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pNP Para-nitrophenol

PPTS 1-palmitoyloxypyrene-3,6,8-trisulfonic acid trisodium salt

Rab Ras-related protein in brain

Ras Rat sarcoma

RGS4 Regulator of G protein signaling 4

RO3306 5-(6-Quinolinylmethylene)-2-[(2-thienylmethyl)amino]-4(5H)-thiazolone

S-phase Synthesis phase
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1 Kurzfassung

Die Enzyme Acyl Protein Thioesterase 1 und 2 (APT1 und APT2) spielen eine wichtige Rolle
bei der Depalmitoylierung verschiedener Protein in der Zelle, unter anderem deacylieren sie das
Protoonkogen Ras. Damit verhindern sie die fehlerhafte Lokalisierung von Ras an internen Mem-
branen, was die Signalweiterleitung von extraellulären Botenstoffen durch das Ras Protein an
der Plasmamembran ermöglicht. Die Repalmitoylierung von Ras erfolgt am Golgi-Apparat. Die
Inhibierung von APT kann diesen Zyklus unterbrechen, so dass das von Ras vermittelte Prolifer-
ationssignal, z.B. in Krebszellen, unterbrochen werden kann. Somit ist APT ein potentielles Ziel
von Anti-Tumor-Medikamenten.
APT selbst kann reversibel an einem N-terminalen Cystein palmitoyliert sein, was eine erhöhte
Membranaffinität zur Folge hat. Bis heute ist der Effekt verschiedener Membrantypen auf APT
und dessen Substrate sowie der Einfluss der physiologischen Membranumgebung auf die APT-
Aktivität unbekannt. Weiterhin ist unklar, ob APT die Substrate aktiv aus der Membran extrahieren
kann bzw. direkten Zugriff auf membrangebundene Substrate hat, und/oder ob die Palmitoylierung
am N-terminalen Cystein einen Einfluss auf die Effizienz der Substratextraktion oder –depalmi-
toylierung hat.
Ein Ziel dieser Arbeit war es daher, herauszufinden, ob APT ein membrangebundenes Substrat
depalmitoylieren kann und wo dieser Prozess stattfindet (an der Membran oder im Cytosol).
Dazu wurde ein FRET-System mit Fluoreszenz-Markern an palmitoylierten Peptiden sowie an
Vesikeln am Plattenleser und an der Stopped-Flow etabliert. Als Peptide wurden ein Nonapep-
tid entsprechend dem N-Terminus von hAPT1 sowie ein längers Pepdit entsprechend dem C-
Terminus von H-Ras gewählt. Es wurde gezeigt, dass sowohl hAPT1 als auch hAPT2 beide
Vesikel-gebundenen Peptide hydrolysieren können, wobei hAPT2 etwas effizienter als hAPT1
war, und das H-Ras-Peptid etwa schneller gespalten wurde als das hAPT1-Peptid. Dies deutet auf
Wechselwirkungen des Ras-Peptids ausserhalb des aktiven Zentrums und des Palmitat-Bindungs-
tunnels hin. Jedoch wurde auch gezeigt, dass APT die Peptide nicht aktiv aus der Membran ex-
trahiert, sondern dass die Dissoziationsrate der palmitoylierten Peptide, zumindest beim hAPT1-
Peptid, ratenlimitierend ist. Weiterhin wurde die Membranaffinität von APT in vitro mittels kon-
fokal Mikroskopie an „Giant Unilamellar Vesicles“ (GUVs), die durch Elektroformation erzeugt
wurden, sowie in vivo mittels Lokalisationsstudien in HeLa-Zellen mit transfiziertem und elek-
troporiertem APT Protein untersucht. APTs besitzen prominente hydrophobe Bereiche, die na-
helegten, dass APTs in Membranen insertieren können, unabhängig von der Palmitoylierung. In
dieser Arbeit konnte gezeigt werden, dass die hydrophoben Bereiche nicht ausreichend zur Mem-
branlokalisierung sind, wohingegen die N-terminale Palmitoylierung essentiell für eine Membran-
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bindung in der Zelle ist. In den Zellstudien wurde gezeigt, dass palmitoylierte APT an den Golgi
Membranen lokalisiert ist und dass die Zellen in der Lage waren ein rekombinantes elektropori-
ertes APT Protein zu palmitoylieren.
Für die weitere Untersuchung der Funktion von APTs, insbesondere des Einflusses von poten-
tiellen Helfer-Proteinen wie FKBP12, ist es wichtig, ein palmitoyliertes Ras-Protein von voller
Länge zur Verfügung zu haben. In dieser Arbeit konnte ein einfach-palmitoyliertes H-Ras Pro-
tein durch Sortase-Ligation eines palmitoylierten Peptids mit einem entsprechen mutieren H-Ras-
Konstrukt erfolgreich dargestellt werden.
Die Forschung an APT Inhibitoren wurde intensiviert, nachdem entdeckt wurde, dass die APT-
Inhibierung mit dem kovalenten Inhibitor Palmostatin Auswirkungen auf die Lokalisierung und Sig-
nalweiterleitung von Ras hat. Ein PC12-Differenzierungsassay, bei dem die Entwicklung von neu-
ronalen Ausläufern von der Signalweiterleitung durch Ras abhängt, wurde verwendet, um die
in vivo Effizienz von APT Inhibitoren zu analysieren. Es wurde gezeigt, dass die spezifischen
APT1 und APT2 Inhibitoren ML348 und ML349 keinen signifikanten Effekt auf die Differenzierung
haben, wohingegen der in einer Kollaboration mit der European Lead Factory (ELF) entwickelte
APT2-spezifische Inhibitor ESC1000595 die Differenzierung stark verringert. Das Grundgerüst
dieses Inhibitors kann zudem im Gegensatz zum ML349-Inhibitor chemisch modifizert werden,
um die APT2-Bindung und Spezifität zu steigern.
Da wenig über die Lokalisation von APT und dessen Aktivität während der Mitose bekannt ist,
wurden Lokalisierungsstudien mit transient transfizierten APTs durchgeführt. In den frühen mito-
tischen Phasen ist APT zytosolisch verteilt, während es in den späteren Phasen am Flemming-
Körper und partiell and der Plasmamembran zu finden ist. Aufgrund der veränderten APT Lokalisie-
rung während der Mitose wurde untersucht, ob eine APT- Inhibierung den mitotischen Index be-
influsst. Tatsächlich hatten Zellen, die mit APT1- und APT2- spezifischen Inhibitoren behandelt
wurden, einen höheren mitotischen Index und brauchten dementsprechend länger für das Durch-
laufen der Mitose.
Eine weiteres Ziel dieser Arbeit war es, ein Assay zu entwickeln, mit dem die APT-Aktivität auf
biologische Substrate untersucht werden kann, da bisher nur Assays für artifizielle Substrate
beschrieben sind. Hierfür wurde die Elektrosprayionisation-Massenspektrometrie (ESI-MS) bzw.
ein DTNB(5,5’-Dithiobis-2-nitrobenzoesäure)-basiertes Assay verwendet. Mit Hilfe der ESI-MS
Methode war es möglich, die Aktivität von APT auf (Lyso-)-Phospholipide sowie auf palmitoylierte
Peptide zu untersuchen. Mit dieser Methode konnte gezeigt werden, dass sowohl APT1 als auch
APT2 Lyso-Phospholipide und palmitoylierte Peptide hydrolysieren können, wobei die Peptide um
4-5 Größenordnungen effizienter gespalten werden. Das DTNB-Assay ist ein kolorimetrisches
Verfahren, welches freie Thiol-Gruppen nachweist. Es stellte sich herause, dass DTNB in hohen
Konzentrationen, die für das Assay nötig sind, an alle fünf Cysteine von APT bindet, und dadurch
zur Entfaltung und entsprechend zur Inaktivität führt. Interessanterweise fungiert DTNB in niedri-
gen Konzentrationen, bei denen APT nicht kovalent modifiziert wird, als kompetitiver Inhibitor mit
einem Ki-Wert von 350 nM. Dementsprechend konnte aus dem DTNB-Assay ein neues Inhibitor
Gerüst identifiziert werden.
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2 Abstract

The enzymes Acyl Protein Thioesterase 1 and 2 (APT1 and APT2) were described to depalmitoy-
late the proto-oncogen Ras. This depalmitoylation is assumed to prevent mislocalization of Ras on
internal membranes, thus ensuring its predominant localization at the plasma membrane, where
Ras can translate extracellular signals into cellular responses. Repalmitoylation takes place at
the Golgi. Inhibition of APT can disturb the acylation cycle, leading to a weaker Ras mediated
proliferation signal in cancer cells, making APT a potential anti-cancer target.
APT itself undergoes a dynamic palmitoylation at an N-terminal cysteine to achieve a steady state
membrane localization. To date, the effect of different membrane types on APT and its target
proteins as well as the mechanism by which the physiological membrane environment influences
APT activity still remains unclear. Furthermore, it also remains unknown if APT can extract and
depalmitoylate its palmitoylated target proteins by itself and/ or if APT1/2 palmitoylation at Cys2
has an effect on substrate extraction/depalmitoylation.

One aim of this thesis was the investigation of APT’s activity on membrane bound substrates and
where this process takes place (at the membrane or in cytosol). Therefore, a FRET approach
(in a plate reader and a stopped-flow machine) was used with fluorescently labeled vesicles and
fluorescently labeled palmitoylated peptides. It was shown that APT can depalmitoylate vesicle-
bound peptides (both a peptide with the sequence of APT’s N-terminus and a peptide with the
C-terminal sequence of H-Ras), but APT can not actively extract the peptide from the membrane.
The kinetic constants of the association and dissociation reaction of the peptides were measured,
and apparent kcat values showed that hAPT2 seems to be slightly more active on those substrates
compared to hAPT1.
Moreover, the membrane affinity of APT was analyzed in vitro via fluorescence confocal mi-
croscopy localization studies on giant unilamellar vesicles, and in vivo via localization studies
of transfected and electroporated APT constructs. It was shown in the literature that APT is re-
cruited to membranes if it is palmitoylated at Cys2, but APT also features prominent hydrophobic
patches, that were predicted to confer to membrane affinity. This work revealed that a membrane
anchor (palmitoylation at Cys2) is essential for APT to bind to membranes and that the hydropho-
bic patches are not sufficient for a membrane localization. For those studies giant unilamellar
vesicles were prepared with the method of electroformation. In the cell studies it was demon-
strated that APT is located with the palmitoylated Cys2 to the Golgi membranes and the cells are
able to palmitoylate a recombinant electroporated APT protein.
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To further investigate the function of APTs, particularly the influence of potential helper proteins
such as FKBP12, it is important to have a full-length palmitoylated Ras protein available. In this
work, a mono palmitoylated H-Ras protein could be successfully synthesized by sortase ligation
of a palmitoylated peptide to a H-Ras construct.

As mentioned above, the research on APT inhibitors was intensified after discovering that APT
inhibition with Palmostatin affects Ras localization and signaling, making APT a potential anti-
cancer target. A PC12 differentiation assay, where neuronal outgrowth is dependent on the Ras
downstream cascade, was used to analyze the in vivo efficiency of APT inhibitors. It was shown
that the specific APT1 and APT2 inhibitors, ML348 and ML349, have no significant effect on the
differentiation, whereas the novel APT2 specific inhibitor ESC1000595, designed in collaboration
with the European Lead Factory (ELF), can significantly reduce the neuronal outgrowth similar
to the commonly used MEK inhibitor U0126. In addition ESC1000595 is a modifiable precursor
which can be further improved by the addition of functional groups to enhance the APT2 inhibition.

As little is known about the function of APT in mitosis, localization studies with transiently trans-
fected APTs were performed. In early mitotic phases, APT is cytosolically distributed and in the
later phases it is located at the midbody and partially to the plasma membrane. Based on the
altered localization of APT in mitosis it was further investigated if APT inhibition influences the mi-
totic index. Indeed the cells treated with APT1 and APT2 specific inhibitors have a higher mitotic
index, meaning that the cells have a delayed mitosis, although there are no obvious chromosomal
defects.

Several assays are established to monitor APT’s activity on artificial substrates. In this thesis
one aim was the development of an assay to investigate APT’s activity on biological substrates,
using either an Electrospray ionization mass spectrometry (ESI-MS) approach or a DTNB (5,5’-
dithiobis-(2-nitrobenzoic acid)) assay. With the ESI-MS assay the hydrolyzation activity of APT on
phospholipids and on a palmitoylated peptide was analyzed. It was shown that both APT1 and
APT2 are able to depalmitoylate lyso-phospholipids, and both are 4-5 orders of magnitude more
efficient in cleaving a palmitoylated peptide.
The DTNB assay, is a colorimetrical assay, that can detect free thiol groups. No APT activity
on Acetyl-CoA could be detected in this assay. It turned out that in high DTNB concentrations
(which are required for the assay) it can modify all five APT’s cysteines, resulting in an unfolded
and therefore inactive APT protein. At low concentrations, DTNB can surprisingly function as a
non-covalent inhibitor with a Ki of 350 nM, leading to the inactivation of the enzyme. Thus from
the DTNB assay a new inhibitor scaffold was identified.
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3 Introduction

3.1 Lipid modification of proteins

It is of great importance that cells are able to communicate with their environment in order to
react to external stimuli, however, the lipids of the plasma membrane create a layer around the
cells separating it from the external environment. Cellular communication with the extra-cellular
environment (e.g. cell signaling and membrane trafficking) and between cellular membrane com-
ponents depends on proteins that are either secreted into the environment, embedded in cellular
membranes, or reversibly associated with membranes [1]. These membrane-associated proteins
are predominantly kinases or GTPases that can interact with downstream effectors, leading to
an intracellular signaling cascade that can trigger different cellular responses. Among these re-
sponses are cellular differentiation or proliferation, membrane trafficking, protein secretion, signal
transduction, and, apoptosis [1], [2]. The interaction of these membrane-associated proteins with
the membrane are often controlled and regulated by the binding or attachment of lipids to pro-
teins. This can occur via two processes: On the one hand, proteins can specifically bind to certain
lipid molecules, ensuring these complexes are recruited to membrane. On the other hand, many
proteins are post-translationally modified with lipid molecules. Among these protein lipidations are
cysteine prenylation, N-terminal glycine myristoylation, cysteine palmitoylation, and serine and ly-
sine fatty acylation. As a result, these modifications can regulate protein–membrane interactions,
protein–protein interactions, protein stability and enzymatic activities [1].
If one of the signaling cascades regulated by the membrane-associated protein becomes dys-
functional (e.g. overexpression or mutation in proteins) this can lead to an uncontrolled cell growth
or prevention of apoptosis. Thus, these disorders where these proteins have been mutated or
are over-expressed are linked to diseases including cancer. Hence, targeting these malfunctions
provides an opportunity for the development of potential anti-cancer therapeutics [2].

3.1.1 Protein S-palmitoylation

An important, reversible posttranslational modification is the cysteine palmitoylation. During cys-
teine palmitoylation a 16-carbon palmitoyl group is coupled by a thioester bond to a cysteine
residue. Proteins are in most instances palmitoylated close to either a transmembrane domain or
another membrane targeting post-translational modification such as another prenylated cysteine
or myristoylated glycines [1].
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Due to the reversibility of the thioester bond formation, the level of palmitoylated proteins can be
controlled in the cell without protein destruction, in contrast to the irreversible farnesylation. The
regulation of cysteine palmitoylation is conducted by two classes of enzymes: the addition of a
palmitate to a protein is implemented by palmitoyltransferases, while depalmitoyltransferases can
removes the palmitoyl residues [3]. One prominent small GTPase protein that is regulated by the
palmitoyltransferase/ depalmitoyltransferase mechanism is the Ras protein.

3.2 Small GTPase Ras

One of the key proteins in cancer research is the Ras-Protein (Rat sarcoma). Oncogenic mutations
in Ras can be found in 20-30 % of all human tumors, making Ras and its pathway a potential target
for cancer therapy [4]. As a member of the GTPase family, Ras (21 kDa) officiates as a molecular
switch in many signal transduction cascades, cycling between a GDP-bound OFF and a GTP-
bound ON state (Figure 3.1). Ras can translate extracellular signals into a variety of cellular
responses.

Figure 3.1: Activation cycle of Ras. Ras cycles between a GDP-bound inactive and a GTP-bound active
states. The Ras guanine nucleotide exchange factor (GEF) facilitates the dissociation of the
bound GDP and replacement by GTP. Active Ras proteins can interact with specific effectors
leading to a downstream pathways with cellular responses such as proliferation, differentiation
or apoptosis. The Guanosine triphosphate hydrolysis is accelerated by the GTPase activating
protein, GAP, allowing a rapid inactivation of Ras.

Activation of Ras itself is regulated by the Ras guanine nucleotide exchange factor (GEF) that
facilitates the dissociation of the bound GDP so that it can be replaced by the intracellular GTP
that is in excess of GDP [5]. The exchange of GDP to GTP induces a structural change in the
protein, whereby an interaction site for the downstream effector proteins is formed [6]. The inter-
action of active Ras with specific effector proteins leads to a signaling cascade that causes cellular
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responses such as proliferation, differentiation, or apoptosis [7]. Although Ras has a slow intrinsic
GTPase activity, the hydrolysis of GTP is accelerated by the GTPase activating protein, GAP, al-
lowing for the rapid inactivation of Ras [5]. A single point mutation in Ras at amino acid G12, G13,
or Q61 prevents Ras from hydrolyzing GTP. Then, Ras is unable to return to its inactive state and
consequently remains in the active conformation, causing uncontrolled cell proliferation in what is
known as Ras mediated cancer.
There are four human Ras isoforms, denoted H-Ras, N-Ras, K-Ras4A and K-Ras4B. All Ras pro-
teins have a catalytic G-domain (amino acid: 1-166) that can be divided into an N-terminal effector
domain (sequence identity: 100 %) and a C-terminal region (sequence identity: 90 %) [8]. The
main sequence difference between the isoforms is in the hypervariable region (HVR) at the C-
terminus starting at amino acid 167. The HVR region consist of a linker region and an isoform
specific membrane anchor region. The latter is responsible for membrane binding as well as for
the isoform specific cellular localization (Figure 3.2) as it is the interaction of this region with differ-
ent effector proteins that leads to the isoform specific cellular responses [9], [10]. The membrane
anchor region of Ras proteins can be posttranslationally lipidated: The cysteine of the C-terminal
CAAX box motif can be irreversibly farnesylated by the farnesyltransferase, resulting in a relatively
weak membrane affinity. The farnesylated Ras diffuses to the ER where the tripeptide AAX is
cleaved and the new C-terminus is methylated. In addition to the farnesylation, H-Ras, N-Ras
and K-Ras4A are reversibly palmitoylated at the Golgi, whereas K-Ras4B contains a polybasic
region that enhances its membrane affinity for the negatively charged plasma membrane (Figure
3.2). From the Golgi the palmitoylated proteins are transported to the plasma membrane by the
secretory pathway [9], [11]. At the plasma membrane Ras can convert extracellular signals into
cellular responses, via activating the MAP kinase pathway, which leads to cell proliferation.

Figure 3.2: Ras structure and isoform specific post-translational lipid modifications. All isoforms share
the catalytic G-domain but exhibit differences at the hypervariable region (HVR). All isoforms
are farnesylated, and N-Ras and K-Ras4A are additionally palmitoylated at a second cysteine
close to the farnesylation site. H-Ras is even palmitoylated twice, whereas K-Ras has an
additional polybasic stretch [12].
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The reversibility of palmitoylation allows Ras to be spatially regulated via a reaction-diffusion mech-
anism known as the “acylation cycle” (Figure 3.3 A). This mechanism ensures an enrichment of
Ras at the plasma membrane and prevents mislocalizations on other intracellular membranes [13].
In the acylation cycle, H- and N-Ras are palmitoylated at the Golgi by protein-acyl transferases
(PATs). The increase of the membrane affinity leads to a trapping of the Ras proteins at the Golgi
membranes. From the Golgi, the Ras proteins are transferred to the plasma membrane in vesi-
cles via the secretory transport pathway, resulting in a non-equilibrium enrichment of Ras at the
plasma membrane [13]. Due to membrane dynamics like endocytosis and membrane mixing, Ras
can be mislocalized to endomembranes and become trapped there via the palmitoyl modification
that confers a high membrane affinity. Thioesterases such as Acyl protein thioesterase 1 (APT1)
can correct Ras mislocalizations by depalmitoylating the protein. The resulting decrease in mem-
brane affinity allows Ras to diffuse rapidly in the cell, allowing it to be repalmitoylated at the Golgi
by PAT’s and then "pumped" back to the plasma membrane, completing the acylation cycle [13].

