation reactions.

XIV



Zusammenfassung

Die Depalmitoylierung der kleinen GTPasen H- und N-Ras durch die Acyl Protein
Thioesterasen 1 und 2 (APT1 und 2) etabliert einen Acylierungs-Zyklus, in dem Ras
zwischen dem Golgi-Apparat - dem Ort ihrer Palmitoylierung - und der Plasmamem-
bran - dem Ort ihrer biologischen Aktivitdt - pendeln. Die Inhibition von Ras ist von
grofer Bedeutung, da mutierte, permanent aktive Ras Proteine in 20 - 30 % aller huma-
nen Tumore gefunden werden. Da die direkte Inhibition von Ras bisher jedoch erfolglos
war, wurden alternative, indirekte Strategien entwickelt. Es wurde gezeigt, dass Inhi-
bition von APT Proteinen die Lokalisierung von palmitoylierten Ras Proteinen derart
verdndern kann, dass eine Reduzierung der Ras Aktivitdt beobachtet wird. Die genaue
physiologische Rolle von APT ist allerdings weiterhin unklar, da sowohl weitere pal-
mitoylierte Proteine, als auch (Lyso-)Phospholipide und Prostaglandine als Substrate
von APT beschrieben wurden.

Die hier vorliegende Arbeit liefert, durch Untersuchung der Interaktionen verschie-
dener Substrate, Liganden und Inhibitoren mit APT, neue Erkenntnisse beziiglich mog-
licher zelluldarer Aufgaben von APT. Die gewonnenen Resultate helfen zu bestimmen,
welche Substrate von APT bevorzugt werden, wie eine Substratspezifitit erreicht wird
und wie sich APT im Laufe der Evolution in verschiedenen eukaryotischen Spezies
entwickelt hat.

Verschiedene in vitro Assays wurden fiir die Beantwortung dieser Fragen entwickelt:
Ein zuverlédssiger Fluoreszenz-basierter Assay wurde etabliert, in dem der Octanoyl-
Ester (OPTS) des gut loslichen, Pyren-basierten HPTS-Fluorophors als Substrat fiir
APT dient. Mit Hilfe eines Tryptophan-Assays, der auf der Ausléschung der intrin-
sischen Tryptophanfluoreszenz beruht, und entsprechender APT Mutanten, kann die
Bindung eines Liganden an zwei verschiedene Stellen des APT Proteins detektiert wer-
den. Die Umsetzung von (Lyso-)Phospholipiden und Triglyceriden kann mit Hilfe eines
Agar-basierten Triibungsassays verfolgt werden und ein Fluoreszenzpolarisations-Assay
(FP-Assay) erlaubt sowohl die Detektion der Bindung von palmitoylierten Peptiden an
APT, als auch die Depalmitoylierung dieser Peptide in Gegenwart einer Membran.

Die Resultate dieser Arbeit zeigen, dass sowohl beide humanen APT Isoformen des
Menschen (hAAPT1 und hAPT2), als auch beide APT Isoformen des Krallenfrosches
(2tAPT1 und 2tAPT2) und die APT der Fruchtfliege (dmAPT) vergleichbare Aktivi-
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titen bei der Umsetzung des artifiziellen OPTS Substrats sowie von (Lyso-)Phospho-
lipiden zeigen. Das APT Protein der Hefe (yAPT) grenzt sich hier eindeutig von den
anderen Proteinen ab: Wahrend es das kurzkettige OPTS deutlich schneller und effi-
zienter spaltet, fallt die Aktivitdt gegeniiber den langkettigen (Lyso-)Phospholipiden
deutlich geringer aus, was fiir die Bevorzugung von kurzkettigen Substraten spricht.

Auch die Bindung zweier palmitoylierter Peptide erfolgt gegeniiber y APT mit einer
deutlich geringeren Affinitét als dies fiir AAPT1 der Fall ist. Diese Beobachtung weist
wieder auf ein gewisses Unvermogen des yAPT Proteins hin, langkettige Liganden mit
hoher Affinitdt zu binden. Im Gegensatz dazu weist hAPT1 eine Préiferenz fiir eben
solche langkettigen Substrate auf, wie ein Versuch mit synthetisierten, langkettigen
Derivaten von OPTS zeigen konnte.

Mit Hilfe des Fluoreszenzpolarisations-Assays konnte gezeigt werden, dass beide
humanen APT Isoformen in der Lage sind ein palmitoyliertes, membran-gebundenes
Nonapeptid umzusetzen. Dies geschieht deutlich langsamer als in Losung, hochstwahr-
scheinlich weil eine langsame Membranextraktion des Peptids notwendig ist. Dieser
Schritt kann deutlich effizienter von hAPT2 umgesetzt werden als von hAPT1.