Figure 3.3: Acylation cycle of Ras. A): If Ras is mislocalized at inner cellular membranes, it is ubiquitously
depalmitoylated by APT, then rapidly diffuses to the Golgi apparatus where it gets repalmi-
toylated by palmitoyl acyltransferases (PAT) and transferred back to the plasma membrane
via vesicular transport. B) If APT is inhibited, Ras is not depalmitoylated, thus it sticks to
the endomembranes and can not be transported to its proper plasma membrane localization,
leading to a reduced Ras mediated signaling [14].

It has been postulated that APT’s function is to prevent mislocalization of H- and N-Ras to en-
domembranes by completing the acylation cycle and reestablish the physiological plasma mem-
brane localization of Ras proteins. Inhibition of APT would block the acylation cycle meaning Ras
would remain distributed within endomembranes. The absence of Ras from the plasma mem-
brane would lead to weaker Ras mediated proliferation signal [15]. Therefore, in the context of
cancer, inhibition of APT could lead to a downregulation of the oncogenic Ras signal, making APT
a potential anti-cancer target.
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3.3 Acyl Protein Thioesterase (APT) 1 and 2

Investigation of Acyl protein thioesterase 1 and 2 intensified when they were discovered to de-
palmitoylate oncogenic Ras proteins [15]. Attempts to inhibit Ras have been unsuccessful until
now [16], therefore other approaches have been developed to suppress Ras mediated tumor
growth. Inhibition of APT is one of these indirect approaches developed to reduce the Ras in-
duced proliferation signal (see section 3.2). Consequently, investigation into the function of APT,
its mechanism of action in Ras depalmitoylation mechanism as well as APT inhibitors has become
of great interest.

3.3.1 Acyl Protein Thioesterase 1 and 2 are classified as α, β-Hydrolases

APT1 and APT2 are members of the family of α,β- hydrolase protein family, which comprises
diverse proteins such as lipases, peptidases, esterases, thioesterases and amidases with a serine
as catalytic residue [17]. All α,β- hydrolases contain a three-layered (a/b/a) core with a central
element of eight β-sheets, connected and surrounded by six α-helices [18]. The serine hydrolases
have a conserved catalytical triad at their catalytic centers, which is formed by the three amino
acids Ser-His-Asp [19]. Many of the serine hydrolase enzymes are drug targets for diseases like
type 2 diabetes, Alzheimer as well as infectious diseases [19]. Therefore, many serine hydrolases
are well studied; however, several enzymes in this group remain poorly characterized in terms of
their biological function and substrate binding activity [17].

3.3.2 General knowledge about Acyl Protein Thioesterases

In 1988 the two Acyl Protein Thioesterases were discovered as lysophospholipases in a mouse
cell line and subsequently named Lysophospholipase 1 (LYPLA1) and Lysophospholipase 2 (LY-
PLA2) [20]. LYPLA1 was found to hydrolyze a range of lysophospholipids and other long-chain
mono-acyl glycerol esters [21]. Besides the mentioned in vitro studies, LYPLA1 was shown to de-
palmitoylate various proteins in cells, including depalmitoylation of Gα [22]. Later on, it was shown
that they have a preferred substrate specificity for palmitoylated proteins, thus the proteins were
subsequently renamed acyl protein thioesterases (APT) [23]. Mainly only vertebrates express the
APT1 homologue depalmitoylase APT2 (68% sequence identity to APT1) [24]. A superimposi-
tion of the crystal structures highlighting the high structural sequence identity is shown in Figure
3.4. Similar to APT1, APT2 is able to hydrolyze lysophospholipids [25]. However, APT2 can
additionally hydrolyze prostaglandin glycerol esters [26]. Many substrates were characterized in
vitro for APT1, among them were Ras [23], various heterotrimeric G protein α subunits [23], [27],
eNOS [28], RGS4 [23] and SNAP-23 [29].
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Figure 3.4: Superimposed crystal structures of hAPT1 and hAPT2 with Palmostatin M in the active site
(green star), adapted from [30]. Blue regions display the weakly conserved regions of the
protein, whereas the red regions are highly conserved regions found in both proteins.

Both APT proteins are expressed and active in nearly all tissue types [31] and can efficiently de-
palmitoylate proteins in vitro [32]. Furthermore, APT1/2 were shown to regulate S-palmitoylation
and trafficking of peripheral membrane proteins in cells [24]. Still it remains unclear if APT1 and
APT2 are functionally redundant or if they are able to hydrolyze different substrates [24].
Both proteins contain a cysteine at the second position, which can be palmitoylated [33], [34],
increasing membrane affinity [35]. Studies on APT1 or APT2 localization in the cell have been
performed with GFP or other fluorescent APT fusion proteins [34], [33]. As shown in Figure 3.5
both APTs are found diffusely in the cytoplasm, and enriched at internal Golgi membranes [34],
and also at the plasma membrane [33]. The membrane affinity with just one palmitoylation site is
relatively weak and Vartak et al. postulated that its life time is to short too survive the secretory
pathway to the plasma membrane [34], thus it is more likely that APT is located to the Golgi mem-
branes. When the cysteine at amino acid 2 was mutated, APT no longer had correct membrane
localization but was largely cytosolic distributed. Moreover, it has been postulated that APT1 can
depalmitoylate other APT1 proteins and APT2, but that, in contrast, APT2 is unable to depalmitoy-
late APT1 [33]. Due to the reversible palmitoylation APT itself undergo an acylation cycle [33], [34].
The biological function of APT’s palmitoylation is still unknown. Either the palmitoylation increases
the membrane affinity, thus bringing APTs closer to membrane bound substrates, or it could be
mediating direct interactions of APT with cofactors or substrates.
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Figure 3.5: In vivo localization of APT according to Vartak [34] and Kong [33]. The upper row shows
that full length APT1-mCitrine (A, left) and APT2-mCitrine (B, right) localized in the cytosol
and also at the Golgi membrane (GalT-mCerulean was used as a Golgi marker). The C2S
mutant, which cannot be palmitoylated, is localized in the cytosol [34]. The two lower
rows show localization of hAPT1 (C, left) and hAPT2 (D, right) at the plasma membrane,
colocalizing with the plasma membrane marker Na+/K+ ATPase stained in red. The C2S
mutant (Flag-APT1-M and Flag-APT2-M), which cannot be palmitoylated, is localized in
the cytosol [33].

Ever since it has been shown that inhibition of APT can influence the localization of membrane
bound proteins, especially the mislocalization of N-Ras away from the plasma membrane [36],
some inhibitors of APT have been synthesized. Covalent binding inhibitors of both APT1 and APT2
include the β-lactone mechanism-based inhibitor Palmostatin B and the related choline-derivative,
Palmostatin M (Figure 3.4) [32]. There are limitations to the utility of Palmostatin inhibitors such as
non-specific inhibition of numerous other serine hydrolases due to its covalent binding mode [37].
Further, Palmostatin and its derivatives are unstable in serum [22], even so these inhibitors were
used in many studies to investigate APT function.
More specific inhibitors of APT1 and APT2 have been discovered in recent years. The APT1
specific inhibitor ML348 (Ki=304 nM, shown in Figure 6.46 a) and the APT2 specific inhibitor
ML349 (Ki=230 nM, shown in Figure 6.46 b) were found by high throughput screening [38], [39].
In contrast to Palmostatin, these specific inhibitors show in vivo inhibition of APT in all major
tissues at low micromolar concentrations [40], [41].
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3.3.3 Structural characteristics of human Acyl Protein Thioesterases

The first published crystal structure of hAPT1 was solved in 2000 [42], with the structure of hAPT2
being published in 2016 [43]. Human APT1/2 contain an α/β serine hydrolase fold with a catalytical
triad comprising Ser114, Asp169, and His203, similar to lipases and carboxylestereases [44], [45].
Compared to other serine hydrolases, APT is one of the smallest and lacks the first β strand in
the canonical fold. The fourth α helix has been replaced by a shorter α helix that was named G3
because of the 310 helix fold [42]. The structure of hAPT1 is shown in Figure 3.6.

Figure 3.6: Human APT1 structure. Figure a) shows APT’s tertiary structure in a ribbon diagram. The
seven β strands are displayed as green arrows and are numbered 2-8 because the first β
strand of the canonical α/β hydrolase fold is missing. Additionally, the four short β strands
are labeled S1-S4. The five α helices are displayed in blue and are labeled from A to F, with
a shorter α4 than in the canonical fold. In dark blue the four 310-helices are shown and are
named G1-G4. The residues of the catalytical triad (blue dots), Ser114, Asp169, and His210,
are colored in gold. b) The topology model of the secondary hAPT1 structure is displayed.
The green arrows present the eight β strands, which are labeled β2-β8, and the six helices
are shown in yellow, αA-αF. Additional β sheets are found within two regions: S1-S2 and
the loop region L1 that connects the two strands S3 and S4) [42].
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Furthermore, APTs contain an insertion, connecting the short β4-β5 sheet with the β5-α2 loop (L1
in Figure 3.6). This loop covers the catalytic triad and forms a binding tunnel to which substrates
can bind [24], hence, it is referred to as the "lid-loop" in this thesis. The binding tunnel has slightly
different conformations in the two isoforms, which is thought to affect substrate specificity [30].
Investigation of the polar surface of APT1 shows that it has pronounced hydrophobic patches that
are usually buried, due to forming a dimer in the observed crystal structures [30], [46]. However,
the real function of this hydrophobic patch is still unknown. It could form a non-polar binding site for
membrane insertion (as a membrane insertion was predicted by a membrane-protein-prediction
server, Figure 3.7). The fact APT can be palmitoylated at cysteine2 suggests that APT activity is
directly related to its membrane localization. The position next to the membrane may also influ-
ence the hydrophobic channel orientation and engagement of APT’s substrates. [24].

Figure 3.7: The polarsurface and predicted cell membrane position (orange plane). The negatively
and the positively charged regions of the protein are shown in red and blue, respec-
tively. The white regions correspond to the non-polar surface. Membrane-prediction server:
http://opm.phar.umich.edu/server.php.

3.4 The cell cycle and APTs role in this

3.4.1 APT’s function in asymmetric cell division

Little is known about the potential function of APTs in the cell cycle. Recently it was reported
that the depalmitoylation activity of APT1 has an effect on the asymmetric partitioning of the cell
fate determinants Numb and β-catenin during cell division of U2 OS tumor cells [47]. APT1 it-
self is asymmetrically localized in dividing U2OS cells, and APT’s catalytic activity seems to be
necessary for the asymmetric localization of Notch, the antagonist of Numb, and the Wnt sig-
nalling mediator β-catenin, of which both are palmitoylated [47]. Furthermore, it was shown that
the interaction of APT1 with the palmitoylated small GTPase CDC42 supported the asymmetric
localization of Numb and β-catenin to the plasma membrane [47].
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Since APTs have also been implicated in the regulation of some aspects of cell division, some
fundamentals are introduced in the following.

The cell cycle, in which an eukaryotic cell is duplicated, is a fundamental biological process, where
replicated chromosomes are separated into two identical resulting daughter cells. The cell cycle
can be broken down into four stages (shown in Figure 3.8) based on morphological changes the
cell undergoes, which includes duplicating and separating its entire genome.

Figure 3.8: In a dividing cell, the mitosis (M) phase is preceded by a growth phase, interphase. Interphase
is comprised of three stages; Gap 1 (G1), followed by Synthesis (S) phase during which the
cells duplicates its chromosomes, and finally Gap 2 (G2) phase. Subsequently, the cell enters
mitosis where it divides into two genetically identical daughter cells [48], [49].

During Gap 1 (G1) phase the cells investigates the surrounding environment. If conditions are
suitable, if there is sufficient nutrients for example, then cell division proceeds. If the conditions
are unsuitable for a cell division (like in starvation conditions), the cell escapes the cycle. Upon
proceeding into the cell cycle, the cell enters the S-phase (synthesis phase). Here, the chromoso-
mal DNA is duplicated, with the newly synthesized daughter strands recruiting additional histones
and other proteins to form the so called "sister chromatids". At the end of the S-phase there is
a mitotic checkpoint that controls progression into the next step of the cell cycle, meaning if the
chromosomes have been successfully copied the cell can move into the next phase Gap 2 (G2).
Gap 2 phase is where the cell is prepared for mitosis (M-Phase). Mitosis itself can be divided into
five phases as shown in Figure 3.9 [48], [49], [50].

10
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Figure 3.9: The different phases of mitosis and cytokinesis. Before mitosis, the cell duplicated its chro-
mosomes in S-phase, in mitosis those chromosomes will be equally divided into two daughter
cells. Mitosis itself can be divided into five phases: prophase, prometaphase, metaphase,
anaphase, and telophase, where the chromosomes have been separated. The complete sepa-
ration of the two daughter cells follows in cytokinesis [48], [49].

Mitosis begins with prophase (Figure 3.9 b). Here, the chromosomes condense and the mitotic
spindle starts to form with the centromeres moving to opposite poles, from which microtubules
starts to polymerize. Next, prometaphase follows (Figure 3.9 c). Prometaphase starts with the
abrupt fragmentation of the nuclear envelope into small vesicles, allowing the spindle fibres to at-
tach to the sister chromatids, via a large protein assembly at the centromere of each chromosome,
called the kinetochore. In metaphase (Figure 3.9 d) the chromosomes align along the metaphase
plate in the middle of the mitotic cell. In order to be equally separated the two sister chromatids at-
tach to microtubules originating from opposite spindle poles. Attachment to microtubules is highly
regulated in order to ensure each sister goes to an opposing pole. During anaphase (Figure 3.9 e)
the sister chromatids are separated by the microtubules attached to the centromeres depolymer-
izing pulling the sister chromatids in opposite directions. In the subsequent telophase (Figure 3.9
f) a new nuclear envelope is constituted, surrounding each set of the separated sister chromatids.
Thus two identical daughter nuclei are formed, in which chromosomes begin to decondense, com-
pleting the process of DNA separation. Finally, during cytokinesis (Figure 3.9 g) the cytoplasm is
divided as a contractile ring is formed in in middle of the two daughter cells [48], [49], [50].
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3.4.2 The Golgi and its disassembly and reassembly during mitosis

The Golgi apparatus can be described as a manufacturing, storage, dispatching, and sorting fac-
tory. The Golgi is made up of a stacks of disc shaped cavities surrounded by membranes. Often, a
cell contains several of these stacks, called Dictysomes, which are connected among each other.
Multiple transport vesicles that are required for the exchange of substances between the Golgi
and other cellular components surround the Golgi. There is a defined polarity to the Golgi, with
different structures and functions being carried out on the convex and the concave sides. The
convex cis-site faces the endoplasmic reticulum (ER) and absorbs proteins and substances syn-
thezised in the ER. Conversely, the concave trans-site faces the plasma membrane and is from
where cargo leaves the Golgi via vesicular transport [49]. Importantly, the Golgi is a renowned
platform for palmitoylation of multiple proteins with different cellular functions, among these are
heterotrimeric G proteins, phosphatidylinositol 3-kinase, N-Ras, eNOS, tankyrase, cyclin B2, and
Cdc42 [51].

In comparison to nuclear division, the division of cytoplasmic components is less specific. Many
organelles including the endoplasmic reticulum (ER) and the mitochondria, stay unchanged and
intact during mitosis. In contrast, the Golgi disassembles during mitosis. There are two hypotheses
as to why the Golgi disassembles. One hypothesis is that the disassembly serves as a mecha-
nism for the simultaneous implementation of the connected Golgi membrane system into the new
daughter cells. The second hypothesis is that disassembly ensures the regulation of the activity
and the localization of signal or effector molecules that are associated with Golgi membranes dur-
ing interphase. During mitosis the Golgi is broken down and reassembled (shown in Figure 3.10)
in the following steps. First, in prophase (Figure 3.10 1), a lateral stretch of the Golgi ribbon forms
around the nuclear envelope. In prometaphase (Figure 3.10 2), the Golgi is separated into frag-
ments, followed by metaphase where a partial or complete dispersal flat discs that are normally
found in stacks, occurs (Figure 3.10 3). Subsequently, the reassembly of the Golgi starts in the
telophase (Figure 3.10 4) with the reappearance of small fragments. Finally, in cytokinesis (Figure
3.10 5), the fragments coalesce into a complete new Golgi for each daughter cells [51].

Figure 3.10: Confocal images of the disassembly and reassembly of the Golgi during mitosis. Synchronized
NRK cells expressing GalT-YFP as a Golgi marker [51].
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4 Objectives

Protein palmitoylation is a reversible posttranslational modification of a cysteine residue with a
16-carbon palmitoyl group coupled via a thioester bond. Due to the reversibility of this reaction,
the level of palmitoylated proteins can be controlled in the cell. This regulation is conducted by
two classes of enzymes: the addition of a palmitate to a protein is implemented by palmitoyltrans-
ferases. In contrast, depalmitoyltransferases can remove the palmitoyl residues. The hydrolysis
that removes the palmitoyl residue seems to be mainly catalyzed by acyl protein thioesterase en-
zymes (APT).
The two human APT isoforms were firstly described as a lysophospholipases, but later, biochemi-
cal assays revealed a strong depalmitoylating activity on several S-palmitoylated proteins. Among
these protein substrates is the cancer protein Ras, which is mutated in 20-30 % of all human
tumors. It was shown that the inhibition of APT leads to a weaker signalling via Ras mediated
pathways in cancer cells. Thus APT became a potential anti-cancer target and the research into
the structure and function of APTs as well as the development of specific APT inhibitors was
stepped up.
APT itself undergoes a dynamic palmitoylation to achieve a steady state membrane localization.
To date, the effect of different membrane types on APT and its target proteins as well as the
mechanism by which the physiological membrane environment influences APT activity still re-
mains unclear. Furthermore, it also remains unclear if APT can extract and depalmitoylate its
palmitoylated target proteins by itself, if APT1/2 palmitoylation at Cys2 has an effect on substrate
extraction/depalmitoylation, and if helper proteins (for instance FKBP12, which was described as
a cofactor in Ras depalmitoylayion) are required to extract membrane bound substrates.
In this thesis, biophysical- and in vivo methods were used to investigate the effect of APT palmi-
toylation. Specifically, how membrane localization influences the activity of APTs and its cellular
localization. In order to accomplish this, depalmitoylation activity of APT on a membrane bound
substrate was analyzed by fluorescence spectroscopy and fluorescence microscopy. Notably, an
in vitro assay for biological substrates was implemented by ESI-mass spectroscopy, since only
activity assays with artificial APT substrates were available until now. A thiol grou detection as-
say was investigated for the suitability as assay for activity of APTs on natural substrates. The
effect of APT’s cysteine palmitoylation on the in vivo localization was analyzed using the methods
of electroporation and transient transfection. As little is known about the localization of APT and
its activity during mitosis, localization studies with transiently transfected APTs were performed.
Further, the changes caused to the mitotic index and to the differentiation of PC12 cells upon APT
inhibition was determined.
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5 Material and Methods

5.1 Materials

All chemicals and buffer ingredients were purchased in the highest available purity from Fluka
(Neu-Ulm), GE (Freiburg), Merck (Darmstadt), Qiagen (Hilden), Roche (Mannheim), Roth (Karl-
sruhe), Serva (Heidelberg), Pan Biotech (Aidenbach) and Sigma-Aldrich (Deisenhofen). Protein-
and DNA-ladders were purchased from MBI Fermentas, BioRad and Thermo Scientific.

5.1.1 Buffers

The used buffers are described in the corresponding method.

5.1.2 Phospholipids and Reagents

Phospholipids and reagents used in this study are listed in table 5.1.

Table 5.1: Phospholipids and Reagents.
Products Manufacturer
DOPC Avanti Polar Lipids (USA)
DOPG Avanti Polar Lipids (USA)

DOGS-Ni-NTA Avanti Polar Lipids (USA)
Lyso-PPC Avanti Polar Lipids (USA)
DPPC Avanti Polar Lipids (USA)

N-Rh DHPE Thermo Fisher (Darmstadt)
Bodipy FL C12 Life Technologies (Carlsbad)
Chloroform Sigma Aldrich (Darmstadt)

Ammoniumcarbonat Sigma Aldrich (Darmstadt)
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5.1.3 Kits

Kits used in this study are listed in table 5.2.

Table 5.2: Kits.
Kits Manufacturer

QIAprep Spin Miniprep Kit Qiagen (Hilden)
QIAGEN Plasmid Maxi Kit Qiagen (Hilden)
Roti-Prep Plasmid MINI Carl Roth (Karlsruhe)

5.1.4 Enzymes

Commercially available enzymes used in this study are listed in table 5.3.

Table 5.3: Enzymes.
Enzymes Manufacturer

BSA Sigma (Deisenhofen)
Dnase I Roche (Mannheim)

PreScission protease GE Healthcare (Freiburg)
Restriction enzymes New England Biolabs (Schwalbach)

T4 DNA ligase New England Biolabs (Schwalbach)

5.1.5 Antibiotics

Antibiotics were added to the culturing media with the following final concentrations (Table 5.4 and
Table 5.5).

Table 5.4: Antibiotics for bacteria.
Antibiotic Concentration
Ampicillin 100 µg/mL
Kanamycin 50 µg/ mL
Tetracyclin 7 µg/ mL

Chloramphenicol 25 µg/ mL

Table 5.5: Antibiotics for mammalian cells.
Enzymes Manufacturer
Penicillin 100 µg/mL

Streptomycin 0.1 mg/mL
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5.1.6 Antibodies

All used primary and secondary antibodies are listed in table 5.6 and table 5.7.

Table 5.6: Primary antibodies.
Antigen Origin Dilution Manufacturer
CREST human 1:200 Antibodies Inc.
Tubulin mouse 1:4000 Sigma

APT1 (ab91606) goat 1:100 (IF) Abcam
APT2 (ab151578) goat 1:100 (IF) Abcam

Table 5.7: Secondary antibodies.
Antigen Origin Dilution Fluorophor Manufacturer

IgG α-human goat 1:200 Alexa647
Jackson Immuno

Research

IgG α-mouse goat 1:200 Rhodamine Red
Jackson Immuno

Research

IgG α-goat donkey 1:200 Rhodamine Red
Jackson Immuno

Research

5.1.7 Plasmids for mammalian expression

The mCitrine APTs and GalT-TagBFP plasmids were a kind gift from Philippe Bastiaens, Departe-
ment of systemic cell biology Max Planck Institute for Molecular Physiology, Dortmund, Germany.
The plasmids and cloning protocols are described in [34].

5.1.8 Bacterial strains and media

For transformations the bacterial strain Escherichia coli DH5α F − ϕ80dlacZ∆M15 ∆(lacZY A−
argF ) U169 recA1 endA1 λ − hsdR12(rK−,mK+) supE44, thi − 1 gyrA, relA1 and for pro-
tein expression the strain BL21 (DE3) codon + RIL E. coli B F − dcm ompT hsdS(rB −
mB−) gal λ(DE3) was used.
For amplifying the plasmids the strain Escherichia coli Omnimax F − mcrA ∆(mrr−hsdRMS−
mcrBC) ϕ80lacZ∆M15 ∆lacZY A−argF U169 endA1 recA1 supE44 thi−1 gyrA96 relA1 tonA panD

was used (kindly provided by the Dortmund Protein Facility at MPI Dortmund).
The cells were cultured in LB (Luria Bertani) medium or on LB -agar plates containing the appro-
priated antibiotics and grown at 37 ◦C. Ingredients are listed in table 5.8. The medium was kindly
provided by the media kitchen facility at MPI Dortmund.
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Table 5.8: Components of the used media.
Medium Ingredients

Luria Bertani (LB) 10 g/L Bacto tryptone
5 g/L yeast extract

10 g/L NaCl
LB agarose plates LB-medium

1.5 % agarose

5.1.9 Cell lines

The used cell lines are listed in table 5.9. PC12 cells were kindly provided by Philippe Bastiaens
(Departement of Systemic Cell Biology, Max Planck Institute for Molecular Physiology, Dortmund,
Germany) and HeLa Cells were kindly provided by Andrea Musacchio (Departement of Mecha-
nistic Cell Biology, Max Planck Institute for Molecular Physiology, Dortmund, Germany).

Table 5.9: Cell lines.
Cell line origin
HeLa Cervix Adenocarcinoma, human
PC12 Rat

5.1.10 Software

The following softwares were used to analyze the data or preparing the figures (table 5.10).

Table 5.10: Software.
Software Version Supplier/Developers

Illustrator CS5.1 15.1.0 Adobe
Photoshop CS5.1 12.1 Adobe

ImageJ 1.46r National Institute of Health
Excel 14.7.3 Microsoft
Prism 6.0h Graphpad
Pymol 1.6.0.0 Schrödinger LLC

ChemBioDraw Ultra 6.5.00 PerkinElmer

TexStudios 2.12.6
by Benito van der Zander and

others
Imaris 7.3.4 Bitplane
Origin 7.0 Origin Labs
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5.1.11 Instruments

The used instruments and machines are listed up in table 5.11.

Table 5.11: Instruments.
Instruments Manufacturer
Balances Sartorius (Göttingen, Germany)

BioPhotometer Eppendorf (Hamburg, Germany)
Centrifuges Beckmann (Münster, Germany)

Eppendorf (Hamburg, Germany)
ChemiDoc MP Imaging System BioRad (Munich, Germany)
CLARIOstar microplate reader BMG LABTECH (Ortenberg, Germany)
DNA electrophoresis chambers BioRad (Munich, Germany)
FPLC (Gradifrac systems) Pharmacia (Stockholm, Sweden)

Liquidator96 Steinbrenner (Wiesenbach)
Magnetic stirrer RCT basic Eppendorf (Hamburg, Germany)

PAGE chambers BioRad (Munich, Germany)
pH meter Knick (Berlin, Germany)
Pipettes Eppendorf (Hamburg, Germany)

Sonifier 450 Branson (Dietzenbach, Germany)
Countess automated cell counter Invitrogen (California, USA)

3i Marianas Intelligent Imaging Innovations (Denver, USA)

Axio Observer Z1 microscope
Carl Zeiss Microscopy GmbH (Cologne,

Germany)
SX. 18MV Stopped-flow apparatus Applied Photophysics (Leatherhead,UK)

LCQ Fleet Thermo Fisher Scientific (Schwerte, Germany)
DeltaVision Microscope GE Healthcare (Freiburg, Germany)

Microplate reader Infinite M200 PRO Tecan (Männedorf, Switzerland)
NanoDrop2000 spectrophotometer Thermo Fisher Scientific (Schwerte, Germany)

5.2 Methods

5.2.1 Cloning, Expression and Purification of Proteins

Thanks to Patricia Stege for cloning, expression and purification of the used proteins. Cloning,
expression and purification of APT proteins is described in [52] and [46]. APT1 and APT2 cDNAs
were obtained from ImaGenes GmBH (Berlin, Germany). The full length gene was gateway cloned
into a pGEX 4T3 expression vector (GE Healthcare, Buckinghamshire, UK). Specific modified
primers encode a PreScission protease cleavage site and immediately upstream the start codon
of the APT gene. Single APT mutations were introduced by a site directed mutagenesis, using
specific designed primers, which implements the mutation in a Polymerase Chain Reaction (PCR).
To generate the His versions of APT, genes were cloned into a pProEX-HTB vector. Ras genes
were cloned into a pTAC vector.
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5.2.1.1 Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction (PCR) was used to amplify DNA e.g. for sequencing (see 5.2.1.6)
or was used for site directed mutagenesis. The mutagenesis reaction contains: 30-60 ng DNA
template, 0.4 mM primer (forward and reverse), 0.2 µg/µL dNTPs, 4 % DMSO, 1x Pfu reaction
buffer (Promega) and 1x Polymerase. Either Pfu-Polymerase (Promega) or Phusion-polymerase
(Finnzymes) was used as thermostable polymerase. The PCR programs for Pfu- and Phusion-
polymerase are listed in the table 5.12. After PCR, methylated template DNA was digested with 1
unit of the endonuclease DpnI for 1 h at 37 ◦C.

Table 5.12: Standard PCR program for Pfu- or Phusion-polymerase.
Pfu-polymerase Phusion-polymerase

Number of
repetitions

Temperature Time
Number of
repetitions

Temperature Time

1 x 98 ◦C 3 min 1 x 98 ◦C 1 min
98 ◦C 20 s 98 ◦C 30 s

30 x 55 ◦C 1 min 30 x 60 ◦C 50 s
65 ◦C 12 min 72 ◦C 3 min

1 x 65 ◦C 10 min 1 x 72 ◦C 10 min
8 ◦C ∞ 1 x 8 ◦C ∞

5.2.1.2 Determination of DNA concentration

The DNA concentration was determined by measuring the absorbance at 260 nm with a NanoDrop
spectrometer. If A260=1 the dsDNA has a concentration of 50 µg/mL. Additionally, to investigate
if the DNA sample is free of protein contaminations, the absorbance at 280 nm was measured.
To exclude salt contaminations the absorbance at 230 nm was measured. The ratios of A260/A280

and A260/A230 were calculated. If both ratios have a higher value than 1.8, the DNA is pure without
any protein or salt contamination. Only DNA that was determined to be pure was used for any
experiments during this thesis’ work.

5.2.1.3 Transformation of DNA into chemically competent bacteria cells

To transform plasmids into E. coli cells, a heat shock protocol was performed. Therefore chem-
ically competent E. coli DH5α or OmniMax cells were thawed on ice. 0.2-1 µg of plasmid DNA
were added to 100 µL cells. The mixture was gently mixed and incubated on ice for 15-30 minutes.
After incubation a heat shock followed at 42 ◦C for 90 s. To develop resistances against antibi-
otics, 800 µL LB medium were added to the cells and they were incubated at 37 ◦C for 1 h shaking
at 300 rpm. Cells were spinned down and the supernatant was discarded apart 50-100 µL. The
cells were resuspended in the remaining supernatant and plated on a LB-agar plate containing
the appropriate antibiotic. Plates were incubated over night at 37 ◦C.
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5.2.1.4 Plasmid isolation from bacteria cells

The protocol for alkaline lysis followed by a chromatographic purification was performed to isolate
plasmid DNA out of bacteria cells. For small scale preparation 3 mL LB-medium containing the
appropriate antibiotic were inoculated with a mono colony and incubated over night at 37 ◦C. For
large scale plasmid isolation a 250 mL over night culture was used. To isolate DNA the Mini-
or Maxiprep Kits (Macherey-Nagel, Qiagen) or the Roti-Prep Plasmid MINI Kit (Carl Roth) was
utilized by the manufacturer’s instructions.

5.2.1.5 Agarose gelelectrophoresis

To separate DNA fragments according to their electrophoretic mobility which corresponds to their
molecular weight, agarose gelelectrophoresis was used. The elctrophoresis was performed in
horizontal chambers with an agarose concentration of 0.9 % (w/v). The agarose was dissolved in
1x TAE buffer (10x: 48.4 g Tris, 11.4 ml glacial acetic acid, 3.7 g EDTA, fill up to 1 l with H2O) and
Midori green advanced DNA stain (1:25000) (Nippon Genetics) was added. The DNA samples
were mixed with 6x DNA loading buffer (30 % (w/v) sucrose, 20 % (v/v) glycerol, 0.2 % (w/v)
orange G) and transfered to the gel. The electrophoresis was performed at constant voltage of
100 V for 30 min. The DNA fragments were detected and visualized with UV light.

5.2.1.6 DNA sequencing

The Sanger method was used to analyze the DNA sequence. Sequencing was performed by the
in-house sequencing facility. For that 500-800 ng DNA template, 4 µL sequencing buffer, 10 pmol
sequencing primer and 2 µL terminator-mix was mixed and ddH2O was added to reach a final
volume of 20 µL. Then a PCR run was performed with the following protocol (table 5.13).

Table 5.13: Standard PCR program DNA sequencing.
Number of repetitions Temperature Time

1 x 96 ◦C 2 min
98 ◦C 30 s

30 x 50 ◦C 15 s
60 ◦C 4 min

1 x 60 ◦C 5 min
8 ◦C ∞

After PCR, 80 µL ddH2O, 10 µL 3 M sodium acetate and 250 µL Ethanol were added to the
reaction mixture. Thereafter, a centrifugation (10 min, 13000 rpm) has been carried out and the
supernatant was discarded. The pellet was washed with 500 µL 70 % Ethanol, followed by another
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centrifugation step (10 min, 13000 rpm). The supernatant was discarded and the pellet was dried
in the air.

5.2.1.7 Protein expression and purification

GST-fusion proteins:
The required plasmid was transformed into E. coli BL21 Codon + RIL cells. Cells were grown
at 25~◦C in LB medium containing the appropriated antibiotics in a LEX bioreactor (Harbinger
Biotech, Toronto, Canada). At OD600=1, 0.1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside)
was added and the protein was expressed over night at 18 ◦C. The next day cells were harvested
and lysed in presence of 0.1 mM PMSF and DNaseI by sonification. To remove cell debris a cen-
trifugation step with 25000 g at 4 ◦C for 30 min was performed. APT proteins are N-terminally
tagged with glutathione-S-transferase (GST). Therefore the GST-APT fusion proteins can bind
specifically to a GSH column. The supernatant was loaded on a Glutathione Sepharose 4 fast
flow column (GE Healthcare). After washing, the GST-Tag was removed by PreScission protease
(GE Healthcare). The GSH affinity chromatography was performed in the following buffer: 50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 5 % Glycerol and 3 mM β-mercaptoethanol. The protein was
eluted and concentrated with an Amicon Ultra Centrifugal Filter (Merck Millipore, Billerica, USA).
A final size exclusion chromatography was performed with a Sephadex S200 column (GE Health-
care) with the following buffer: 20 mM Tris-HCl pH 8.0, 30 mM NaCl, 1 mM TCEP-HCl. The protein
was concentrated, aliquoted, snap frozen and stored at -80 ◦C. All steps of the protein expression
and purification were monitored by SDS gelelectrophoresis.

His-tag proteins:
The required plasmid was transformed into E. coli BL21 Codon + RIL cells. Cells were grown
at 25 ◦C in LB medium containing the appropriated antibiotics in a LEX bioreactor (Harbinger
Biotech, Toronto, Canada). At OD600=1, 0.1 mM IPTG was added and the protein was expressed
over night at 18 ◦C. The next day cells were harvested and lysed in presence of 0.1 mM PMSF and
DNaseI by sonification. To remove cell debris a centrifugation step with 25000 g at 4 ◦C for 30 min
was performed. His tagged fusion proteins were loaded to a pre-washed Talon column (in the fol-
lowing buffer: 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 % Glycerol and 3 mM β-mercaptoethanol)
and washed with this buffer. To elute the protein the Imidazol concentration was increased with
a linear gradient from 0 mM up to 400 mM. Fractions containing the pure protein were collected
and concentrated. A final size exclusion chromatography was performed with a Sephadex S200
column (GE Healthcare) with the following buffer: 20 mM Tris-HCl pH 8.0, 30 mM NaCl, 1 mM
TCEP-HCl. The protein was concentrated, aliquoted, snap frozen and stored at -80 ◦C. All steps
of the protein expression and purification were monitored by SDS gelelectrophoresis.
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Ras Proteins:
The required plasmid was transformed into E. coli CK600K cells. Cells were grown at 30 ◦C
in TB medium containing the appropriated antibiotics. At OD600=1, 1 mM IPTG was added and
the protein was expressed over night at 30 ◦C. The next day cells were harvested and lysed in
presence of 0.1 mM PMSF and DNaseI by sonification in buffer A (50 mM Tris pH 7.9, 2 mM
MgCl2 and 5 mM DTE). To remove the cell debris a centrifugation step with 25000 g at 4 ◦C for 25
min was performed. The supernatant was loaded on a pre-washed Ni-column. The column was
washed with 10 times column volume of buffer A including 450 mM NaCl followed by a washing
step with buffer A. A second washing step was performed with 10 times column volume of buffer A
including 1 mM ATP and 400 mM KCl, followed by a washing step with buffer A. The protein was
eluted with buffer A containing 250 mM Imidazol. The protein was concentrated with an Amicon
Ultra Centrifugal Filter (Merck Millipore, Billerica, USA). A final size exclusion chromatography was
performed with a Sephadex S75 column (GE Healthcare) with the following buffer: 20 mM Tris-
HCl pH 7.9, 2 mM MgCl2 and 5 mM DTE. The protein was concentrated, aliquoted, snap frozen
and stored at -80 ◦C. All steps of the protein expression and purification were monitored by SDS
gelelectrophoresis.

5.2.1.8 SDS-PAGE and coomassie blue staining

To separate proteins according to their molecular weight Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was used. This analytical method supports the monitoring of the
different steps during protein purification and the purity of proteins. The anionic detergent denat-
urates the protein structure and generates a negative charge proportional to its size. The protein
movement in the gel is dependent on the size of the protein, because small proteins are able to
pass the acrylamid network faster than larger proteins. The concentration of SDS can be variated
to create bigger or smaller pores in the gel. The SDS gel is divided into two zones. The upper
zone is the stacking gel, in which the proteins are collected in one single band. This part consists
of 5% (w/v) acrylamide/bisacrylamide in 125 mM Tris/HCl pH 6.8 buffer. Followed by the resolv-
ing zone (second zone) where the proteins are separated. This zone consist out of 8-18% (w/v)
acrylamide/bisacrylamide and 125 mM Tris/HCl pH 8.8. Both zone solutions were polymerized by
adding 0.1% (w/v) APS and 0.04% (w/v) TEMED. Before the proteins were transfered to the gel,
the samples were mixed with a 5x SDS loading buffer (0.25 M Tris-HCl pH 6.8, 15% (w/v) SDS,
50% (v/v) glycerol, 25% (v/v) b-mercaptoethanol, 0.01% (w/v) bromophenol blue) and denaturated
for 5 min at 95 ◦C. SDS-Page was performed at 180 V for 40-60 min with an anode (20 mM Tris pH
8.8, 1.2% (v/v) HCl) and a cathode buffer (1M Tris pH 8.3, 1 M tricine, 30 mM SDS). To visualize
separated protein bands the gel was visualized by comassie staining (0.2% (w/v) using coomassie
brilliant blue G250, 7.5% (v/v) acetic acid, 50% (v/v) ethanol) and destained, in 10% (v/v) acetic
acid in ddH2O, for several hours on a shaker
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5.2.1.9 Determination of protein concentration

To determine the protein concentration, the absorbance at 280 nm was measured, using a Nan-
odrop 1000 Photometer (PeqLab). Moreover the concentration was calculated according to the
Labert-Beer law.

5.2.2 Cell biological methods

5.2.2.1 Cell culture and transfections

HeLa cells were grown in 6 cm dishes (Sarstedt) in DMEM medium (PAN Biotech) supplemented
with 10% FBS (Clontech), penicillin and streptomycin (GIBCO) and 2 mM L-glutamine (PAN
Biotech).
PC12 cells were grown in 6 cm poly-l-lysin coated dishes in DMEM medium (PAN Biotech) sup-
plemented with 5% FBS (Clontech), 10% horse serum (Clontech), penicillin and streptomycin
(GIBCO), 2 mM L-glutamine (PAN Biotech) and 1% non essential amino acids. Cells were grown
in a humidified atmosphere of 37 ◦C and 5% CO2. Transient transfections were performed with
LTX200 reagent and carried out according to manufacturer’s instructions. All working steps were
performed under laminar flow, to avoid contaminations.