Die Kombination der eingefiihrten Assays und der Rontgenstrukturanalyse erlaubte
die detaillierte Untersuchung der Inhibitorbindung an APT Proteine: Zunéchst konn-
te der sehr dhnliche Bindungsmodus von 2-Bromopalmitat (2-BP) an AAPT1 und
hAPT2 aufgeklart werden. Die Inhibition der APT Proteine erfolgte mit dhnlicher Af-
finitdt, wobei yAPT erneut eine Ausnahme bildete, da es nicht durch das langkettige
2-BP inhibiert wird. Weiterhin konnte der detaillierte Bindungsmodus der bekannten,
isoformspezifischen APT Inhibitoren ML348 und ML349 bestimmt werden. Mit Hil-
fe mehrerer APT Mutanten, konnten zwei Aminosduren identifiziert werden, die fiir
die Selektivitdt der beiden APT Isoformen gegeniiber dem entsprechenden Inhibitor
verantwortlich sind. Ein Austausch dieser beiden Aminosduren zwischen APT1 und
APT?2 resultiert in einer kompletten Selektivitdtsumkehr, die die Bindung des anderen
isoformspezifischen Inhibitors erlaubt. Daher kann von einer Beteiligung dieser Reste
auch an der Diskriminierung von natiirlichen Substraten ausgegangen werden. Mit Hil-
fe eines Ansatzes zum strukturbasierten Wirkstoffdesign konnte erfolg verfolgt, welcher
neuartige APT2 Inhibitoren hervorbrachte.

Der strukturelle und biochemische Vergleich von APT Proteinen aus verschiedenen
Organismen, wie der Hefe, Toxoplasma gondii, der Fruchtfliege und des Krallenfrosches
zeigten eine evolutionédre Verwandtschaft des einzelnen APT Gens in Insekten zu der
APT2 Isoform der Wirbeltiere, wihrend das einzelne ,APT“ Gen in Pilzen vermutlich

kiirzere Substrate bevorzugt, was im Gegensatz zur postulierten Rolle von yAPT steht.

XVI



1 Introduction

1.1 The molecular switch Ras

The small GTPase Ras is a key player in cell signal transduction. By cycling between
a GTP-bound active state and a GDP-bound inactive state Ras can act as a molecular
switch M (see figure in the MAPK/ERK pathway @Bl Active Ras is able to inter-
act with effectors that transmit the signal further downstream where it can influence

embryogenesis, cell differentiation, cell growth or apoptosis . In a first step of this

"Ras
P, GDP

inactive GTP

GAPs GEFs

GDP

active

|

Interaction with downstream effectors

Figure 1.1: The molecular switch Ras. Guanine nucleotide exchange factors (GEFs)
catalyze the dissociation of GDP from inactive Ras thereby promoting the exchange to
GTP. In the GTP-bound state Ras is active and can interact with downstream effectors
to influence various cellular responses. GTPase-activating proteins (GAPs) accelerate the
hydrolysis of GTP back to GDP and thus the return of Ras back to its inactive state.

cascade extracellular binding of growth factors, for instance EGF (epidermal growth
factor), to the corresponding receptors induces their dimerization and a subsequent
transphosphorylation at the cytoplasmatic side. This generates a binding site for SH2
(src homology 2) domain containing proteins, like Grb2 (growth factor receptor binding
2) which is an adaptor for the Ras guanine nucleotide exchange factor (GEF) named
SOS (son-of-sevenless) B . This GEF protein catalyzes the dissociation of GDP from

Ras and enables the exchange for GTP, which shows a ten times higher cellular con-



Stefan Baumeister | PhD thesis Introduction

centration compared to GDP. The binding of GTP induces a structural rearrangement
and thus an activation of the Ras protein® . The hydrolysis of GTP back to GDP
terminates the signal transduction. This intrinsic slow hydrolysis is accelerated by the
interaction of Ras-GTP with GTPase-activating proteins (GAPs) 210

The most significant reason why the Ras pathway is one of the best-studied signal
transduction pathways is the frequent appearance of mutated Ras in cancer cells. Up
to 30 % of human tumors carry a mutated Ras oncogene. In some cancer types, such as
the pancreatic endocrine tumor, Ras is found to be mutated in more than 70 % of the
cases 1. Mutated Ras proteins found in cancer cells are constitutively active due to
point mutations predominantly of amino acids G12, G13 or Q61 that all result in the
inability of Ras to hydrolyze GTP and thus returning back to the inactive state 21131