5.2.2.2 Thawing cells

Cells stored at -150 ◦C were thawed at 37 ◦C. After thawing, the cells were resuspended in the
corresponding medium and centrifugated for 5 min at 1200 rpm. Thereafter the pellet was resus-
pended in fresh medium and cells were transferred to the culture dish.

5.2.2.3 Freezing cells

To store cells at -150 ◦C, cells were frozen in a medium containing 10% DMSO as cryoprotective
agent. To allow a slow and continuous freezing, cells were placed in special containers containing
isopropanol and stored over night at -80 ◦C. On the next day, frozen cells were transfered from
-80 ◦C to -150 ◦C.

5.2.2.4 PC12 cell differentiation assay

To test if APT inhibition, with different inhibitors, has an effect on neuronal outgrowth of PC12
cells, a differentiation assay was performed. Cells from a 10 cm dish were counted and diluted
with medium to the desired cell number. After the dilution approximately 10000 cells were seeded,
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in growth medium, on a ploy-l-lysin coated 24 well plate. To start the differentiation, 2 hours af-
ter plating, the medium was changed to a medium containing 100 ng/mL NGF (Neuronal Growth
Factor, Merck) and the corresponding APT inhibitor. Cells were differentiated for 10 days (change
medium (containing NGF and inhibitor) every 2 days). To visualize the neuronal outgrowth of PC12
cells, cells were stained with coelestin blue. Therefore cells were washed with 200 µL PBS and
fixed with 4% PFA for 10 minutes. Cells were two times washed with dest. H2O. Afterwards cells
were stained with 200 µL coelestin blue (for 100 mL solution: add 5% Ammonium iron(III) sulfate
and 0.5 g coelestin blue to 100 mL H2O, boil for 3 minutes, cool down to room temperature, filter
the solution and add 14 mL glycerol) for 30 seconds. After staining, 100 cells were counted on
an Evos FL Microscope. A cell, with a neuron two times longer than the cell body, was classified
as a differentiated cell. The HRasG12VmCitrine construct was transient transfected by the use
of LTX2000 by Thermo Fisher (transfection was performed accordingly to the manufacturer’s pro-
tocol). After 4 hours the medium was replaced by a medium containing the inhibitors. The cells
were fixed after 48 h and 100 cells were counted with help of a fluorescence microscope.

5.2.2.5 Determination of the mitotic index and preparation of mitotic gallery

Cells from a 10 cm dish were counted and diluted with medium to the desired cell number, so that
on the first day approximately 15000 cells (per well) were seeded on a poly-D-Lysine coverslip in
a 24 well plate. Cells were transfected the next morning with the respective vector using LTX2000
(transfection was performed accordingly to the manufacturer’s protocol). In the evening of the
second day cells were treated with the CDK inhibitor 9 µM RO3306. A wash out followed after 18
hours. Afterwards fresh medium with or without 25 µM of the respective inhibitor was added. For
the mitotic index cells were fixed at various time points with 4% PFA (remove old medium and add
180 µL PFA, incubate for 10 minutes and wash 3 times with PBS) and cells were immunofluores-
cent stained as described in subsection 5.2.2.6. For the mitotic index, 500 cells were counted and
classified according to their mitotic state (interphase, prophase, metaphase or anaphase).
For the mitotic galleries, cells from a 10 cm dish were counted and diluted with medium to the
desired cell number and approximately 15000 HeLa H2BmCherry cells were seeded on a poly-
D-Lysine coverslip in a 24 well plate. Cells were transfected the next morning with the respective
vector using LTX2000 (transfection was performed accordingly to the manufacturers protocol). Af-
ter 5 hours the medium was replaced by fresh medium. In the next morning cells were fixed with
4% PFA (remove old medium and add 180 µL PFA, incubate for 10 minutes and wash 3 times with
PBS). Microscope pictures were taken on a 3i Marianas™ system (Intelligent Imaging Innovations
Inc.) equipped with Axio Observer Z1 microscope (Zeiss), Plan-Apochromat 63x/1.4NA Oil Objec-
tive, M27 with DIC III Prism (Zeiss), Orca Flash 4.0 sCMOS Camera (Hamamatsu). Images were
acquired as z-sections at 0.27 µm. Images were converted into maximal intensity projections,
exported and formated into 8-bit.
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5.2.2.6 Immunofluorescence staining

Fixed cells on coverslips (fixation protocol see subsection 5.2.2.5) were permeabilized with 0.3%
Triton X-100 in PBS for 10 minutes. The blocking step was performed afterwards with 3% BSA in
PBST for 45 minutes. The first antibodies were diluted (dilution factors are listed in table 5.6) in
1% BSA-PBST and incubated for 2 hours. Then coverslips were washed three times with PBST.
The second antibodies, coupled with a fluorophor, were diluted (dilution factors are listed in table
5.7) in 1% BSA-PBST and were added to the coverslips for one hour. Afterwards the coverslips
were washed three times with PBST. DNA was stained with 0.5 µg/mL DAPI for 1 minute. The final
washing steps were performed with PBST and H2O. Coverslips were dried in the air and mounted
with Mowiol mounting media (Calbiochem).

5.2.2.7 Electroporation

Cells were seeded on a 10 cm dish with a confluenty of approximately 50%. The next morning
cells were transfected with the respective vector using LTX2000 (transfecteion was performed
accordingly to the manufacturer’s protocol). After 5 hours, cells were trypsinized and added to
50 mL PBS. Afterwards the cells were centrifuged for 5 min at 1200 rpm and the supernatant was
discarded. Resuspend the cells in 2 mL PBS and count them. Transfer 2*106 cells to an eppendorf
reaction vessel, spin cells down and discard the supernatant. Resuspend cells in 110 µL of buffer
R (Thermo Fisher). Dilute the APTmCherry protein in buffer R to a final concentration of 60 µM,
centrifuge the protein solution to remove protein aggregates. Add 10 µL of the protein solution to
the cell suspension. Afterwards electroporation was performed using NEON (Thermo Fisher) with
two pulses at a voltage of 1005 V for 35 ms. Wash cells with 15 mL PBS, centrifuge at 1200 rpm
for 5 minutes and discard the supernatant. Resuspend the cells in 2-4 mL trypsin (according to
pellet size) and incubate for 5 minutes at 37 ◦C. Wash cells with 15 mL PBS, centrifuge for 5
minutes at 1200 rpm and discard the supernatant. Resuspend cells in 1 mL imaging medium
(CO2 Independent Medium (Gibco®), 10% FBS and 2 mM l-glutamine) and transfer 200-300 µL
cell solution to a 24 well Ibidi coated plate and adjust to a final volume to 500 µL. Add 0.5 µL
SiR-DNA (Spirochrome) to stain the the nuclei. Cells were imaged 24 hours after electroporation
with a 3i Marianas™ system (Intelligent Imaging Innovations Inc.) equipped with Axio Observer
Z1 microscope (Zeiss), Plan-Apochromat 63x/1.4NA Oil Objective, M27 with DIC III Prism (Zeiss),
Orca Flash 4.0 sCMOS Camera (Hamamatsu). Images were acquired as z-sections at 0.27 µm.
Images were converted into maximal intensity projections, exported and formated into 8-bit.
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5.2.3 Vesicle assays

5.2.3.1 Preparation of Large Unilamellar Vesicles (LUVs)

Stock solution of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) in chloroform (10 mg/mL) was
diluted to the desired concentration and if stained vesicles are required 0.1 mol % N-Rh-PE
(N-(LissamineTM Rhodamine B sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamin,
Molecular Probes®, Life Technologies Inc., Stocksolution c = 1 mM in Methanol) was added to
label the vesicles. A large part of the chloroform was evaporated with a nitrogen stream. The
remaining chloroform was removed by drying under vacuum over night. The dried lipids were hy-
drated in 5 mM ammonium carbonate buffer to a final concentration of 10 mM. The mixture was
sonicated for 15 minutes. Afterwards five freeze–thaw–vortex cycles and brief sonication were
conducted to generate large multilamellar vesicles (LMV). These LMV were transformed to LUVs,
of a homogeneous size, by use of a mini-extruder (Avanti Polar Lipids) with polycarbonate mem-
branes of 100 nm pore size. The generated LUVs were stored at 4 ◦C for a maximum period of 7
days. LUVs were used in Stopped-Flow experiments (see section5.2.3.4) and for FRET measure-
ments (see section 5.2.3.3) to investigate the activity of APT to a membrane bound peptide.

5.2.3.2 Preparation and imaging of Giant Unilamellar Vesicles (GUVs)

Giant unilamellar vesicles were created by the method of electroformation. Therefore stock so-
lution of lipids in chloroform (10 mg/mL) was diluted to 1 mg/mL. To label the vesicles 0.1 mol%
of N-Rh-PE or 0.2 mol% of Bodipy FL C12 were added and mixed. A 15 µL aliquot of the lipid
solution was spread on an indium tin oxide (ITO)-coated coverslip (SPI Supplies/Structure Probe
Inc.). The remaining chloroform was removed by drying under vacuum over night. The lipid coated
and an untreated ITO-coverslip were embedded in a Large Closed Bath Imaging Chamber RC-
21B (cellvolume 358 µL, Warner Instruments Inc.) and fixed to the corresponding Platform P-2
(Warner Instruments Inc.). The assembled unit was filled with the respective buffer. A scheme of
the electroformation chamber is depicted in figure 5.1. Electroformation was performed for 2 hours
at room temperature with a sinusoidal alternating low-frequency voltage (10 Hz, 1.7 V).

Figure 5.1: Assembled electroformation chamber.
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After 2 hours the vesicles were imaged with a 3i Marianas™ system (Intelligent Imaging Innova-
tions Inc.) equipped with Axio Observer Z1 microscope (Zeiss), Plan-Apochromat 100x/1.4NA Oil
Objective, M27 with DIC III Prism (Zeiss), Orca Flash 4.0 sCMOS Camera (Hamamatsu). Images
were acquired as 3 z-sections at 0.4 µm. Images were converted into maximal intensity projec-
tions, exported and formated into 8-bit.
To investigate the membrane affinity of APTs to vesicles, 2 µM hAPT-mCherry was added to Bod-
ipy FL C12 labeled vesicles. Pictures were taken before and 20 minutes after the APT injection.
To analyze APT’s activity on a membrane bound peptide, 10 µM FITC labeled palmitoylated N-
terminal APT1 peptide was injected to N-Rh-PE labeled vesicles. A picture at t=0 min was taken.
Afterwards 2 µM APT was injected and pictures were taken every minute for 90 minutes. The FITC
intensity was determined with the program Fiji. With the versatile wand tool the shape of the vesi-
cle was defined. A band was created to rim the vesicle. Then the vesicle intensity was measured.
Background intensity was determined and subtracted from the vesicle intensity to recieve the final
total intensity.

5.2.3.3 FRET measurements

To investigate APT activity on a membrane bound substrate, FRET measurements were performed
with CLARIOstar microplate reader (BMG LABTECH, Ortenberg). For FRET measurements the
excitation wavelength λex was set to 450 nm, while the emission was recorded at wavelength λem
that is 590 nm. To measure just the Donor (FITC) intensity the excitation wavelength λex was
always set to 475 nm, while the emission was recorded at wavelength λem that is 517 nm. The
signal gain and the focal height were automatically optimized once and kept constant for all fol-
lowing experiments. A simultaneous measurement of FRET- and Donor- intensity was performed
to analyze APT activity on membrane bound substrate. Therefore 90 µL of 200 nM FITC labeled
palmitoylated APT Peptide (sequence: (NH2)MC(palm)GNNMSTK(FITC)-(COOH), StorkBio, Es-
tonia) used as the donor, were incubated in a 96-well microplate (Greiner Bio-One, Kremsmünster,
Austria). When a stable baseline was reached, 5 µL of the acceptor 0.1 mol% N-Rh-PE labeled
DOPC vesicles (final DOPC concentration: 500 µM) were added and rapidly mixed. The increase
in FRET- and the decrease in Donor- intensity was measured. If the intensity values stayed con-
stant 5 nM APT protein was added. All measurements were performed at room temperature in
5 mM Ammoniumcarbonate buffer, pH: 7.4.

5.2.3.4 Ambient Stopped-Flow Fluorescence Spectroscopy

To determine the association- and dissociation- rate of the FITC labeled palmitoylated APT Pep-
tide (sequence: (NH2)MC(palm)GNNMSTK(FITC)-(COOH), StorkBio, Estonia) to DOPC vesicles
Stopped-Flow experiments were performed using the SX-18MV stopped-flow apparatus. For the
FRET signal FITC labeled palmitoylated APT Peptide was excited at 435 nm and fluorescence
emission of N-Rh-PE occurring from FRET was recorded through a 570 nm cutoff filter. 8 to 10
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single injections were accumulated for each experiment. Determination of the dissociation- and
association- rate was performed as previously described in [53]. The dissociation experiments
were performed with a tenfold excess of unlabeled liposomes over labeled liposomes that were
pre-equilibrated with the 400 nM APT peptide (final concentration in the observation cell: 200nM
peptide). For the association experiment the peptide concentration in the observation cell was
kept constant at 200 nM and the N-Rh-PE labeled DOPC vesicles were used in different con-
centrations. For APT activity measurements, labeled DOPC vesicles were pre-equilibrated with
400 nM APT peptide (final concentration in the observation cell: 200nM peptide) and transfered
to one stopped flow syringe. In the other syringe, 200 nM APT protein (final concentration in the
observation cell: 100nM protein) was added. For the measurement, solutions from both syringes
were rapidly mixed and the decrease of the FRET signal was measured. All measurements were
performed at room temperature in 5 mM Ammoniumcarbonate buffer, pH: 7.4.

5.2.4 Electron spray ionization - mass spectrometry (ESI-MS)

5.2.4.1 Protein ESI

To identify the precise mass of a protein Electron-Spray Ionization mass spectrometry coupled to
liquid chromatography (LC-MS) was used. The protein solution to be analyzed was diluted with
ddH2O to a final concentration of 100 µM. 10 µL of the diluted protein solution was combined
with 10 µL acetonitrile. 2.5 µL 1 % TFA (0.1 % stock solution) was added, gently mixed and
centrifugated at 16000 rpm for 10 minutes. The supernatant was transferred to a HPLC vial.
LC-MS using a LCQ (ThermoFisher) was performed as follows: 10 µL of the protein solution
(containing ∼400 pmol protein) were injected to a C4 column that was run with a linear gradient
from 0% to 80% within 5 min, coupled to ESI-MS. MS spectra were analyzed with Xcalibur software
(ThermoFisher, Waltham, USA) and MagTran.

5.2.4.2 Detection of APT activity on palmitoylated substrates

To investigate the activity of APT on different palmitoylated substrates Electron spray ionization -
Mass spectrometry (ESI-MS) was used. The amount of the required substrates was aliquotet to a
reaction vessel. A nitrogen flow was used to evaporate a large part of the solvent. The remaining
solvent was removed by drying under vacuum over night. Afterwards the substrate was dissolved
in 5 mM (NH4)2CO3 buffer, pH 7.4. For the enzymatic reaction APT protein and the prepared
substrate was mixed at the desired concentrations in a glass vial. To prepare ESI-samples and
simultaneously stop the reaction at various time points, 50 µL of the reaction mixture were mixed
with 50 µL MeOH. The prepared ESI sample was transfered to a HPLC vial. 10 µL of the sample
were directly injected into the ESI-MS system. ESI-spectra were analyzed by Xcalibur software
(ThermoFisher, Waltham, USA). The peak intensity of the appropriated peak was measured. Due
to the lack of establishing a standard, for each point in time two to three samples of 50 µL were
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taken out and each sample was measured three times, resulting in a 9 times measurement for
each time point. The average values were plotted against time.

5.2.5 Sortase ligation

Sortase ligation of a palmitoylated peptide to a H-Ras protein was used to generate a full length
palmitoylated H-Ras protein. For the ligation 400 µM palmitoylated peptide, containing a sortase
recognition sequence ((NH2)GGGGHKLRKLNPPDESGPGSMSC(palm)KSVLS(COOH), StorkBio,
Estonia), was dissolved in buffer (20 mM Tris-HCl pH 7.9, 2 mM MgCl2 and 5 mM DTE) with 5 %
n-Dodecyl-β-D-maltoside. H-Ras Q179LPETG-(His)6 was added to the solution to a final concen-
tration of 200 µM. To start the reaction, sortase (final concentration: 100 µM) was added. The
reaction mixture was gently mixed and incubated at 4 ◦C for 3 hours. To remove the sortase and
the unligated Ras protein, the mixture was loaded on a 0.5 mL Ni-NTA column and was washed
with 2.5 mL buffer (20 mM Tris-HCl pH 7.9, 2 mM MgCl2 and 5 mM DTE). The flow through was
loaded on a 1 mL DEAE column. To remove the unligated peptide, the column was washed with
10 times column volume. Elution of the full length Ras peptide was performed with buffer con-
taining 250 mM KCl. The product was concentrated in an Amicon Ultra Centrifugal Filter (Merck
Millipore, Billerica, USA). Labeling of the product was performed with FITC maleimid. For this,
the used buffer was changed to 20 mM Tris-HCl pH 7.9, 2 mM MgCl2 and 5 mM TCEP, with a
NAP 5 column. Then 1.5x fluorescence dye was added and the reaction was kept in the dark for
1.5 hours. The reaction was purified with a nap 5 column and the product was concentrated in
an Amicon Ultra Centrifugal Filter. At all steps of the ligation and the labeling SDS samples were
taken and verified by a SDS-Gel.

5.2.6 DTNB assay

APT activity on Acetyl-CoA was detected with DTNB (5,5-dithiobis(2-nitrobenzoic acid)) [54]. For
this DTNB (final concentration in the assay: 1 mM) dissolved in gelfiltration buffer without TCEP
(50 mM Tris-HCl pH 8.0, 30 mM NaCl) was incubated in a 96-well microplate (Greiner Bio-One,
Kremsmünster, Austria) for 5 minutes. Afterwards APT protein (final concentration: 100 nM) was
added and incubated for 10 minutes. The reaction was started by adding AcCoA (final concentra-
tion: 1 mM) to the solution. Changes in the absorbance were detected at λabs=410 nm for 1 hour
(every 45 sec) at 27 ◦C with the Microplate reader Infinite M200 PRO (Tecan, Switzerland).

5.2.7 OPTS assay

APT inhibition was ascertained by the OPTS (8-octanoyloxypyrene-1,3,6-trisulfonic acid trisodium
salt, Sigma-Aldrich) assay. In this assay the hydrolysis of OPTS to the fluorescent HPTS (8-
hydroxypyrene-1,3,6-trisulfonic acid) was detected in a Tecan Infinite M200 microplate reader
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using 96-well microplates (GreinerBio-One, Kremsmünster, Austria) with λex=415 nm and λem=
520 nm.
To investigate the inhibition of APT by DTNB, 500 µM APT was incubated with 0.25, 0.5 or 1 mM
DTNB for 1 hour in a reaction vessel at room temperature. Afterwards 1 µL of the APT-DTNB mix-
ture was added to 99 µL OPTS (final concentration: 100 µM) in a 96-well microplates (GreinerBio-
One, Kremsmünster, Austria). After adding the enzyme, the formation of fluorescent HPTS was
recorded (λex = 415 nm, λem = 520 nm) at 27 ◦C subsequently The reaction mixture was shaken
prior to every new time point.

5.2.8 Crystallization

Highly pure hAPT1∆M60 S114C C186S C206S was used for the crystallization. DTNB was added
to the protein, resulting in the following final concentrations: 875 µM hAPT1∆M60 S114C C186S
C206S and 0.75 mM DTNB. The crystallization screening was performed at 20 ◦C in TTP IQintelli
96-well sitting drop plates (TTP Labtech, Melbourn, UK) using different pre-composed crystalliza-
tion screens from Qiagen. Therefore, 100 nL protein-DTNB solutoon were mixed on the plates
with 100 nL of mother liquor by a TTP labtech Mosquito pipetting robot and 70 µL of mother liquor
were used as reservoir. Crystallization plates were tightly sealed to allow vapor diffusion between
the protein drop and the reservoir solution. The crystallization growth was tracked by the Formu-
latrix Rock Imager. A final crystal was fished and stored in liquid nitrogen.

Data collection:
First the crystal diffraction was tested in-house at 100 K using either a Bruker Microstar or a Rigaku
Micromax HF-007 rotating anode and mar345 CCD detectors. Well diffracting crystals were send
to the Swiss Light Source (SLS) at the Paul Scherrer Institute (Villigen, Switzerland) where a com-
plete data set of crystal diffraction on beamline PXII was recorded.

Data processing:
The datasets were indexed, integrated and scaled using XDS and XSCALE and converted to .mtz
file format by XDSCONV, all part of the XDS program package. All phases for the structure could
be obtained by maximum likelihood molecular replacement using PhaserMR from the CCP4i pro-
gram package. The structure was iteratively refined using Refmac5 and Coot, also from CCP4
program package.

Structure validation and illustration:
The structure model was validated using implemented plugins of coot. Additionally, the structure
was uploaded to the validation service of the protein data bank (PDB). The shown structures are
generated with the program PyMOL version v1.7.2.3.
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6 Results

6.1 Development of an assay for physiological APT substrates

6.1.1 DTNB assay for colorimetric detection of free thiol groups

Several types of assays can be employed to investigate the thioesterase activity of APT proteins in
vitro. An assay previously described in [30] is a colorimetric approach, where modified para- nitro-
phenol (pNP) esters are hydrolyzed by APT, resulting in an increase of the yellow pNP product
(Figure 6.1 a)). Another assay that was also established in our group is the fluorescence based
OPTS assay (1-octanoyloxypyrene-3,6,8-trisulfonic acid) (Figure 6.1 b)). Here, the reaction can be
followed by the increase of fluorescent HPTS (1-hydroxypyrene-3,6,8-trisulfonic acid) which arises
from the APT cleavage reaction.

Figure 6.1: Two different artificial substrates to measure the thioesterase activity of APT.
Figure a) shows the para- nitro- phenyl octanoate. The fatty acid hydrolysis of this
substrate by APT leads to the yellow pNP product that can be detected by its ab-
sorbance at 405 nm. Figure b) shows the hydrolysis reaction of the non-fluorescent
OPTS (1-octanoyloxypyrene-3,6,8-trisulfonic acid trisodium salt) to the fluorescent HPTS
(1-hydroxypyrene-3,6,8-trisulfonic acid trisodium salt) with an excitation of 320 nm and an
emission of 396 nm.

31



6 Results 32

Another fluorescence based approach to monitor APT’s activity is the DiFMUO assay (6,8-difluoro-
4-methylumbelliferyl octanoate) based on a coumarin substrate [46]. An issue for the pNP and
DifMUO assays is that the substrates are often difficult to solubilize so that detergents like CHAPS
or Triton are required. Furthermore, the used substrates are artificial substrates and until now no
assay for natural substrates is available.

To overcome the problem that these assays are only for artificial substrates, a DTNB (5,5-dithiobis
(2-nitrobenzoic acid)) assay (previously described in [54]) was considered to investigate the APT
activity on natural substrates (Figure 6.2). For this assay every natural substrate with a thio ester
bond can be chosen. The resulting product from the APT cleavage then contains a free thiol
group, to which one TNB (5-thio-2-nitrobenzoic acid) molecule can bind (Figure 6.2). The other
free TNB molecule shows an absorption signal at 410 nm. Accordingly, if APT hydrolyzes the
natural substrates there should be an increase in the amount of the yellow TNB product. A scheme
of this mechanism is shown in Figure 6.2.

Figure 6.2: Mechanism of the DTNB assay. In the first step APT (blue) hydrolyzes the substrate (in this
example: Acetyl-CoA (acetyl coenzyme A)). After the hydrolysis, the product contains a free
thiol group, to which one TNB molecule can bind. The other free TNB molecule gives an
absorbance signal at 410 nm [54].

A potential problem of the DTNB assay is that APT contains cysteine residues with a free thiol
group, to which TNB can bind. But investigation of APT’s crystal structure (displayed in Figure 6.3)
shows that three out of five hAPT1’s cysteine residues (purple) are buried, whereas modification
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of the other two cysteine residues should not affect the substrate binding, since they are away
from the activ site.

Figure 6.3: Crystal structure of hAPT (green). A fatty acid (blue) from xenopus APT1 is superimposed
to indicate the active site and adjacent binding tunnel. Five cysteine residues that can be
potentially modified with TNB are shown in purple.

The substrate Acetyl-CoA (acetyl coenzyme A) was used to test the DTNB assay. It was reported
that hAPT1 shows an hydrolase activity on acyl-CoA substrates [55]. 100 nM hAPT1 and 1 mM
DTNB were preincubated to saturate any potentially modifiable cysteine residues, then the reac-
tion was started by addition of Acetyl-CoA. Unexpectedly, no changes in the absorption signal was
observable, shown in Figure 6.4.

Figure 6.4: DTNB assay to investigate the activity of hAPT1 on Acetyl-CoA. After 10 minutes incubation
of 1 mM DTNB with 100 nM hAPT1, 1 mM Acetyl-CoA was added and the changes in ab-
sorption were measured for 1 hour every 45 seconds at 410 nm. The reaction with all compo-
nents is shown as the blue dots. Control experiments with two components DTNB+hAPT1,
hAPT1+Acetyl-CoA and DTNB+Acetyl-CoA are shown in red, green and purple, respec-
tively. In addition, single component control measurements were shown in orange (DTNB),
black (hAPT1) and brown (Acetyl-CoA).
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It was expected that hAPT1 mediated deacetylation of Acetyl-CoA would induce an increase in
free TNB molecules and consequently lead to an increase in the absorption intensity. But there
was no deacetylation of acetyl-CoA detectable in the assay, resulting in the assumption that hAPT1
was unable to deacetylate acetyl-CoA in presence of DTNB.
Due to the fact that TNB binds to free thiol groups, it was examined if TNB can bind to hAPT1’s
cysteines (shown in Figure 6.5) and thus possibly lead to the inactivity of hAPT1.

Figure 6.5: Scheme of how DTNB can bind to the cysteine residues of APT. One TNB molecule can
bind to the cysteine residues (blue) of hAPT1 via a disulfide bond.

Therefore, the covalent binding of TNB molecules to hAPT1 was investigated by ESI-Mass spec-
trometry (detailed information about the method in section 5.2.4) to detect if there is a gain in
APT’s molecular weight. Figure 6.6 displays the protein masses of hAPT1 after incubation with
different concentrations of DTNB.

(a) 20 µM hAPT1 were incubated with 250 µM DTNB
for 15 minutes at room temperature. The reaction
was stopped by adding the components which are
required for the ESI-Measurement (Acetonitrile and
formic acid). The resulting ESI-spectrum was trans-
formed with the program MacTran to calculate the
protein masses. Besides the mass of the apo hAPT1
protein (24301 Da), there were also masses corre-
sponding to the binding of one (24497 Da), two (24696
Da) or three (24891 Da) TNB molecules per hAPT1.

(b) 20 µM hAPT1 were incubated with 4 mM DTNB for
15 minutes at room temperature. The reaction was stopped
by adding the components which are required for the ESI-
Measurement (Acetonitrile and formic acid). The resulting
ESI-spectrum was transformed with the program MacTran
to obtain the protein masses. No apo hAPT1 protein (24301
Da) is detectable anymore, but there are masses correspond-
ing to the binding of two (24696 Da), three (24891 Da) or
five (25291 Da) TNB molecules per hAPT1.

Figure 6.6: Masses of hAPT1 after incubation with DTNB.
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After incubation with 250 µM DTNB for 15 minutes (Figure 6.6 a), four masses were detectable.
The lightest mass of 24301 Da belongs to the apo-APT protein. The second mass (24497 Da)
shows a mass shift of 196 Da, corresponding to the binding of one TNB (MW: 199 Da, expected
mass shift: 198 Da, difference of -1: loss of one H) to a cysteine residue of APT. The error of 2 Da
is within the expected accuracy (± 3 Da) of the instrument LCQ (ThermoFisher). The third trace-
able mass has a molecular weight of 24696 Da, in comparison to the apo-APT protein a mass shift
of 395 Da occurs due to the binding of two TNB molecules to two cysteine residues. Finally the
fourth detectable mass has a molecular weight of 24891 Da. The increase of 590 Da compared
to the apo Protein is caused by the binding of three TNB molecules to three cysteines. Thus the
ESI-MS measurement reveals that TNB can bind to one, two or three cysteine residues.
The DTNB binding test was repeated with higher DTNB concentrations (Figure 6.6 b). Here, all 5
cysteine residues (25291 Da) were covalently modified with TNB, even the cysteines buried in the
core of the protein, which is not possible without serious destabilization of the protein fold due to
the steric clashes of the DTNB moieties.

(a) Percentage of the modified hAPT1 species with increas-
ing DTNB concentrations. The curves show the percentages
of the masses corresponding to APT modified with 0, 1, 2,
3 or 5 TNB molecules. 10 µM hAPT1 were incubated with
different DTNB concentrations (0.25 mM, 1 mM, 4 mM,
and 10 mM) for 15 minutes. Thereafter an ESI-MS sam-
ples was taken and the height of the peaks was determined
and the percentages were calculated.

(b) Time course of the percentage of the modified hAPT1
species. The curves show the percentages of the masses
corresponding to APT which was modified with 1, 2, 3 or 5
TNB molecules. 20 µM hAPT1 were incubated with 9 mM
DTNB concentrations for 5, 15, 30 and 60 minutes. There-
after an ESI-MS samples was taken and the height of the
peaks was determined and the percentages were calculated.

Figure 6.7: DTNB concentration and time depended cysteine modification of hAPT1.

To investigate the time and concentration dependence of the cysteine modification by TNB, an
additional ESI-MS experiment was performed. The curves in Figure 6.7 a) show how many cys-
teines are modified after 15 min at different DNTB concentrations, and Figure 6.7 b) shows the
time dependent modification of the cysteines by TNB at 9 mM DTNB. At a DTNB concentration
up to 0.25 mM DTNB concentrations mostly 1 or 2 cysteines can be modified with TNB. However,
with increasing DTNB concentrations the amount of 3 and 5 modified cysteines increases. In pres-
ence of 9 mM DTNB the time dependent experiment shows that hAPT1s with 1 and 2 modified
cysteines decreases over the time. In parallel to that the amount of 3 and 5 modified cysteines
increases over time. Apparently the modification of 4 and 5 cysteines is always parallel since no
species with 4 modified cysteines is detectable.
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The fact that all five APT cysteines can be modified, was quite unexpected and indicates a rather
low stability of the APT protein. The instability seems to be an APT specific issue, because for
other proteins, e.g. in [56] it was shown that DTNB was used to facilitate protein crystallization. It
is still unknown in which order the cysteines were modified. According to the solvent accessibility
the most likely order is Cys168 (61.6 % is H2O accessible), Cys206 (40.2 %), Cys48 (10.7 %),
Cys139 (0 %, completely buried) and Cys164 (0 %, completely buried).
However, this does not explain the failure of the assay in Figure 6.4: At 1 mM DTNB incubated
for 10 minutes, only one or two cysteines should be modified, so that some APT activity should
have remained. Thus, APT activity was tested with a fluorescence-based assay as described in
the following.

To ascertain if the binding of TNB to APT has indeed an effect on APT’s activity, an OPTS (8-
octanoyloxypyrene-1,3,6-trisulfonic acid trisodium salt, Sigma-Aldrich) assay was performed after
incubating hAPT1 with different concentrations of DTNB (Figure 6.8, for buffer and assay condi-
tions see section 5.2.7).

Figure 6.8: OPTS activity assay of hAPT1 after 15 min incubation with DTNB at concentration of 0-
1 mM. 5 nM hAPT1 were pre-incubated with different DTNB concentrations for 15 minutes
at room temperature, then 100 µM OPTS was added to the APT DTNB solution. The
curves show the increase of HPTS fluorescence after OPTS cleavage by hAPT1. The curves
indicate that the reaction velocity decreases with increasing DTNB concentration.
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Figure 6.9: Reaction velocities of 5 nM hAPT1 hydrolysis on 100 µM OPTS with different DTNB con-
centrations. The Ki value is 350 nM according to the Cheng-Prusoff equation.

The curves of the OPTS assay (Figure 6.8) show that the reaction velocity decreases with in-
creasing DTNB concentration. Thus DTNB is able to inhibit the APT activity. The question is if this
inhibition is due to the unfolding of the enzyme or if there is another mode of inhibition. The reac-
tion velocities were plotted against the DTNB concentrations (Figure 6.9) and the Ki was calculated
(with the programm Graphpad by Prism) as 350 nM. Since this Ki is much lower than expected
from the DTNB-concentration dependent cysteine modifications, it was further investigated if the
APT inactivation is caused by the unfolding after cysteine modification with TNB or if DTNB is a
(competitive) inhibitor and can bind to the active site. Thus an OPTS assay with a parallel ESI-MS
measurement was performed.

The hAPT1 hydrolysis of OPTS in absence of DTNB is displayed in orange (Figure 6.10). An
increase of the fluorescence intensity over the time is detectable, caused by the formation of the
fluorescent product HPTS. If hAPT1 is incubated in a ratio of 1:0.5 with DTNB, the hydrolyzation
of OPTS (blue curve) is almost as fast as without DTNB (orange curve). However, with increasing
DTNB concentrations (1:1 (red curve), 1:2 (green curve) or 1:10 (purple curve) APT:DTNB ratio)
the hydrolysis of OPTS by hAPT1 is almost completely abolished.
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Figure 6.10: OPTS activity assay of hAPT1 after 1 h incubation with different concentrations of DTNB.
A stock solution of 500 µM hAPT1 was pre-incubated with different concentrations (250,
500, 1000 or 5000 µM) of DTNB for 1 hour at room temperature. After incubation, the
solution was diluted with gelfiltration buffer (see section 5.2.6) without TCEP in a ratio
of 1:1000. For the OPTS assay, 1 µL of the diluted protein solution was added to 99 µL
101 µM OPTS solution (final concentrations: OPTS: 100 µM, hAPT1: 5 nM, DTNB: 2.5,
5, 10, and 50 nM) and the fluorescence of the reaction was measured in a plate reader
for 2 hours. The curves show the increase of HPTS fluorescence after OPTS cleavage by
hAPT1 . The orange curve displays the hydrolysis of apo APT protein in absence of DTNB.
If hAPT1 is incubated with DTNB in a ratio of 1:0.5 (blue curve) the reaction almost as
fast as with the apo protein. However, if the DTNB concentration is increased to a 1:1
(red curve) or 1:2 (green curve), or 1:10 (purple curve) hAPT1:DTNB ratio the hAPT1
hydrolysis of OPTS is almost completely inhibited.

Figure 6.11: Results of the ESI-MS measurements after hAPT1 incubation with DTNB in different con-
centrations. The orange, the blue, the red, the green and the purple squared figures belong
to the 1:0, 1:0.5, 1:1, 1:2 and 1:10 hAPT1 to DTNB ratio, respectively. In the first four
ESI-MS measurements the mass of the apo hAPT1 protein (24307 Da) is detectable. With
increasing DTNB concentrations (1:1 and 1:2), a mass of the modified hAPT1 protein with
one TNB molecule (24503 Da) appears. In the 1:10 hAPT1 to DTNB ratio, no apo hAPT1
protein is detectable anymore, but masses of hAPT1 modified with 1, 2, 3 and 5 TNB
molecules are present.
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Directly before the OPTS assay (after incubation of hAPT1 with DTNB for 2 h), a sample for an
ESI-MS measurement was prepared by adding acetonitrile and TFA. The results are displayed in
Figure 6.11. hAPT1’s mass without any DTNB incubation is 24307 Da. When 500 µM hAPT1 is
incubated with 250 µM DTNB for 1 h at room temperature (in a ratio of 1:0.5) only the apo protein
mass of 24307 Da is detectable. Upon incubation in a 1:1 hAPT1 DTNB (500 µM+500 µM) ratio
mainly the mass of the apo Protein is detectable, but there is a small peak (~5 % of the hight of the
apo peak) at 24503 Da visible, which corresponds to the mass of hAPT1 modified with one TNB
molecule. Furthermore, when 500 µM hAPT1 is incubated with twice the concentration of DTNB,
the peak of the protein modified with one TNB (24503 Da) increases to approximately 30 % of the
apo peak. In the 1:10 hAPT1 to DTNB ratio, no apo hAPT1 protein is detectable anymore, but
masses of hAPT1 modified with 1, 2, 3 and 5 TNB molecules are present.
The combination of the results of the OPTS activity assay with the ESI measurements (Figure
6.10 and 6.11) shows that in a 1:0 and 1:0.5 hAPT1 to DTNB ratio there is no protein modified
by TNB and the OPTS hydrolyzation rate is fast in both cases. In the 1:1 hAPT1 to DTNB ratio
there is just 5 % of the hAPT1’s modified with one TNB molecule but there is no turnover of the
OPTS detectable, thus the protein is completely inactive, but 95 % of the protein is not modified
at all, leading to the conclusion that DTNB is also a non-covalent APT inhibitor. In the 1:2 and
1:10 hAPT1 to DTNB ratio the modifications of hAPT1 increase, but the protein is still inactive as
expected. Unfortunately the crystallization with DTNB was unsuccessful, probably due to the mix-
ture of modified and unmodified hAPT1 species. The crystallization experiment was set up with
high DTNB concentrations (1:2 DTNB to hAPT ratio). Due to the low calculated Ki of 350 nM, a
crystallization set up was performed with lower DTNB concentration (875 µM hAPT1∆M60 S114C
C186S C206S with 0.75 mM DTNB), where no cysteine is modified but APT is inhibited by DTNB,
but the electron density for DTNB was only weak 7.1.

In summary, the DTNB assay turned out to be unsuitable for monitoring APT activity on physiolog-
ical substrates. The fundamental reason why the assay shows no activity was the non-covalent
binding of DTNB/TNB to hAPT1, leading to a catalytically dead hAPT1. A Ki=350 nM indicates
a very tight binding, most likely in the substrate binding tunnel. At higher DTNB concentrations,
DTNB apparently destabilizes and/ or unfolds the hAPT1 structure. To prevent this, the five cys-
teine residues could be mutated to e.g. serine, so that TNB is unable to bind to hAPT1. But even
in that case the problem of the non-covalent inhibition would make this assay unsuitable.

6.1.2 ESI-MS measurements for physiological APT substrates

As described in section 6.1.1 several assays can be used to monitor APT’s activity on artificial
substrates. Until now, no assay shows how APT could depalmitoylate any biological substrates.
Since the DTNB assay turned out to be unsuitable for measuring the APT activity on biologi-
cal substrates, an electrospray ionization-mass spectrometry (ESI-MS) approach was established
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together with Stefan Baumeister to determine the kinetics of catalysis of hAPT1 and hAPT2 on dif-
ferent biological substrates. Three different kinds of substrates were used for this assay as shown
in Figure 6.12. The first one is lyso-palmitoylphosphocholine (lyso-PPC, Avanti Polar Lipids, US)
to investigate the lyso-phospholipase activity of hAPT, as described in [20]. The second substrate
is di-palmitoylphosphocholine (DPPC, Avanti Polar Lipids, US), to analyze if hAPTs have no detri-
mental effect on these lipids that are used as model membranes as described in section 6.2.2.1. It
was reported that both human APT isoforms are N-terminally palmitoylated on their Cys2, and that
both show autodepalmitoylation [33]. Furthermore, it was proposed that hAPT1 is able to depalmi-
toylate isoform 2 in vivo but not vice versa [33], [34]. Thus, an N-terminal hAPT1-peptide was used
to investigate hAPT1 and hAPT2 activity on the palmitoylated hAPT1 N-terminus in vitro, so the
third substrate is a palmitoylated peptide, corresponding to the N-terminus of hAPT1 (sequence:
(NH2)MC(palm)GNNMSTK(FITC)-(COOH), StorkBio, Estonia).