There are three human Ras genes encoding for the three versions H-Ras !4 | N-
Ras® and K-Ras!!9 . In addition, the latter one can be spliced into two variants
K-Ras4A and K-RasdB 12171 The four Ras isoforms are > 90 % identical but differ
in their C-terminal 20 amino acids, also known as the hyper-variable region (HVR) that
contains all the information required to target various sub-cellular membrane compart-
ments 18 . All Ras proteins contain a CAAX motif in their HVR, where two aliphatic
amino acids (A) and a variable amino acid (X) follow a cysteine residue (C). The
identity of X determines how the cysteine is modified ¥ . Since in Ras either a ser-
ine or methionine residue is present at this position the cysteine gets irreversibly and
post-translationally farnesylated % by a farnesyltransferase 2! | leading to a (weak)
affinity to all endomembranes 22l . While in the case of K-Ras4B an additional polyba-
sic region next to the CAAX box is increasing the plasma membrane affinity 23 | the
other Ras proteins can additionally be lipidated at cysteine residues upstream of the
CAAX box. N-Ras and K-Ras4A are reversibly palmitoylated 24 once by palmitoyl
acyltransferases (PATs), while H-Ras can get palmitoylated twice at two neighbored
cysteines 221129 Palmitoylation is taking place mainly at the Golgi apparatus 7128
where the lipidated proteins enter the secretory pathway and are transported to the
plasma membrane 1929 Retrograde traffic of N-Ras, H-Ras and K-Ras4A ensures
localization back to the Golgi after depalmitoylation. This diffusion is enhanced by

BY The dynamic

the farnesyl-chaperone phosphodiesterase 6 delta-subunit (PDEG6S)
acylation 24 leads to a palmitoylation/depalmitoylation cycle that regulates the shut-
tling of H- and N-Ras between the plasma membrane and the Golgi and prevents Ras
from nonspecific distribution to other endomembranes (see figure|1.2)) 27 . This control
of spatial distribution of Ras via its palmitoylation state also regulates its biological
activity that is dependent on proper plasma membrane localization 271 . Acyl Protein
Thioesterase 1 (APT1) was identified as a hydrolase responsible for the depalmitoyla-
tion of Ras and thus being substantially involved in the described palmitoylation/de-

132]

palmitoylation cycle Additionally, the prolyl isomerase FKBP12 was proposed to
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Figure 1.2: The acylation cycle of Ras. Farnesylated H- and N-Ras is addition-
ally palmitoylated at the Golgi by Palmitoyl Transferases (PAT) and transported to the
plasma membrane via the secretory pathway. Here it can be activated and transmits
an extracellular signal further downstream. Palmitoylated Ras will slowly redistribute
to all membranes until depalmitoylation by APT1 corrects this mislocalization, because
solely farnesylated Ras will diffuse more rapidly thus increasing the probability to be
re-palmitoylated at the Golgi. Figure modified from BY.

participate in the regulation of H-Ras trafficking by promoting its depalmitoylation
through cis-trans isomerization of a peptidyl-prolyl bond in proximity to the palmitoy-
lated cysteines B3l Because of the frequent involvement of Ras in cancer, Ras proteins
were identified as potential anticancer targets and strategies for efficient inhibition and
downregulation of oncogenic, constitutively active Ras were extensively studied B4 . Al-
though new approaches were recently developed to target Ras, so far no drug or drug
candidate was found to disturb protein-protein interaction between Ras and down-

s B 161 This might be because Ras

stream effectors via direct binding to Ras protein
proteins do not show any sufficiently deep cavity on their surface that could be targeted
by small molecules, beside the nucleotide-binding pocket 9 . Alternative approaches
of inhibiting Ras signaling indirectly by interference with downstream effectors failed
because of drug resistance development and complex feedback mechanisms Bl . In-
hibitors of farnesyl transferase, for instance Tipifarnib or Lonafarnib, were developed
to prevent proper membrane localization of Ras 4. Although they show impressive
anti-H-Ras and anti-tumor activity in preclinical cell culture studies ¥3:B% and in a
mouse model B | the clinical efficacy could not be proven, probably because of several

reasons, for instance a compensatory lipidation of K-Ras and N-Ras by geranylgeranyl
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s B3 Tmpairment of Ras localization at the plasma membrane was also

transferase
exploited in another approach, where APT1, the thioesterase responsible for the de-
palmitoylation of Ras, was targeted by small molecules. It was shown that 3-lactone
based inhibitors like palmostatin B B2 and palmostatin M B9 inhibit APT1 as well as
the second isoform APT2 BT (see section , thereby disturbing the accurate H- and
N-Ras steady-state localization at the plasma membrane. According to the current hy-
pothesis, this mislocalization led to Ras distribution over all cellular membranes, thus
resulted in a decreased local concentration at the plasma membrane and finally to a

decreased signaling activity of Ras (see figure [1.3)) 52 18]

Ras homogenization under thioesterase inhibition
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Figure 1.3: Disturbed acylation cycle of Ras upon APT inhibition. Inhibition
of APT activity leads to an equilibrium binding of farnesylated and palmitoylated Ras to
all cellular membranes. The local concentration at the plasma membrane is lowered and
thus also its signaling response. Figure modified from Vartak and Bastiaens BU .

1.2 Acyl Protein Thioesterase 1 and 2

With the finding that the enzymatic activity of Acyl Protein Thioesterases can be linked
to the signaling level of Ras proteins a new, realistic possibility existed to circumvent
the unsuccessful direct inhibition of Ras to stop Ras-induced tumor growth. Thus, also
the research on APT itself as well as its isoforms and homologues was intensified to

decipher the characteristics and biological function of these proteins.
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1.2.1 Serine hydrolases

Serine hydrolases (SHs) represent one of the largest and most diverse class of en-
zymes with more than 200 members in mammalian cells that equals approximately
1 % of their proteome #:bY — They can be divided into two subgroups of approxi-
mately equal size: the serine proteases and the metabolic serine hydrolases 2% B | The
latter group includes, beside the Acyl Protein Thioesterases, a range of lipases, pep-
tidases, esterases, thioesterases and amidases that have a diverse substrate repertoire
like small molecules, peptides, post-translational ester and thioester protein modifica-

B Most metabolic serine hydrolases consist structurally of an

tions or triglycerides
o/B-hydrolase fold and own a Ser-His-Asp catalytic triad in which the active serine is
generally embedded within a GXSXG motif 4% B9 Although many metabolic serine
hydrolases are well known enzymes, a huge number of them are yet only poorly de-
scribed or still completely uncharacterized with respect to their physiological substrates

and functions 4

1.2.2 Discovery, occurrence and described substrates of Acyl

Protein Thioesterases

In 1988 two lysophospholipases, later named Lysophospholipase 1 (LYPLA1) and

Lysophospholipase 2 (LYPLA2), were identified in a mouse macrophage-like P388D1

52l - Isoform 1 was purified and characterized as a specific lysophospholipase

152)

cell linel
with no significant activity on other substrates like phospholipids or triacylglycerols
No substrate specificity within the class of lysophospholipids was found 3 . Further
characterization revealed the sequence and described the catalytic mechanism since it
was shown that this protein shares common features with serine hydrolases 4 . Simul-
taneously the LYPLA1 was purified from rabbit kidney B2 but treated as a calcium-
independent phospholipase A, since a clear phospholipase-activity was observed P9 .
Homologues of LYPLA1 from rat ®7 and from human B4 B8l were identified, purified
and initially characterized. Indications of a second isoform in mammalian cells 22 were
proven to be correct, when Toyoda et al. described this isoform in detail and showed
that this second isoform LYPLA?2 shares a very high amino acid sequence identity of
around 64 % with isoform 1Y% . Duncan and Gilman could show that the lysophospho-
lipase homologue in yeast has a significant higher enzymatic activity towards proteins
containing acyl thioesters compared to lysophospholipid substrates. They reported the
ability of this protein to depalmitoylate the Go subunit und H-Ras and renamed it
Acyl Protein Thioesterase (APT) 69161

Acyl protein thioesterases are well conserved across eukaryotic species, from human

to unicellular organisms like Saccharomyces cerevisiae and show a widespread tissue
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distribution B8  where they were mostly found in the cytosolic fractions of cell

lysates 70963 Tnterestingly, vertebrates possess two distinct APT enzymes (APT1
and APT?2) while in invertebrates only a single APT protein is present 4 as depicted

in figure [[.4. In human cells additionally two APT-related proteins can be found.
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Figure 1.4: Homology of Acyl Protein Thioesterases of vertebrates and inver-
tebrates. While in vertebrates APT1 (red) and APT2 (blue) can be found, in inverte-
brates only one APT enzyme is present. Figure taken from 64 .

Lysophospholipase-like 1 (LYPLAL1) shares 33 % amino acid identity with APT1 but
shows a specificity for short esters rather than longer chained substrates caused by
point mutations close to the active site 2 . The functionally-related Palmitoyl protein
thioesterases 1 and 2 (PPT1/2), also sharing a high sequence identity, were found
to be primarily active in lysosomes and thus less relevant for the depalmitoylation of
cytosolic or membrane-bound proteins 169167

Even though yeast cells did not show obvious phenotypic alterations in growth char-
acteristics and pheromone response upon APT knockout 3 | the conserved orthology
suggests a certain essential function of APT within eukaryotic organisms. During the
search of this cellular function, beside lysophospholipids and the Ga subunit several
other protein substrates of APT were described in the literature, like the mentioned
H- and N-Ras 27 B7069 " endothelial nitric-oxide synthase (eNOS) 68 or SNAP-23 16
APT1 and 2 seem to share most of their substrates, only a few are described as being
specifically depalmitoylated by one isoform, like BK potassium channels™ and the
melanoma adhesion molecule MCAM U by APT1 or GAP-43 by APT2@ | Recent
studies consider hAPT2 not to be an acyl protein thioesterase in first line, but to act
as the major prostaglandin glycerol esterase in human cancer cells 73 .

Human APT isoforms can get palmitoylated on a single cysteine (Cys2) at their N-
termini ™ | which leads to a generally increased affinity to and a longer residence time

at membranes 28 . Interestingly, APT1 seems to be able to depalmitoylate itself and

6
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also APT isoform 2, but not vice versa.[™: 3 Whether this modification only increases
the membrane affinity and thereby proximity to membrane bound substrates or if it also
promotes direct interaction with cofactors or substrates still remains unclear. These
studies imply a certain substrate-specific activity of APT in general and also for each
isoform, but a possible contribution of other thioesterases in depalmitoylation in vivo,
like shown for ABHD17!™  must not be neglected.