Figure 6.12: Chemical structures of three different physiological substrates of hAPT. a) Lyso-
palmitoylphosphocholine (lyso-PPC), b) di-palmitoylphosphocholine (DPPC) and c) a palmi-
toylated peptide corresponding to the hAPT1 N-terminus. The red arrows show the ester
bond which can be hydrolyzed by hAPTs.

40



6 Results 41

For the assay, substrates and hAPT1 or hAPT2 were incubated in 5 mM (NH)4CO3 buffer and the
reaction was stopped with MeOH at different time points (up to 24 hours). The maximum soluble
concentrations for lyso-PPC was 0.2 µM and for DPPC 0.1 µM, whereas the peptide is well solu-
ble in (NH)4CO3 buffer and could be used at 100 µM. For each time point a positive ESI-spectrum
was measured (see section 5.2.4). The peak intensities of the substrates were assigned, inte-
grated and plotted against the time (Figure 6.13). Regrettably, the use of a fatty acid standard,
like palmitic acid, was impossible because of a very weak ionization efficiency of the fatty acid.
Nevertheless the decrease of the substrate peak intensity could be monitored and for every time
point six to nine samples were measured. The relatively good reproducibility is indicated by the
error bars (in Figure 6.13).

(a) Relative peak intensities of different APT substrates in
the first 4 hours.

(b) Relative peak intensities of different APT substrates
monitored for 24 hours.

Figure 6.13: ESI-MS measurements to investigate the activity of human APT isoforms on different sub-
strates. Substrates (100 µM hAPT1 peptide, 0.2 µM lyso-PPC and 0.1 µM DPPC) and
hAPT1 or hAPT2 (for peptide measurement: 1 nM hAPT1/hAPT2 and for the phospho-
lipids: 100 nM hAPT1/hAPT2) were incubated in 5 mM (NH)4CO3 at room temperature
and samples were taken at different time points for an ESI-measurement. For each time
point at least 6 replications were measured. The relative peak intensities were plotted
against the time and the error bars indicate the standard error.

Figure 6.13 shows the time dependence of ESI-MS peak intensities for three different physiological
APT substrates after incubation with hAPT1 or hAPT2. In the first 4 hours (Figure 6.13 a) a
decrease in the amount of the hAPT1 peptide and lyso-PPC, but not DPPC is detectable for both
hAPT1 and hAPT2. This trend is confirmed after 24 hours, where the DPPC peak intensity is still
not decreasing significantly (as far as one can tell with the large errors), but significant cleavage
activity can be clearly seen for lyso-PPC and the hAPT1 peptide. To estimate the turnover rate of
the substrates the initial slope was calculated and apparent kcat values were determined according
to the following formula:

kcat =
(−d[S]

dt )max

[E]0

kcat calculation with [S] = substrate concentration, t=time and [E] = Enzyme concentration,
(d[S]/dt)max=Vmax (assuming saturation of the enzyme)
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These calculations take the hydrolyzed amount of substrate (100 µM hAPT1 peptide, 0.2 µM lyso-
PPC and 0.1 µM DPPC) and protein concentrations (for peptide measurement: 1 nM hAPT1/
hAPT2 and for the phospholipids: 100 nM hAPT1/hAPT2) into consideration. The determined kcat

values are summarized in table 6.1.

Table 6.1: Calculated (apparent) kcat values for hAPT1 and hAPT2 hydrolyzing the APT1-peptide and
lyso-PPC. The values reveal that hAPT1 and hAPT2 posses almost identical activity on the
three substrates. No activity was observed for DPPC.

Apparent kcat hAPT1-peptide Lyso-PPC
kcat (hAPT1) / s-1 26.2 1.7·10 -4

kcat (hAPT2) / s-1 27.2 1.2·10-4

The kcat value describes the enzyme turnover rate of a substrate per second. In this case, hAPT1
can convert 1.7·10-4 molecules of lyso-PPC per second and both hAPT1 and hAPT2 are not active
on DOPC in aqueous solution. This turnover rate is drastically slower compared to the artificial
PPTS substrates (e.g. OPTS kcat = 4.5 s-1) determined by Stefan Baumeister [30]. hAPT2 exhibits
similar hydrolysis rate of 1.2·10-4 molecules of lyso-PPC per second in aqueous solution. This
might coincide with the poor solubility of lyso-PPC and especially DPPC, both are probably present
in the form of micelles, but it shows that APT is clearly not a lipase (lipases are often activated by
micelles and show kcat values of 1·104s-1 [57]). The amount of "soluble" phospholipids accessible
to hAPTs is very likely much lower than the total substrate concentration, since they probably form
aggregates, micelles or can stick to surfaces (for a better solubilization the phospholipids were
sonicated before the measurements). Thus the calculated kcat values for the phospholipids can
be regarded as an an upper limit of the turnover rate of hAPT1 and hAPT2. To improve the poor
solubility, detergents can be used. A test ESI-MS measurement with DPPC and detergents was
performed, but since the detergent had to be used in high concentration (above the critical micelle
concentration (CMC)), it leads to a strong signal in the ESI-MS spectrum and also reduces the
ionization efficiency of the phospholipid substrate.
A more physiological substrate in the ESI-MS measurement was the palmitoylated N-terminal
hAPT1 peptide. It was tested if both human isoforms are able to depalmitoylate the hAPT1 peptide
in vitro, because it was proposed that in vivo only isoform 1 is able to depalmitoylate hAPT1 and not
isoform 2 [33]. Figure 6.13 shows the fast decrease of palmitoylated peptide and accordingly the
hydrolyzation rate of both human isoforms. Compared to the phospholipids the peptide solubility is
much higher and therefore the measured values are more reliable, which is also supported by the
smaller error bars. As a result hAPT1 can convert 26.2 molecules of hAPT1-peptide and hAPT2
can convert 27.2 hAPT1-peptides per second in aqueous solution (see table 6.1). This is a lower
limit, since it is not clear that both enzymes are saturated with the substrate, also depending on
the accessibility of the palmitoylated peptide. At least the substrate is in 200 fold excess (200 nM
peptide vs 1 nM enzyme). In contrast to the claimed fact in the literature that hAPT2 is unable
to depalmitoylate hAPT1 in vivo, in the ESI-MS measurement both human isoforms are able to
depalmitoylate the N-terminal APT1-peptide with similar efficiency.
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Therefore hAPT2’s inability of depalmitoylating hAPT1 in vivo must have another reason, perhaps
due to a different localization in the cell, or due to a different regulation.

In summary, the ESI-MS measurements indicate that both human APT isoforms are able to
(slowly) hydrolyze (lyso-)phospholipids, but to efficiently depalmitoylate an N-terminal hAPT1-
peptide respectively. For phospholipids the determined kinetic parameters are a rough estimate
because of the poor solubility and micelle formation. For the better soluble N-Terminal APT1-
peptide the values are more reliable. The fact that hAPT1 and hAPT2 hydrolyze DPPC not at
all makes it possible to use phospholipids as model membranes in further experiments. Further-
more, the ESI-MS data shows that both human isoforms are able to depalmitoylate the N-terminal
APT1-peptide in vitro so that hAPT2’s inability to depalmitoylate hAPT1 in vivo must be caused by
another reason than an intrinsic difference between hAPT1 and hAPT2.

6.2 A FRET-based system to study the activity of human APTs on
a membrane bound substrate

APT gained prestige when its ability to depalmitoylate proteins like Gα and Ras in yeast [23]
and later also the oncogenic Ras protein of higher organisms was described [15]. Studying the
depalmitoylation of the protein substrates is of importance since most of them can be linked to
diseases or malfunctions in biological systems. Accordingly, these depalmitoylation reactions are
highly relevant, because interfering with these processes can be a starting point to develop po-
tential drugs e.g. against cancer [32]. Several studies focused on the depalmitoylation of protein
substrates in vivo, but the mechanism how APT gains access to the palmitoylated proteins is still
unknown. It remains unclear if APT can actively extract and depalmitoylate the proteins, if APT’s
palmitoylation at Cys2 has an effect on the substrate extraction/depalmitoylation, or if some helper
proteins (for instance FKBP12, which was described as a cofactor in Ras depalmitoylation [58])
are required to extract the membrane bound substrates and to present it to APT.
Furthermore, all known in vitro assays to date are focusing on (more or less soluble) artificial
substrates (described in section 6.1.1) and APTs activity in solution. To analyze APT’s activity in
a more natural environment, model membranes made of DOPC are used in the following stud-
ies. To investigate the interaction of APT with a membrane bound substrate and simultaneously
test the ability of human APT isoforms to depalmitoylate the Cys2 of hAPT1, in vitro assays with
model membranes were performed. Therefore a palmitoylated and fluorescein (FITC)-labeled
nonapeptide (Figure 6.14) with the N-terminal sequence of APT1 (that was also used for the ESI-
measurements described above) was bound to vesicles and then treated with APT.
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Figure 6.14: Chemical structure of the palmitoylated peptide corresponding to the hAPT1 N-terminus.
The red arrow shows the ester bond that can be hydrolyzed by APTs.

Binding of the FITC labeled peptide to the vesicles labeled with 0.1 mol% 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (N-Rh-PE) was detected by FRET.
Figure 6.15 displays the fluorescence spectra of the two dyes, where FITC is used as donor
(exmax: 501 nm, emmax: 515 nm) and rhodamine is used as acceptor (exmax: 568 nm, emmax:
591 nm). The overlap of the FITC (donor) emission and the rhodamine (acceptor) excitation that is
necessary for the FRET effect, is discernible in Figure 6.15. The experiments were performed with
a stopped-flow machine and the FRET from the FITC labeled peptide to the rhodamine labeled
vesicles was measured at λem = 435 nm and recorded through a 570 nm cutoff filter (see section
5.2.3.4).

Figure 6.15: Fluorescence spectra of fluorescein (FITC) and rhodamine. The graphic displays the emission
and excitation spectra of fluorescein and rhodamine in green and red, respectively. The
yellow area highlights the overlap of the FITC excitation and rhodamine emission that is
important for the FRET mechanism. The figure was designed with the ThermoFischer
Fluorescence SpectraViewer and then modified. A suitable excitation wavelength is 435 nm,
and FRET to the rhodamine can be seen with a 570 nm cutoff filter.
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6.2.1 Determination of the association and dissociation rate of the palmitoylated
N-terminal hAPT1 peptide to model membranes

To get insights if APT is able to actively extract a membrane bound substrate from the membrane,
several kinetic parameters need to be determined. First of all the association and the dissociation
rate of the palmitoylated peptide to or from the membrane has to be measured. These values are
of importance for the comparison of the dissociation rate to the hydrolyzation rate of the peptide
(kcat values from section 6.2.2.1) potentially provides information if APT can access the peptide in
membrane. If the hydrolysis rate for the membrane bound substrate (kcat) is considerably higher
than the dissociation rate (kdiss), APT must be able to either accelerate the dissociation or to de-
palmitoylate the peptide in the membrane. Vice versa, if the hydrolyzation rate of the membrane
bound peptide is less than or equal to the dissociation rate, APT has to wait in solution for the
peptide to leave the membrane to be able to depalmitoylate it. An example protein which can
actively extract proteins from the membrane is the GDI (GDP dissociation inhibitor). This protein
is able to accelerate the membrane dissociation of Rab GTPases from membranes [59].

Determination of the association and dissociation rates of the FITC-labeled palmitoylated N-terminal
APT1 peptide to rhodamine labeled DOPC vesicles was implemented as previously described
in [53]. DOPC lipids were chosen because they can form uncharged vesicles which are quite
stable and, as shown above, APTs showed no activity on DOPC phospholipids. The vesicles
were easily prepared by the freeze-thaw method (see section 5.2.3.1). The experiments were per-
formed with a stopped-flow machine (SX. 18MV Stopped-flow apparatus, Applied Photophysics
(Leatherhead,UK)) and the FRET from the FITC labeled peptide to the rhodamine labeled vesi-
cles was measured at λex = 435 nm and recorded through a 570 nm cutoff filter 6.15.

To measure the association rate, the FITC labeled peptide and the rhodamine labeled vesicles
were mixed in a stopped-flow machine. The binding of the peptide to the vesicles leads to an
increase in the FRET signal which can be measured over time. The dissociation rate can be
determined by a decreasing FRET signal, which occurs, when the peptide dissociates from the
rhodamine labeled vesicles to unlabeled vesicles that are added after equilibration, as shown in
Figure 6.16.
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Figure 6.16: Scheme of the FRET-based assay to determine the association and dissociation rate of
the APT1 peptide to DOPC vesicles. The association rate is monitored by the increased
FRET signal which occurs upon the binding of the FITC labeled peptide to the rhodamine
labeled vesicles (kass). The dissociation rate can be determined from the decreasing FRET
signal which occurs when the peptide dissociates from the rhodamine labeled vesicles to the
unlabeled vesicles added in excess (kdiss).

As shown in Figure 6.17, the association reaction of the palmitoylated APT1 peptide to the rho-
damine labeled DOPC vesicles was accompanied by an increase in the FRET intensity as ex-
pected. The peptide-membrane association was found to be a single step process, as the time
evolution of the association process could be described by a single exponential function with a
kobs of 5.91 s-1 (Figure 6.17).

The next step is determination of an apparent Kd value for binding of the FITC-labeled palmitoy-
lated hAPT1 peptide to the DOPC vesicles by varying the vesicle concentration.
Figure 6.18 shows that by increasing the lipid concentration (and therefore also the vesicle concen-
tration) stepwise from 0.39 µM to 100 µM while holding the APT1-peptide concentration constant,
the observed association rates first decrease from ~4 to 1 s-1, then increase to 10 s-1 (table 6.2).
The calculated number of DOPC lipids in the bilayer of one DOPC vesicle with a diameter of
100 nm is approximately 93000, assuming a surface area of 67.4 Å2 per DOPC lipid [60]. 0.39 µM
DOPC can form 4.2 pM vesicles, so that an average of ~48000 peptides are bound per vesicle at
200 nM peptide peptide concentration. On average 9300 N-Rhodamine-PE lipids are present per
vesicle, covering 10 % of the vesicle surface (corresponding to 0.1 mol% N-Rh-PE). At 100 µM
DOPC, there are on average 186 peptides per vesicle. Thus at the highest ratios of peptide to
lipids, each peptide has an area of ~66 Å2 available (counting only the outer monolayer) or even
132 Å2 (if the peptide can flip in and out).
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(a) Representative association curve.

(b) Residuals of the measured data.

Figure 6.17: a) Representative association curve of 0.2 µM hAPT1-peptide to 75 µM rhodamine labeled
DOPC vesicles. Due to the binding of the FITC-labeled peptide to the rhodamine labeled
vesicles, the FRET signal increases over the time. The single exponential fit with a kobs of
5.91 s-1 is shown in red. The slight increase of FRET in the plateau phase is probably due
to dissolving micelles formed by peptide, leading to a second, slower phase of attachment
to the vesicles. b) Residuals of the measured data to a single exponential fit. The fit was
performed with the program Prism (by Graphpad).

Figure 6.18: Association curves of 0.2 µM FITC-labeled, palmitoylated hAPT1-peptide to rhodamine-
labeled DOPC vesicles. The lipid concentration was increased from 0.39 µM to 100 µM.
As expected, an increased DOPC concentration gives rise to higher association rates. The
experiments were performed with a stopped-flow machine and the FRET from the FITC la-
beled peptide to the rhodamine labeled vesicles was measured at λex= 435 nm and recorded
through a 570 nm cutoff filter.
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This means that the peptides are extremely tightly packed. So the initial decreasing association
rates can be explained like this: at the lower DOPC concentrations the vesicles are saturated with
peptide, so that on average every third "lipid" in the vesicle would be a peptide molecule. This
probably leads to formation of aggregates or mixed micelles that do not show a real association
rate to an intact DOPC membrane, but artificially increase the values. The minimum kobs is ob-
served at 3.125 µM DOPC lipid concentration (table 6.2) which corresponds to ~6 % peptides,
making the presence of intact vesicles likely.

Table 6.2: Total amplitudes and observed rate constants for the different DOPC concentrations of the
association curves. Additionally the number of peptide molecules per single DOPC vesicle are
listed.

DOPC concentration 0.39 0.78 1.56 3.125 6.25 12.5 25 50 75 100
/ µM

Amplitudes/ a.u. 0.007 0.01 0.017 0.024 0.039 0.059 0.079 0.076 0.068 0.062
kobs/ s-1 3.99 1.50 1.38 1.06 1.12 1.12 1.86 3.96 5.91 10.45

Peptide molecules 47805 23903 11951 5966 2983 1492 746 372 248 186
per vesicle

As expected, the overall amplitudes of the FRET signals displayed in the association experiments
are also increasing with the lipid concentration. Since the binding reaction is P + V 
 PV (with
P=peptide, V=vesicle and PV=peptide-vesicle complex), the equilibrium is shifted towards the
complex PV (the peptide-vesicle complex) with increasing V. This concentration dependency can
therefore be used to estimate a Kd value for the interaction between the APT1-peptide and DOPC
vesicles (previously described in [53]). Also, number of lipid molecules needed to constitute a
binding site for one APT1-peptide can be determined. The amplitudes (listed in Table 6.2) were
plotted against the lipid concentration. This is shown in Figure 6.19.

Figure 6.19: Amplitudes of the association curves. The amplitudes of Figure 6.18, corresponding to the
end are plotted against the DOPC concentration.
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The following equation was used to determine the Kd and the number of DOCP molecules that
form one peptide binding site as previously described in [53]:

F = F0 + (([P0] + [L0]n+Kd − (([P0] + [L0]n+Kd)
2 − 4[P0][L0]n)1/2)× (F∞ − F0)/(2[P0]))

With [P0]: initial peptide concentration (0.2 nM), [L0]: initial DOPC concentration, [F0]: initial
fluorescence signal, F∞: asymptotic limit, Kd: dissociation constant and n: fraction of DOCP
molecules that form one peptide binding site. Kd, n and F∞ are the only parameters that have to
be fitted.
From the fit the constant n was found to be 0.023, meaning that one DOPC molecule represents
2.3 % of the membrane surface needed to bind one APT1-peptide, leading to the conclusion that
43 DOPC molecules are necessary to form an APT1-peptide binding site. The estimation for the
Kd for binding of the palmitoylated hAPT1 peptide to the DOPC vesicles is 18.3 nM.

With these values for Kd and n, the association and dissociation rates for the APT1-peptide to the
DOPC vesicles can be estimated. The observed rate constants from the association processes
(Table 6.2) were plotted against the lipid concentrations (Figure 6.20). The slope of the line corre-
sponds to kass and the y-axis intercept gives the kdiss value.

Figure 6.20: Observed rate constants of the association curves shown in Figure 6.18. The observed rate
constants were plotted against the DOPC concentration. The slope of the line corresponds
to kass and the y-axis intercept gives the kdiss value.

The number of DOPC lipid molecules per APT1-peptide binding site allows to normalize the con-
centration of the lipid and thus a determination of the apparent association rate constant for the
first order process can be given. The slope from Figure 6.20 must therefore be multiplied by 43
(equivalent to dividing the DOPC concentration on the x-axis by 43), resulting in an association
rate of kass=3.6∗106M-1s-1. The dissociation rate is given in this plot from the intercept on the
y-axis and was found to be kdiss=0.57s-1. To investigate if these results are consistent with each
other, the individual rate constants can be used to determine the Kd value, given by Kd=kdiss/kass.
This value is Kd=158.3 nM, which is with consideration of measurement inaccuracy, especially
with the y-axis intercept and therefore kdiss (Figure 6.20), being extremely sensitive to errors, in a
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similar range to the estimated Kd value of 18 nM which was obtained from the amplitude titration
6.19.

Fortunately, another way to determine the dissociation rate of the APT1-peptide from DOPC vesi-
cles is a direct measurement of the dissociation rate. For this, the APT1-peptide was bound
to labeled rhodamine vesicles, and a ten fold access of unlabeled ("dark") DOPC vesicles was
added. Due to the exchange of the peptide from labeled to unlabeled vesicles the FRET intensity
decreases. This dissociation measurement is displayed in Figure 6.21.