1.2.3 Structural characteristics of APT

APT1 and APT?2 show the structural characteristics of the o/B-hydrolase family, thus
also containing the typical Ser-His-Asp catalytic triad and sharing a close structural
relationship to lipases and carboxylesterases 54,658 | They are classified as family
abH22.03 in the lipase engineering database (LED) 771781 and belong to the family
of LYsophospholipase-carboxylesterase in the ESTHER database (79). 1801

In contrast to the canonical a/B-hydrolase fold hAAPT1 shows some significant de-
viations in its topology. As shown for the only published apo structure (PDB code
1FJ 2) and depicted in figure , hAPT1 lacks the first a/B-strand of the canonical
fold and the fourth helix (D) is replaced by the short segment G3. On the other

(A) (B)
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Figure 1.5: Structure of human APT1 and comparison to the canonical o/(3-
hydrolase fold. (A) Representation of secondary structure elements of hPAPT1 (C, PDB
code 1FJ2). B-Strands (green) are numbered from 2 to 8, two irregular strands are labeled
as S1-S2 and an additional loop as L1. The o helices (blue) are denoted A-F. Labels G1 to
G4 belong to four short helical segments. Catalytic residues are shown as golden sticks.
Topology diagrams of a canonical o/B-hydrolase (B) and of hRAPT1 (C) are shown as
well. Eight B strands (green arrows) are labeled as f1- 8 and six helices (yellow rods)
as oA— oF. Compared to the canonical o/B-hydrolase, hAPT1 lacks the first strand (1),
the fourth helix (aD) is replaced by the short segment G3 and there are additionally two
strands (S1-S2) and a loop region L1. Blue dots show the catalytic residues in hAPT1
and in the canonical o/B-hydrolase. The figure was modified from <.
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hand, hAPT1 contains a long loop that connects sheet 34 with helix oB and is made
of two short 8 strands (S1-S2) and a loop region L1 621 . Although belonging to the
same structural family of o/B-hydrolases, lipases, carboxylesterases and Acyl Protein
Thioesterases differ in some main structural features as well as in substrate specificity.
Most lipases show an interfacial activation behavior in the presence of a water /lipid sur-
face ©3 . During this activation a long insertion of the core fold called /id is opening up.
In the closed-lid state the active site of the lipases is covered to prevent substrate access,
while the transition to the open-lid state uncovers a substrate binding tunnel and allows
cleavage of typically water-insoluble long-chained mono-/di- /triglycerol esters®4 . Lid
opening also exposes a hydrophobic patch that contributes to the substrate-binding
region 2 . In contrast, a lid-like structure is completely absent in carboxylesterases.
The catalytic center is instead surface-exposed and allows direct access for usually
water-soluble short chain esters 4 and also drugs, since carboxylesterases are also im-
portant mediators in drug metabolism B3 . In a structure of a carboxylesterase from
Pseudomonas aeruginosa (PDB code 3CN9) a PEG molecule was found bound to an
elongated shallow groove next to the catalytic triad . A very similar groove can be
found in structures of Acyl Protein Thioesterases (see figure . Although APT

Monoacylglycerol Lipase Acyl Protein Thioesterase 1 Carboxylesterase
(PDB code 4LHE) (PDB code 3CN9)

Figure 1.6: Structural comparison of three different members of o/B-
hydrolases. Shown are the surfaces of a monoacylglycerol lipase, APT1 and a car-
boxylesterase. The lid structures are highlighted in red and the active centers in green.
While the lid is shielding the entire active center of the lipase, no lid structure is present
in carboxylesterases. A PEG molecule, shown as yellow sticks, binds to a shallow groove
next to the catalytic center of the carboxylesterase.

shares a very high structural similarity to the P. aeruginosa carboxylesterase (overall
RMSD of 1.1 A) the APT groove is partially covered by a loop, similar to the lid
structure in lipases, but reduced in size, thus not covering the active center completely
(see figure . Previous structural studies in our group of both hRAPT1 and hAPT2
showed that this lid of Acyl Protein Thioesterases, formed by the additional loop L1
(see figure ), preform a substrate binding tunnel, a unique feature which has so far
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Figure 1.7: Structural features of APT. The depicted view onto the structure allows
the perspective through the binding tunnel, preformed by the lid loop (highlighted in red).
The catalytic center (green spot) is located at the entrance of the binding tunnel and next
to it a shallow groove is present on the surface. In a crystal structure of a structurally very
closely related carboxylesterase (PDB code 3CN9) a PEG molecule can be found at this
position. Here the molecule (shown in yellow sticks) is superimposed to the APT structure
to emphasize that this groove could be also involved in substrate binding, especially of
lipidic moieties.

not been described for any other member of o/fB-hydrolases and is most likely involved
in ligand binding into the tunnel 57.88 | The loop L1 of APT (in the following referred
to as lid loop), is inserted between strand B4 and helix oB, is located at a different
position than the lid structure of lipases that connects strands 6, 37 and $38.

The residues lining the binding tunnel are very similar in APT1 and APT2, only
at 3 positions amino acids seem to be conserved in only one of the isoforms. Whether
these differences are influencing the substrate specificity or catalytic efficiency of APTs
is unclear to date®9 . In contrast to lipases, the phenomenon of interfacial activation
could not be observed for Acyl Protein Thioesterases 53, 158] .

1.2.4 Inhibitors of APT activity

To study the role of APTs in wvivo, several small molecules have been described to
bind to APT and inhibit its catalytic activity. Boron-based inhibitors were shown to
bind APT enzymes in vitro reversibly, covalently, but also unspecifically °2 . Peptide-
mimicking benzodiazepinediones based on the C-terminus of H-Ras showed high affini-
ties towards APT in vitro but were not active in cellular assays 90191 . Members of the
class of palmostatin inhibitors based on the anti-obesity drug Orlistat 223 bind com-
petitively and covalently to the active serine of APT proteins but hydrolyze again from

this catalytic site with a halftime of 25 min 22 . In vivo studies showed that palmostatin

9
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B perturbs the acylation cycle of oncogenic Ras leading to a decreased downstream

g B2 161 B8 R APT1 and 2 were identified as cellular targets of palmostatin

signalin
B and thus became potential anti-cancer targets to bypass direct Ras treatment B7 .
Especially at higher concentrations of palmostatin off-target effects to other serine hy-
drolases have to be considered B2 B7:194 | Tn a study on N-Ras mutant melanoma cells,
treatment with Palmostatin B resulted in a dose-dependent cell viability decrease in

most tested cell lines 22/ . The palmitate analogue 2-bromopalmitate which is usually
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Figure 1.8: Chemical structure of known APT inhibitors.

used to prevent S-palmitoylation by Protein Acyl Transferases (PATs) 9 was also re-
ported to inhibit the enzymatic activities of hAPT1 and hAPT2 non-covalently and
in an uncompetitive mode of action 7 . Furthermore, the inhibition of APT by 2-BP
was reported to perturb the acylation cycle of GAP-43 at the level of depalmitoylation
and affect its kinetics of membrane association 27 |

Competitive, reversible, non-covalent, isoform specific inhibitors ML348 (APT1 spe-
cific) and ML349 (APT?2 specific) with reasonable K;s of 300 nM and 230 nM, respec-

B8 Both isoform-specific inhibitors did not

[95]

tively, were reported by Adibekian et al.

show biologically significant effects in N-Ras mutant melanoma cells
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2 Objectives

Over the last decades Acyl Protein Thioesterases (APTs) were attributed to completely
different cellular tasks. First found and described as lysophospholipases they later were
implicated in the hydrolysis of thioester-linked palmitoyl moieties from protein sub-
strates. Several protein targets of both human APT isoforms were described as well
as a prostaglandin-esterase function of hAPT2, indicating that either APT proteins
have a widespread universal esterase-function or the cellular process in which they are
absolutely mandatory remains to be identified. The latter hypothesis is supported by
the conservation of APT throughout eukaryotic species, which suggests an essential
function of this protein. When the palmitoylated Ras proteins, one of the most promi-
nent oncogenes and responsible for 30 % of human tumor growth, were also described
as substrates, APT proteins moved into the focus of cancer research. Since direct inhi-
bition of Ras failed so far, APT became a potential anti-cancer target. Driven by these
prospects, structural and functional research on APT was intensified. With the use of
the APT inhibitor palmostatin B, indeed, a decrease in signaling of oncogenic Ras upon
APT inhibition could be observed. However, in order to use their inhibition as a viable
tool in cancer therapies APT proteins have to be fully characterized, but structural
and functional information explaining substrate-specificity between the two APT iso-
forms in higher eukaryotes and evolutionary APT development from yeast to human,
is lacking, as well as detailed knowledge about binding mode and isoform-selectivity of
recently described inhibitors of APT activity.

The objective of this work was to provide new insights into possible physiological
roles of APT and its isoforms, thereby focusing on the interaction of different substrates,
ligands and inhibitors with APT proteins. For this purpose, different assay systems
had to established: A reliable and robust activity assay was needed that is independent
of additives, e.g. detergents, to detect catalytic activities and also the inhibition of
APT. Using this assay, described APT inhibitors like 2-bromopalmitate and the isoform
specific inhibitors ML348 and ML349, as well as compounds from a high-throughput
screen and their optimized versions can be validated. Structural analysis using X-Ray
crystallography could reveal their binding site, exact binding mode and in case of the
isoform selective inhibitors also the isoform-specific amino acids that are responsible for

the inhibitor selectivity. Beside the artificial inhibitors also the binding and/or catalysis