(a) Dissociation curve of 0.2 µM
FITC labeled hAPT1-peptide bound
to 25 µM rhodamine labeled DOPC
vesicles after adding 250 µM unla-
beled DOPC vesicles. The single ex-
ponential fit is shown in red.

(b) Residuals of the measured data
to a single exponential fit. The
fit was performed with the program
prism by Graphpad. It’s a quiet sta-
ble fit, with very small errors.

Figure 6.21: Dissociation curve of 0.2 µM FITC labeled hAPT1-peptide localized on 25 µM rhodamine
labeled DOPC vesicles to 250 µM unlabeled DOPC vesicles.

The estimated dissociation rate from the single exponential fit (Figure 6.21) is kdiss=0.55s-1. This
is in very good agreement with the value of 0.57s-1 calculated for kdiss from the association mea-
surements.
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Figure 6.22: Association and dissociation process of the APT1-peptide to DOPC vesicles. The association
rate was estimated as kass=3.6∗106M-1s-1 and the dissociation rate as kdiss=0.55s-1, giving
a Kd of 158 nM or 18 nM from the amplitude fit.

In summary, both the association and dissociation of the APT1-peptide to and from DOPC vesicles
are single step processes. The complete association and dissociation reaction is shown in Figure
6.22. The association rate of the peptide to the rhodamine labeled vesicles was found to be
kass=3.6∗106M-1s-1, the dissociation rate was estimated as kdiss=0.55s-1. In addition, the estimated
dissociation constant Kd was 158 nM according to the rate constant determination, or 18 nM from
the amplitude fit. In the literature it can be found that typical dissociation rates for palmitoylated
peptides are in the range of 0.69-6.9 molecules per second [61]. This is in a good agreement
with the experimentally determined kdiss=0.55s-1. The estimated Kd for palmitoylated peptides in
literature is around 60-196 nM nM [61], thus also the Kd values of 18 nM or 158 nM, also fits in the
range of the literature value.

6.2.2 Steady state FRET assay for APT catalytic activity on palmitoylated
peptides in DOPC vesicles

6.2.2.1 APT activity on the palmitoylated N-terminal APT1-peptide in DOPC vesicles

Following the determination of the fast association and slow dissociation rates of the APT pep-
tide using stopped-flow kinetics, steady state kinetic measurements of the FITC labeled peptide
associated to rhodamine labeled DOPC vesicles were performed using a Clariostar plate reader
(BMG LABTECH). An advantage of the plate reader is that it can measure the changes in donor
and acceptor fluorescence simultaneously. Vesicles were prepared by the freeze-thaw method
and labeled with 0.1 mol% of the acceptor fluorophore N-Rh-PE. The wavelength for the donor
signal measurements was set to λem = 475 nm and λex = 517 nm and for the acceptor fluores-
cence to λem = 450 nm and λex= 590 nm. Figure 6.23 shows the fluorescence measurements,
where first the peptide with the donor FITC label was bound to the vesicles and subsequently
depalmitoylated after addition of hAPT1/2. In the first approximately 30 minutes, the fluorescence
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signal of the peptide alone was measured until a reasonably stable baseline was reached. There-
after, 500 µM rhodamine labeled DOPC vesicles were added. Due to binding of the FITC-labeled
peptide to the vesicles the FRET efficiency increases, as expected. That means the acceptor
(rhodamine) emission signal rises due to the electron transfer from donor (FITC) to acceptor, and
the donor signal intensity decreases, due to the absorption of the emitted photons by the acceptor.
After a constant baseline was reached, the addition of the enzymes followed. In presence of ei-
ther the human APT isoform 1 or 2 the FRET signal decreases and the donor signal increases as
expected, owing to the depalmitoylation of the peptide and therefore the loss of the binding to the
vesicles. In presence of the catalytically inactive hAPT1S119A mutant the donor and acceptor sig-
nal stays practically unchanged, thus proving that the observed effects are really due to cleavage
of the thioester bond of the peptide, leaving the palmitoyl moiety bound to the vesicles.

Figure 6.23: Measuring the APT activity on vesicle bound palmitoylated peptide. The donor and the
acceptor intensities were measured simultaneously with donor fluorescence at λem = 475 nm
/ λex = 517 nm and FRET fluorescence: λem = 450 nm/ λex = 590 nm. In the beginning
200 nM hAPT1 peptide was measured until a baseline was reached. Upon addition of 500 µM
rhodamine labeled DOPC vesicles the FRET intensity increases whereas the donor intensity
decreases. After a stable plateau was reached, 5 nM of either active hAPT1, hAPT2,
the catalytically inactive hAPT1S119A, or buffer were added. The depalmitoylation of the
peptide by hAPT1 or hAPT2 results in the loss of the membrane anchor and loss of affinity
of the peptide to the membrane. This is clearly shown by the decrease of the FRET signal
and the simultaneous increase of the donor signal.

As Figure 6.23 shows, both hAPT1 and hAPT2 are able to depalmitoylate the palmitoylated hAPT1
peptide which was pre-bound to vesicles. It is clearly visible that both APTs can quantitatively de-
palmitoylate the vesicle-bound peptide since the intensities of the FRET signals will decrease over
time to the ground state fluorescence FRET signal of vesicles alone (pink curve).
The apparent reaction velocity was estimated from the linear slope directly after APT addition
and the kcat values (assuming saturation of the enzyme) were calculated. They are for hAPT1:
kcat=0.11 s-1 and for APT2: kcat=0.12 s-1, i.e. both human isoforms show similar activity on the
hAPT1 peptide.
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As described earlier in section 6.1.2, the estimated hydrolysis rate of the hAPT1 peptide in so-
lution by hAPT1 and hAPT2 was ∼ 27 molecules per second. Thus, the hydrolysis rate of the
vesicle-bound peptide is reduced by a factor of 250. Compared to the dissociation constant of the
APT1-peptide from the DOPC vesicles (kdiss=0.55s-1, section 6.2.1), the estimated kcat values are
in a similar range, in contrast to the kcat in solution (∼ 27). These comparisons show that the rate
limiting step in this process is most likely the dissociation of the peptide from the membrane. This
suggests that APTs have no direct access to the membrane-bound peptides and are unable to
actively extract the peptides from the membrane. The peptide has a high membrane affinity (Kd

was determined in section 6.2.1 to be between 18 nM and 158 nM). Thus, only a tiny fraction of
the peptide is readily accessible for APT, as most of the peptide (97-99%) is bound to vesicles and
is not "free" in solution. Furthermore, under the conditions used in Figure 6.23 only approximately
40 peptides (calculation with DOPC surface area of 67.4 Å2 [60]) are bound to one DOPC vesicle
with a diameter of 0.1 µm, so that the enzyme is not working at maximum speed.
To investigate if the dissociation of the peptide from the membrane really is the rate limiting step of
the reaction, the enzyme concentration has to be saturating. If the catalytic rate at saturating APT
concentrations is still slower than kdiss of the peptide, the peptide dissociation is the rate limiting
step.

Since in the FRET assay described in Figure 6.23 just 5 nM of the enzymes was used, the enzyme
kinetic was measured at higher APT concentration (100 nM) with a stopped-flow machine. The
association of the FITC labeled peptide to rhodamine labeled vesicles was again measured by
FRET, with λem= 435 nm and recorded through a 570 nm cutoff filter. Results of the stopped flow
experiment are displayed in Figure 6.24.

Figure 6.24: Stopped-flow measurement indicating the catalytic activity of hAPTs on the vesicle bound
APT1-peptide. 0.2 µM APT1-peptide was bound to 25 µM 0.1 mol% rhodamine labeled
DOPC vesicles. The graph shows the FRET signal decrease after mixing with 0.1 µM hAPT1
or hAPT2. A decrease of the FRET signal is detectable for both human isoforms hAPT1
and hAPT2 displayed in blue and red respectively. A single exponential fit yielded the kobs
values shown in table 6.3. Both controls, buffer (orange) and the dead hAPT1 mutant
S119A (green) show no significant changes in the FRET intensity.
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In presence of either of the human isoforms, hAPT1 (blue) and hAPT2 (red), a decrease in the
FRET intensity is detectable. Both proteins were able to depalmitoylate the peptide which was
localized to the DOPC vesicles, confirming the ESI-MS measurements (section 6.1.2) and the
FRET measurements on the plate reader (section 6.2.2.1). Both control experiments, with buffer
(orange) or the "dead" hAPT1 mutant S119A, show no changes in the FRET intensity. The kobs

values were determined by a single exponential fit with the software Prism7 (Graphpad). With
these values, the estimated kcat for both hAPT proteins was determined. All values are shown in
table 6.3.

Table 6.3: Measured kobs values and calculated (apparent) kcat values for 100 nM hAPT1 or hAPT2
hydrolyzing 200 nM APT1-peptide bound to DOPC vesicles. hAPT1 and hAPT2 possess
almost identical apparent catalytic activity on the substrate. The values for 5 nM APT are
derived from the experiment described in Figure 6.23.

kobs / s-1 kcat with 100 nM APT/ s-1 kcat with 5 nM APT/ s-1

hAPT1 0.33 0.47 0.11
hAPT2 0.39 0.57 0.12

The values in table 6.3 indicate again that both human isoforms show almost identical activity
on the substrate peptide. Compared to the turnover rate with lower (5 nM) hAPT concentra-
tion (kcat=0.11 s-1 and for APT2: kcat=0.12 s-1), there is a significant increase of the kcat values
detectable in presence of higher APT concentrations (100 nM). Compared to the determined dis-
sociation values (kdiss=0.55s-1, section 6.2.1) of the APT1-peptide from the DOPC vesicles, the
estimated kcat values are now in a similar range. Assuming that the APT concentration is satu-
rating in the stopped-flow experiment, i.e. each dissociating peptide is immediately hydrolyzed by
APT, (Figure 6.24), the rate limiting step in this process is indeed the dissociation of the peptide
from membranes, indicating that APT is unable to "actively" extract the peptide from the mem-
brane. To determine a "real" kcat value, the substrate should be in saturation, which is probably
not the case here.

In summary, the FRET measurements show that hAPT1 as well as hAPT2 are able to depalmi-
toylate a peptide which was bound to DOPC vesicles. Calculation of the kcat values reveals that
both hAPT1 (kcat = 0.47 s-1) and hAPT2 (kcat = 0.57 s-1) show almost identical dapalmitoylation
activity on the peptide. The estimated kcat values are in the same range as the dissociation value
(kdiss=0.55 s-1, section 6.2.1) of the peptide from the DOPC membranes. Therefore it is likely that
the dissociation is the rate limiting step, corroborating the assumption that APT is unable to extract
the peptide from the membrane, but is "waiting" for the peptide outside of the membrane.
To further investigate these hypothesis, other techniques can be used to follow the depalmitoyla-
tion of the membrane bound substrate, e.g. fluorescence polarization. Stefan Baumeister showed
with his method that both APT’s are able to depalmitoylate the membrane bound peptide. APT1
in this assay shows a kcat (0.38 s-1) in the range of the dissociation rate. His assay showed that
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hAPT2 is slightly faster (0.62 s-1) than hAPT1 [30], but the values are still quite similar and corrob-
orate the values found in this work. A microscopy assay to directly follow the depalmitoylation of
the APT peptide in giant unilamellar vesicles is described in section 6.4.

6.2.2.2 APT activity on a palmitoylated H-Ras peptide in DOPC vesicles

APT was found to have many different biological substrates. For example various heterotrimeric
G protein α subunits [23], [27], eNOS [28], RGS4 [23] and SNAP-23 [29] and Ras proteins
[23]. To investigate APT’s activity on other biological substrates, a longer (24 amino acid) mono-
palmitoylated, FITC labeled C-terminal H-Ras peptide (Storkbio, Estonia) was used in the FRET
assay (Figure 6.25). Compared to the short hAPT1 peptide this longer H-Ras peptide predicted to
be able to interact with APT regions outside the binding tunnel.

Figure 6.25: Chemical structure of the palmitoylated peptide corresponding to the C-terminus of H-Ras.
Two cysteines (Cys186 from the CAAX box that is normally palmitoylated and Cys181
that can also be palmitoylated) were mutated to serine (highlighted in yellow) to prevent
unwanted site reactions, the palmitoyl chain is attached to Cys184.

The same FRET experiment using rhodamine labeled vesicles that was performed for the palmi-
toylated hAPT1 peptide (in section 6.2.2.1) was repeated for the palmitoylated H-Ras peptide. The
result is shown in Figure 6.26.
At time point zero, the H-Ras peptide is incubated for 30 minutes in the plate (Figure 6.26). In this
pre-incubation time the fluorescence intensity of the FITC decreases. The loss of intensity could
arise due to the formation of peptide aggregates or micelles: When the FITC molecules are very
close to each other, the fluorophores can quench themselves [62], leading to a decreased signal
intensity. In contrast to the hAPT1 peptide, the H-Ras peptide signal does not stabilize, which is
shown in the noisy decrease of the donor intensities, indicating an inhomogeneous distribution of
the peptide.
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Figure 6.26: Measuring the APT activity on vesicle bound palmitoylated H-Ras peptide. The donor and
the acceptor intensities were measured simultaneously with donor fluorescence at λem =
475 nm and λex = 517 nm and acceptor fluorescence: λem = 450 nm and λex = 590 nm. In
the beginning 200 nM H-Ras peptide was measured for 30 minutes. Upon addition of 500 µM
rhodamine labeled DOPC vesicles the FRET intensity (acceptor intensity) increases, but this
effect was not accompanied by a significant decrease in donor intensity. After a plateau was
reached, 5 nM of either active hAPT1, hAPT2, the catalytically inactive hAPT1S119A or
buffer were added, and now a clear increase in donor fluorescence is evident. The left graph
presents the raw data whereas the right graph showed normalized to a base line after vesicle
addition.

After approximately 30 minutes rhodamine

Figure 6.27: Rhodamine labeled DOPC vesicle with
10 µM palmitoylated H-Ras peptide. The H-
Ras peptide is enriched at the DOPC vesicle,
indicating that the peptide in general can
bind to DOPC vesicles.

labeled vesicles were added, and the FRET
intensity ("Acceptor" in Figure 6.26) increases,
but almost as much in the buffer control as
in the peptide containing samples, how-
ever, the donor intensity does not decrease
significantly. In comparison to the changes
caused by the addition of hAPT1 peptide
the changes for the H-Ras peptide are much
smaller. A possible reason for the miss-
ing FRET signal could be a close contact
quenching of the FITC label of the peptide
with the rhodamine labeled lipids [63]. Another possible reason for the lower FRET efficiency
could be a "propeller" effect of the (longer) peptide. That means that the fluorophor is rotating so
fast that the electron transfer is quite inefficient. This assumption is supported by the fluorescence
polarization experiments performed by Stefan Baumeister. In his polarization assay, there was
no increased peptide polarization after addition to DOPC vesicles, as well [30]. Also the greater
length of the H-Ras peptide by itself and thus the larger distance (56 Åin the "streched" peptide
between the FITC label and the palmitoyl chain) between the donor and acceptor could reduce
the FRET efficiency, but it was shown by Masuko et al. that the fluorescein-rhodamine pair has
a large Förster distance (~50 Å) [64]. Thus the length is not the major effect which leads to the
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reduced FRET efficiency, although the Förster radius of the FITC-rhodamine pair is ~50 Å, and
the FRET usually allows measurement of distances of ± 50 % within the Förster distance, so that
a FITC-rhodamine pair should be measured from 25 Åto 75 Å [64]. An other explanation would be
if the peptide affinity to the peptide aggregates would be higher than to the DOPC vesicles. But
at least a significant fraction does bind to vesicles, which is shown in a microscope experiment,
where the palmitoylated, FITC-labeled H-Ras peptide is successfully bound to the DOCP vesicles
(Figure 6.27), so the other explanations are more likely.

To investigate APT’s activity on the membrane bound H-Ras peptide 5 nM, either active hAPT1,
hAPT2, the catalytically inactive hAPT1S119A or buffer were added after approximately one hour
(Figure 6.26). It is expected that the depalmitoylation of the peptide by hAPT1 or hAPT2 results
in the loss of the membrane anchor and therefore the loss of its membrane affinity. This should
be seen by a decrease of the FRET signal and the simultaneous increase of the donor signal. In
presence of hAPT1 as well as hAPT2 the donor intensities increases indeed, whereas in pres-
ence of hAPT1S119A the signal stays practically unchanged and continues the slow decrease.
From this intensity changes an estimated kcat was calculated. For hAPT1 the kcat is 0.37 s-1 and
for hAPT2 the kcat is 0.6 s-1. Thus under the same conditions (200 nM peptide, 5 nM APT and
500 µM DOPC vesicles), as also used in the FRET experiment with the APT-peptide APTs can
depalmitoylate the Ras peptide 5 fold faster than the APT-peptide (~0.1 s-1).
For the FRET signals, just the signal in presence of hAPT2 slightly decreases, whereas the signal
for hAPT1S119A shows a slight increase, and the signal for hAPT1 shows no change. Since there
was no significant and clear FRET effect after the addition of the vesicles, this result is not surpris-
ing. Fortunately, the donor intensity clearly shows a very significant effect of the active APTs, in
contrast to the hAPT1S119A and buffer controls. The hypothesis would be that the release of the
peptide from the vesicles due to cleavage of the palmitoyl moiety also release the self- or close
contact quenching of the FITC. Again, hAPT2 seems to be slightly faster than hAPT1, corroborat-
ing the results of Stefan Baumeister [30]. It is also evident that the palmitoyl moiety is the reason
for the steady decline of all fluorescence intensities in Figure 6.26 since after cleavage by APT the
intensities are perfectly stable. This also argues for a quantitative cleavage of the H-Ras peptide.

In summary, the FRET system for the H-Ras peptide has (in contrast to the hAPT1 peptide) some
problems, probably because the palmitoylated H-Ras peptide is more prone to aggregate or mi-
celle formation, resulting in a quenching of the FITC molecules. Nevertheless it was shown via
microscopy (Figure 6.27) that at least a fraction of the peptide can bind to the vesicles and that
both hAPT1 and hAPT2 are able to depalmitoylate the membrane bound peptide efficiently.
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6.3 Investigation of hAPT’s membrane affinity in vitro

Post-translational modifications of proteins play a major role in the way proteins interact with
each other, bind nucleotides, and are located to cellular compartments. The (reversible) S-
palmitoylation of cysteine residues leads to an increase in the hydrophobicity and hence the
membrane affinity of many peripheral membrane proteins. Recently, it was reported that APT1
and APT2 are palmitoylated at Cys-2, and that APT1 is capable of depalmitoylating itself as well
as APT2, but that APT2 can just depalmitoylate APT2 but not APT1 [34], [33]. The dynamic palmi-
toylation of APT1/2 may be needed for a steady state membrane localization and/or for efficient
depalmitoylation activity on their membrane anchored substrates. Since all APT orthologs have
extended hydrophobic areas, the first question is whether APT itself can bind to the membrane
(Figure 6.28) or if an affinity tag like palmitoylation is necessary for APT’s membrane localization,
and/or if the function of the physiological palmitoyl moiety can be replaced by localising His-tagged
APT to the membrane with artificial Ni-(NTA) bearing lipids (Figure 6.29b). For this task, the es-
tablishment of an artificial membrane system was required.

Figure 6.28: Prediction of how APT1 could be localized within the cell membrane (orange) by insertion
of its hydrophobic patches. The APT model is palmitoylated (orange) at the N-terminal
(green) Cys-2. The server http://opm.phar.umich.edu/server.php was used to predict the
mode of insertion into the membrane.
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Figure 6.29: Scheme of APT (red) binding to the membrane (blue, purple). Two possibilities are depicted.
a) APT can bind to the membrane by itself due to its hydrophobic patches. Or b) APT
needs a membrane affinity tag like the palmitoyl chain for membrane localization. c) To
force APT to the membrane, the palmitate can be replaced by a N-terminal His-Tag (black),
which can bind to DOGS-Ni-NTA lipids (yellow lipids), see also Figure 6.30.