11
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of natural substrates should be explored, from palmitic acid and (lyso-)phospholipids
to palmitoylated peptides. Depalmitoylation of these peptides by APT in the presence
of model membranes would constitute a step towards natural conditions to reveal if
APT is able to access and convert membrane bound substrates. Therefore, also suitable
assay systems had to be setup that allow the detection of relevant parameters. The
combination of the results of the different approaches should create more evidence about
the preferred substrates of APT proteins in general and comparison of different APT
isoforms and homologues from different species might reveal significant, characteristic
differences between them. Considering also homologues from lower eukaryotic species

might also provide insights onto APT from an evolutionary point of view.
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3 Results

3.1 Assay development and optimization

Unless otherwise stated, the human APT constructs hAPT1 M6 and hAPT2 M6 that
lack the first five amino acids (see section [5.2.1)) were used by default for all types
of assay. In the following they are referred to as wild type (wt) proteins, according
to their non-mutated amino acid sequence. All other proteins contain either the full

length wild type sequence or are labeled accordingly to their mutation.

3.1.1 Fluorescence based activity assay

A robust and reliable assay system is mandatory to obtain reproducible results. The
setup should be as simple as possible, thus ideally containing only the essential in-
gredients and as little compounds like e.g. detergents. Furthermore an environment
has to be created which satisfies the needs of all components, e.g. with respect to
their solubility. The readout requires a sensitive method which should be ideally not
be influenced too much by minor changes of the environment, like the pH value or
temperature.

Previous assays in our group determining the substrate conversion by APT were
most commonly based on a colorimetric approach using fatty acid modified para- nitro-
phenole (pNP) esters (see figure [3.1)). Although pNP esters are commercially available
in great variety and the chromophore is rather small in size and thus less interfering
with binding to the protein, the insolubility of the substrates becomes a relevant issue
with increasing concentration and/or fatty acid chain length. To allow measurements,
detergents like CHAPS or Triton X-100 had to be used to dissolve the pNP substrates
properly. Even though a comparable initial velocity V; can be measured in the pres-
ence of detergent compared to conditions without, clearly less substrate is available
for cleavage by APT, as shown in figure [3.2]A. Since detergents have to be used above
their critical micelle concentration (CMC, see figure [3.2B), the substrate will be se-
questrated in mixed micelles and its availability and hydrolysis rate is also dependent
on the dissociation rate of pNP substrates from these micelles. Thus, the calculated
Michaelis constant K,, (1906 + 190 pM) and the turnover ke, (4.6 s*) for conversion
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para nitrophenyl octanoate 6,8-difluoro-4-methylumbelliferyl octanoate
(pNP octanoate) (DIFMUO)
(I).
N* F

1-octanoyloxypyrene-3,6,8-trisulfonic acid trisodium salt
(OPTS)

ester hydrolysis
_—

1-hydroxypyrene-3,6,8-trisulfonic acid trisodium salt
(HPTS)

Figure 3.1: Overview of different artificial substrates to measure APT activ-
ity in wvitro. Assays using pNP (para nitrophenyl) substrates are absorbance-based,
while usage of DIFMUO (6,8-difluoro-4-methylumbelliferyl octanoate) and OPTS (1-
octanoyloxypyrene-3,6,8-trisulfonic acid trisodium salt) allows the more sensitive mea-
surement of fluorescence. The sodium-sulfonate modified pyrene system of OPTS pro-

vides good solubility. After hydrolysis of the fatty acid ester the fluorescent species HPTS
(1-hydroxypyrene-3,6,8-trisulfonic acid trisodium salt) is released.
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Figure 3.2: Influence of the detergent CHAPS on pNP substrate conversion
by hAPT1. (A) The amount of converted pNP-octanoate (4 mM, see figure by 100
nM wild type hAPT1 is clearly dependent on the concentration of CHAPS detergent.
(B) The same is true for the initial slope of substrate conversion at different amounts

of CHAPS. Below the critical micelle concentration (6-10 mM, 0.3-0.6 % (w/v) 29 the
substrate is almost not accessible.

by hAPT1 are apparent values that might differ from the real kinetic numbers
(see section [3.1.1.1] for explanation of parameters). In addition, absorbance based
assay systems could also be influenced by the cloudiness of the tested solutions, which

definitely occurs when working with higher concentrations of these substrates and will
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lead to an unsatisfying reproducibility.

Considering this problem the assay system had been improved by switching to the
fluorescent coumarin-based substrate DIFMUO B (6,8-difluoro-4-methylumbelliferyl
octanoate, see figure , which is also increasing the sensitivity at low substrate con-
centrations compared to the colorimetric approach. But even in this assay 0.01 % (v/v)
Triton X-100 had to be used to solubilize the substrates ¥ | thus the problem of ap-
parent kinetic values that are biased by the competition between protein and micelles
for the binding of the substrate still remains. To further optimize the APT activity
assay regarding this issue, a new approach was tested using a pyrene based fluorophore,
described by Wolfbeis and Koller 1001102

Even though this fluorophore has a larger molecular weight compared to pNP and
DiFMUO it offers a number of advantages. The fluorescent species 1-hydroxypyrene-
3,6,8-trisulfonic acid trisodium salt (HPTS; shown in figure shows a large Stokes’
shift of 60 nm, and when excited (A;) at the isosbestic point of 415 nm no pH de-
pendency of fluorescence intensity at 520 nm (An,) occurs 1% (figure [3.3)). Most im-

Stokes shift = 60 nm

_ 100~ — Excitation (HPTS)
o\: %0 — Emission (HPTS)
z — Excitation (OPTS)
% 60 — Emission (OPTS)
8=

= 40

%

S

E 204

S

4 0-

350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 3.3: Excitation and emission scans of HPTS and OPTS. In contrast to
HPTS, the actual fluorescent species, the fluorescence of the OPTS substrate is negligible
and thus not disturbing in readout of the HPTS fluorescence. For emission scans the
excitation wavelength was set to 415 nm, for excitation scans the emission wavelength
was set to 520 nm.

portantly, due to the modification of the pyrene with three sodium-sulfonate moieties,
the solubility of fatty acid esters of HPTS, like the commercially available octanoyl-
modified substrate 1-octanoyloxypyrene-3,6,8-trisulfonic acid trisodium salt (OPTS,
figure is dramatically increased. Aqueous solutions of OPTS > 1 mM are easily
feasible, for oleic acid esters of HPTS solutions up to 0.5 mM are reported without
the need of an additional detergent %) . Thus, OPTS was tested as assay substrate
in a buffer containing 150 mM KH,PO,/Ky;HPO, and 100 mM NaCl to maintain the
adjusted pH (see figure also after release of carboxylic acids from the enzymatic
reaction. The fluorescence of the OPTS substrate is, at the described settings of the
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wavelengths (Ao, = 415 nm and A, = 520 nm), negligible compared to the product

HPTS and not disturbing the detection of the HPTS release (figure .
Interestingly, the use of detergents in an OPTS assay shows the opposite effect

than in approaches using pNP (figure [3.4). Instead of being essential for substrate

A B
— 40007 « no detergent 47
3 s+ 0.05 % Pluronic-F127
 3000{ = 0.6 % CHAPS 34
E 20001 g
8 &
= .o' —
2 10001 > 1
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§ o'.. AAAAAAAAAAAAAAAAAA
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Figure 3.4: Influence of detergents on substrate availability in OPTS assay.
(A) The use of two different detergents is decreasing the hydrolysis rate of 250 pM OPTS
by 5 nM RAPT1 by 80 % in the case of 0.05 % Pluronic-F127 and 98 % when using 0.6
% CHAPS. (B) Even small amounts of CHAPS lead to a decrease of the initial slope of
hydrolysis of 250 M OPTS by 10 nM AAPT1. When more than 0.4 % of CHAPS are
added almost no hAPT1 activity can be measured.

availability as in the case of the pNP-substrates, the addition of 0.6 % CHAPS or 0.05
% Pluronic-F127 apparently leads to a decreased accessibility of OPTS to hAPT1.
OPTS might have a high affinity towards detergent aggregates, thus forming mixed
micelles to which APT has no access. Thus, in the standard setup of assays using
fatty acid esters of HPTS no detergent was added, but also not crucial due to the
intrinsically good solubility of HPTS esters 109

Since the fluorescence of HPTS is pH independent, when using a setup of A\, =
415 nm and ey, = 520 nm 109101 the pH optimum for APT activity could be deter-
mined. As seen in figure hAPT1 shows a maximum turnover k¢,; and a minimal K,
(corresponding to maximal substrate affinity) at a pH of 7.4 of the potassium phosphate
assay buffer (see [5.2.2.1)), thus the pH of the assay buffer for following measurements
was set to this catalytically optimal value (see section for explanation of kinetic
parameters).

To investigate the substrate specificity of APTs concerning the fatty acid chain
length of the substrates, more derivatives of HPTS were needed. Since only the oc-
tanoyl ester of HPTS (OPTS) is commercially available, longer chained variants had
to be synthesized. Largely following the instructions for synthesis given by Koller and
Wolfbeis 1921193 (see methods [5.2.9)), two additional substrates were obtained: The
lauroyl ester (LPTS) and the palmitoyl ester (PPTS) with an aliphatic chain of 12
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Figure 3.5: pH dependency of hAPT1 activity in the OPTS assay. Plot of the
Michaelis constant Ky, and the catalytic constant k.,; for the conversion of OPTS by 5
nM hAPT1 against the pH of the assay buffer.

and 16 carbon atoms, respectively. When testing the behavior of the new substrates
in the activity assay using hAPT1 a strange behavior was observed: While all APTs
show reasonable Michaelis-Menten kinetics for OPTS (see section with a sta-
ble plateau of activity up to 500 pM, the activity of the proteins decreases at higher
concentrations of LPTS and PPTS. No activity of hAPT1 could be detected above
concentrations of 250 uM for LPTS, and 30 pM for PPTS, respectively (see figure .

Contaminants from synthesis that could be potentially responsible for this phenomenon
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Figure 3.6: Michaelis-Menten kinetics of HPTS-based substrates with diffe