All organisms are surrounded by a plasma membrane, consisting of lipids that form a semiperme-
able bilayer with a thickness of 4-5 nm, in which integral or peripheral proteins are integrated. Lipid
membranes build a protecting wall around the cells and enable a controlled exchange of materials.
Furthermore, plasma membranes play an important role in cell-cell communication and in signal
transduction pathways, to translate extracellular signals into inner cellular responses. Lipids form-
ing the plasma membrane are glycerophospholipids, phosphosphingolipids and sterols, which all
own a polar headgroup and a hydrophobic tail. The glycerophospholipids or phosphoglycerides
are glycerol-based phospholipids that represent the main components of the eukaryotic plasma
membrane. The phosphoglycerides’ headgroup can be classified in an unmodified phosphoric
acid (PA), the anionic phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol
(PI), and the zwitterionic phosphatidylcholines (PC). Besides the different lipid constructs and
headgroups, the plasma membrane lipids vary in their fatty acid modifications. The carbon chain
in phosphoglycerides is between 12 and 24 carbon atoms long and can be saturated or unsatu-
rated. The combinations of all these different lipid components allow a high lipid diversity in the
plasma membrane [65], [66].
For in vitro studies lipid vesicles are used to simulate the plasma membrane. It was shown that
simple lipid compositions in vesicles are sufficient to analyze the behavior of plasma membrane
associated proteins in vitro [65]. The most commonly used lipids are DOPC (as a neutral model
membrane) alone or in combination with DOPG (anionic lipids, to mimic the negatively charged
plasma membrane). The lipids are shown in Figure 6.30.
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Figure 6.30: Chemical structures of a) DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), b) DOPG
(1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol) (sodium salt)) and c) DOGS-Ni-
NTA (1,2-dioleoyl-sn-glycero-3-((N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl)
(nickel salt))

For fluorescence microscopy analysis, giant unilamellar vesicles (GUV) with a diameter of usually
5-60 µm were prepared by the method of electroformation (see section 5.2.3.2) [67]. Here, a thin
lipid layer is spread on an indium tin oxide (ITO)-coated cover slip. After mounting of the cover
slips into the microscopy cell holder the lipids were hydrated with buffer and electroformation was
performed with a sinusoidal alternating low-frequency voltage (for more information see section
5.2.3.2) [66]. The electric field decreases the attraction between lipid layers and destabilizes the
bilayers, which facilitates the bending of the budding vesicles. A scheme of the GUV preparation
with electroformation is shown in Figure 6.31. The used temperature, voltage and frequency de-
pend on the particular used lipid mixture.

Figure 6.31: Scheme of GUV electroformation modified from [68]. Thin lipid layers are spread on an ITO
coated cover slip. After voltage application the vesicles starts to bend. A detachment of a
vesicle from the cover slip follows after a vesicles is completely formed.

Before testing APT’s activity on a membrane anchored peptide in GUV’s it was tested if APT itself
can bind to GUV’s as predicted (Figure 6.28).
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Thus, the association of mCherry labeled hAPT1 or hAPT2 with BODIPY-FLC12 labeled DOPC
vesicles was investigated. As control, a His-tagged APT1-mCherry was used in conjunction with
DOPC vesicles containing 20 mol% DOGS-Ni-NTA lipids (chemical structure is shown in Figure
6.30).

Figure 6.32: Experiment to investigate if hAPT1/hAPT2 can bind to model membranes.
a) DOPC vesicles containing 0.2 mol% BODIPY-FL-C12 (green) were produced using the
method of electroformation. b) Before the addition of hAPT1-mCherry or hAPT2-mCherry
there is no signal detected in the red channel. c) Merge of the green and red channel,
before the addition of hAPT1/2-mCherry. d) After the addition of 2 µM hAPT1/2-mCherry
the green channel stays unchanged. e) A random distribution of hAPT1 exists around the
vesicles. f) There is no enrichment of hAPT1/2 on the membrane detectable when images
are merged.
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As shown in Figure 6.32, neither hAPT1-mCherry nor hAPT2-mCherry show any significant en-
richment at the DOPC model membrane, in contrast to the control experiment shown in Figure
6.33.
As a positive control and to investigate if the membrane-anchored APT is detectable at all, N-
terminally His-tagged hAPT1 was used in combination with DOGS-Ni-NTA lipids to mimic the
palmitoyl moiety (Figure 6.29 c). In presence of this affinity tag, it is possible to attach APT to the
membrane and visualize it, as shown in Figure 6.33. Around 8·107 (or 4·107 on the outside) bind-
ing sites (i.e. Ni-NTA-lipids) for His-hAPT1 molecules are present at the vesicle with a diameter of
approximately 9.2 µm, shown in Figure 6.33 e) (calculation is based on the DOPC surface area of
67.4 Å2 [60]), corresponding to a saturation concentration of one APT molecule per 333 Å2 of the
vesicle surface, or twice this area if assuming that 50 % of the Ni-NTA lipids are in the inner leaflet
of the vesicle. Since the diameter of an APT molecule is approximately 30-40 Å, this should be
sterically possible. In a Z-section of 1 µm thickness, approximately 10 7 APT molecules should be
available for visualization.

Figure 6.33: Control experiment to test if APT1 can be detected when anchored to vesicles in the
microscope. a) 80 mol% DOPC/20 mol% DOGS-(Ni)NTA vesicles containing 0.2 mol%
BODIPY FL C12 (green) were produced using the method of electroformation. b) Before
the addition of HishAPT1-mCherry there is no detectable signal in the red channel. c) The
merge of the green and red channel, before the addition of HishAPT1-mCherry. d) After
addition of 2 µM His-hAPT1-mCherry the green fluorescence of the vesicle stays unchanged
from controls. e) The red channel shows accumulation of HishAPT1-mCherry in shape of
the vesicle. f) Merge of d) and e) to show enrichment of HishAPT1 on the DOPC vesicle
that contains additional DOGS-Ni-NTA lipids to capture the His-tag of APT1.

It is well known that the charge of the membrane can influence the membrane binding of proteins.
DOPC is zwitterionic and therefore is a neutral lipid. To investigate if a negatively charged mem-
brane can induce hAPT1 localization to the membranes, an assay with DOPC-GUV containing
30% negatively charged DOPG lipids was performed (Figure 6.34).
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As a result, the assay indicated that hAPT1 does not bind to negatively charged vesicles either.

Figure 6.34: Experiment to investigate if hAPT1 can bind to negatively charged model membranes. a)
70 mol% DOPC/ 30 mol% DOPG vesicles containing 0.2 mol% BODIPY FL C12 (green)
were produced using the method of electroformation. b) Before the addition of hAPT1-
mCherry there is no signal detected in the red channel. c) Merge of the green and red
channel, before the addition of hAPT1-mCherry. d) After the addition of 2 µM hAPT1-
mCherry the green vesicle stays unchanged. e) A random distribution of hAPT1 exists around
the vesicles. f) There is no enrichment of hAPT1 on the negatively charged membrane
detectable when images are merged.

In summary, APT does not appear to be significantly enriched at artificial, neutral or negatively
charged membranes without a membrane affinity tag, i.e. APT is unable to bind to membranes
with just its hydrophobic patches. It apparently needs a membrane anchor for the binding to
membranes. Thus it seems likely that the Cys2 is responsible for the observed localization of
hAPTs to membranes in the cell. In vivo studies are described later in section 6.7.1 to test this
hypothesis, but at first, the ability of APT to cleave GUV-membrane-bound peptides is investigated
as described in the following.
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6.4 Microscope assay to investigate the APT activity on a
palmitoylated N-terminal APT1 peptide associated to giant
unilamellar vesicles (GUV)

Another approach besides fluorescence polarization or FRET to investigate APT’s depalmitoyla-
tion activity on a membrane bound APT1-peptide is fluorescence microscopy. This method allows
to get closer to in vivo conditions and to explore potential effects of the vesicle size. Giant unil-
amellar vesicles (GUV), prepared by electroformation (described in section 5.2.3.2), were used as
a model membrane. 10 µM FITC labeled and palmitoylated APT1-peptide was injected into the
microscopy chamber with the pre-formed vesicles and incubated for 20 minutes to allow the pep-
tide binding to the vesicles, as evidenced by the green membrane stain. Afterwards, 2 µM human
APT1 or APT2 was injected and the reaction was observed for 90 minutes. Due to the depalmi-
toylation of the FITC labeled peptide caused by APT, the peptide looses its membrane affinity and
therefore the green fluorescence intensity around the vesicle decreases. As control, the same ex-
periment was conducted with buffer without APT. The FITC intensities were determined with help
of the program Fiji (described in section 5.2.3.2), and the vesicles were labeled with 0.01 mol%
N-Rh-PE. Representative examples of the microscope pictures highlighting the decreasing FITC
intensities over time are displayed in the following Figures (6.35 and 6.36).

Figure 6.35 shows the FITC intensities of the membrane bound APT1-peptide. In presence of
10 µM hAPT1 or hAPT2 the FITC fluorescence intensity around the vesicles decreases over time.
To quantify the intensities, a mask was applied in Fiji that encompasses the vesicle in form of a
ring. The integrated intensities are shown in Figure 6.36. As expected, the intensities decrease,
because depalmitoylation of the peptide by hAPT1 or hAPT2 drastically reduces the membrane
affinity and therefore the FITC intensity around the vesicles is lost. As a control experiment, a
bleaching experiment with just buffer injection was performed. Here, the FITC intensity around
the vesicle stays relatively constant over the time, the observed decrease of approximately 30 %
is rather probably due to deformation/ shrinking of the observed vesicle than to bleaching as the
comparison with the rhodamine control shows. The DOPC vesicles are stained with 0.01 mol/%
rhodamine red, and the rhodamine control shows no significant bleaching effect over the observa-
tion period. The vesicle pictures of the rhodamine channel as well as the rhodamine intensities are
shown in the appendix (Figure A.1 and A.2). Quantification of the experiments is challenging as
the vesicles tend to change their shape, and the integration of the vesicle fluorescence intensities
with Fiji is quite subjective. Thus this assay serves more as a qualitative assay, than a quantitative
one, but at least it shows direct evidence for the depalmitoylation activity of APT.
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(a) FITC intensities around a giant unilamellar DOPC vesicle after
hAPT1 injection. The intensity reduces over the time.

(b) FITC intensities around a giant unilamellar DOPC vesicles after
hAPT2 injection. The intensity reduces over the time.

(c) FITC intensities around a giant unilamellar DOPC vesicles after
buffer injection. The intensity stays constant over the time, no
bleaching is observed.

Figure 6.35: Time series of FITC intensities around the vesicles after addition of hAPT1, hAPT2, and
buffer, respectively. 10 µM FITC-APT1-peptide was injected into the microscope chamber
with the DOPC vesicles and incubated for 20 minutes. After the first picture was taken,
2 µM hAPT1, hAPT2 or buffer were injected. In presence of the enzymes, the FITC intensity
decreases over time since the depalmitoylation of the peptide by APT reduces its binding
affinity to the membrane, whereas the intensity in the control experiment stays constant
over the measurement time, apart from the bleaching effects. The amount of bleaching
observed in the control experiment c) was less than 33 % of the starting intensity (Figure
6.36). The scale bars indicate a size of 2.5 µm and the measurements were performed in
5 mM Ammoniumcarbonate buffer, pH: 7.4 at room temperature.
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Figure 6.36: Integrated and normalized (to the first image and with also the highest intensity) FITC
intensities around the DOPC vesicles shown in Figure 6.35. The calculation is described in
section 5.2.3.2. In presence of the enzymes, the FITC intensity reduces over the time (the
depalmitoylation of the peptide by APT reduces the binding affinity of the peptide to the
membrane), whereas the intensity in the bleaching experiment stays relatively constant over
the measurement time.

In summary, both hAPT1 and hAPT2 are able to depalmitoylate a FITC-labeled, palmitoylated
hAPT1 peptide bound to GUV vesicles. With this technique the process of the depalmitoylation
can be visualized directly, but it is a qualitative technique and not a quantitative one. The lack
of information, e.g. the exact concentration of peptide on a DOPC vesicle, makes it difficult to
determine reaction velocities. With a kcat of 0.5 s-1 for membrane-bound peptides, 2 µM APT
should be able to cleave ~1 µM peptide per second. However, the peptide is partially still in the
form of micelles (as seen in the microscope images as bright green blobs) and thus probably not
immediately accessible for APT, due to the excess peptide and "overloading" of the GUVs. This
probably explains why the reaction is much slower than expected from the FRET-measurements.
But still it is an useful method to monitor the binding of the peptide to vesicles and the peptide’s
depalmitoylation by APT, since it provides direct evidence for the high membrane affinity of the
peptide as well as for the catalytic activity of APTs on the peptide.
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6.5 In vitro reconstitution of a mono-palmitoylated H-Ras by a
sortase mediated ligation

Lipidated proteins play an important role in many biological processes, for example in signal trans-
duction, membrane trafficking, immune response and pathology. Investigation of their function
in vitro requires a preparation and purification of lipid-modified protein in larger quantities. Sev-
eral chemical approaches where a chemically synthesized peptide is coupled to a purified protein
can be used to synthesize a lipid modified protein, e.g. expressed protein ligation (successfully
implemented for: Rab7 or N-Ras), maleimide ligation (successfully implemented for: H-Ras and
N-Ras) or the click-ligation (successfully implemented for: Rab7 and Rab1) [69]. The disadvan-
tage of these methods is that all lipidated proteins are synthesized in non-physiological conditions,
and contain a specific non-natural, chemical linker.
A relatively new biological approach to modify proteins is the sortase mediated ligation of a (mod-
ified) peptide to a protein. For this, a protein containing the C-terminal sortase recognition se-
quence LPETG can be linked to a synthesized peptide with a N-terminal poly-glycin sequence.
The mechanism how sortase can link the protein with the peptide is shown in Figure 6.37. The
target protein and the sortase have a His-tag, so that the reaction can be easily purified via a
Ni-NTA column, since the His-tag of the target protein will be removed after successful ligation.

Figure 6.37: Mechanism of the in vitro reconstitution of H-Ras by a sortase mediated ligation. H-Ras-
Q165-LPETG-His6 was coupled by a His-tagged sortase to a palmitoylated GGGG peptide
with the C-terminal sequence of H-Ras. The reaction was purified by a Ni-NTA and a
subsequent DEAE column. Mechanism was drawn on basis of [69].

Investigation of APT activity on a full length palmitoylated H-Ras requires a lipidated H-Ras protein,
which was generated by the sortase mediated ligation described in Figure 6.37. For this, H-
RasQ165-LPETG-His6 was expressed and purified. Furthermore, a peptide containing the C-
terminal sequence of H-Ras (with the cysteines (181 and 186) in the sequence are mutated to
serines to avoid the formation of disulfide bonds) with a palmitoyl moiety (at Cys184) and the
sortase recognition sequence GGGG was ordered from the company Storkbio (Estonia). The
ligation was performed as shown in Figure 6.37. After the ligation and purification the full length
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palmitoylated H-Ras was labeled with FITC maleimide at cysteine 118. All steps of the ligation,
purification and labeling were monitored on a SDS-gel as displayed in Figure 6.38.

Figure 6.38: SDS-gel of the in vitro synthesis of palmitoylated H-Ras by a sortase mediated ligation. For
the ligation, 400 µM palmitoylated peptide was dissolved in buffer (detailed information see
section5.2.5) with 5 % n-Dodecyl-β-D-maltoside. H-Ras Q179LPETG-His6 (lane: 1) was
added to the solution to a final concentration of 200 µM. To start the reaction, sortase
(final concentration: 100 µM, lane: 2) was added. Lane 3 shows a prestained marker.
The reaction was incubated at 4 ◦C for 3 hours (lane: 4). To remove the sortase and the
unligated Ras protein, the mixture was loaded on a Ni-NTA column. In the elution volume
(500 mM imidazol) the unligated protein and sortase were found and discarded (lane: 6).
The flow through, containing the product and the unligated peptide (lane: 5), was loaded
on a Ras-binding DEAE column. To remove the unligated peptide, the DEAE column was
washed (lane: 7). Elution of the full length modified Ras protein was performed with buffer
containing 250 mM KCl (lane: 8). The product was concentrated to 2.7 mg/mL (lane: 9).
Labeling of the product was performed with FITC maleimide (ThermoFisher Scientific). For
this, 1.5x fluorescence dye-maleimide was added to the solution and the reaction was kept
in the dark for 1.5 hours (lane: 10). The reaction was purified with a nap 5 column (GE
healthcare) to remove the unreacted dye and the modified H-Ras was then concentrated to
6.35 mg/mL. The inset gel next to the comassie stained gel shows the fluorescence scan of
the gel and thus the FITC containing bands. The final full length palmitoylated and FITC
labeled H-Ras is shown in lane 11.

Figure 6.38 shows the successful sortase ligation, purification and labeling steps to produce full
length palmitoylated and FITC labeled H-Ras (lane: 11). After the ligation (lane: 4) a shift of the
H-Ras (lane: 1) band is visible, indicating that the sortase was able to ligate the peptide to the
H-Ras. Purification via the Ni-NTA column shows a successful removal of the sortase as well as
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the unligated H-Ras which is present only in a very small amount, indicating a very good reac-
tion efficiency (lane: 6). In the flow through the product is nicely detectable (lane: 5). Further
purification with a DEAE column allows the removal of the unligated peptide. The eluted (lane:
8) and concentrated full length palmitoylated H-Ras (lane: 9) was labeled with FITC maleimide at
Cys118 (lane: 10). The fluorescence labeling and the purification was successful, as supported
by the fluorescence scan of the SDS gel. After purification and concentration, the fluorescent full
length palmitoylated H-Ras was obtained (lane: 11) in a concentration of 6.35 mg/mL.

In summary, the synthesis of a full length palmitoylated H-Ras protein by sortase ligation was
successful. The FITC labeled protein can be used for further in vitro experiments, e.g. microscope
experiments with giant unilamellar vesicles, FRET or FP experiments, to investigate the hAPT1
activity on H-Ras. Those experiments are not part of this thesis but proposed for future research
in this field.

6.6 PC12 cell neuronal differentiation assay to investigate the in
vivo activity of new APT inhibitors

Several APT1 and APT2 inhibitors have been described in the literature, like e.g. the covalently
binding inhibitor palmostatin M [15] or the more specific non-covalent inhibitors for APT1 and
APT2, ML348 and ML349, respectively, with Ki values in the nanomolar range (table 6.4) [70].
Since inhibitors with even lower affinities were desirable, especially for the less well characterized
APT2, a screen of 500000 compounds was conducted by the European Lead Factory (ELF), using
the DiFMUO (6,8-difluoro-4-methylumbelliferyl octanoate) assay [46]. The ELF is a collaborative
public-private partnership between the European Screening Centre (ESC), the European Federa-
tion of Pharmaceutical Industries and Associations (EFPIA), small and medium-sized enterprises
(SMEs), as well as public institutions. In this screen, the compound ESC1000595 was identified
as the most promising candidate, with a Ki of 20 nM in the DiFMUO assay that is 11.5-fold better
than the Ki of the APT2 inhibitor ML349, although a different substrate (Resorufin acetate) was
used (table 6.4). The structure of a complex of this inhibitor with APT2 was solved by Stefan
Baumeister [30] and revealed that this particular inhibitor was especially interesting, since it can
serve as a modifiable precursor where functional groups could be attached to the nitrogen of the
benzoxazole group in a position next to a water-filled pocket in APT2, to improve the affinity and
specificity of the compound [30].
In contrast to the 20 nM Ki in the DiFMUO assay, ESC1000595 shows a lower affinity of 170 nM to
APT2 in the OPTS assay (performed by Stefan Baumeister) [30]. Conversely, the APT2 inhibitor
ML349 has a slightly higher Ki of 230 nM in a Resorufin assay as described in the literature [71],
compared to a Ki of 50 nM in the OPTS assay (table 6.4).
The reason for this discrepancy between the OPTS- and the DiFMUO assays could be attributed
to the fact that the Km value for DiFMUO was determined under conditions different from the
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ESC1000595 DiFMUO assay (in detergent-free buffer, [30], [46]). Another possible explanation
could be the (relatively) better solubility of ESC1000595 in the DiFMUO assay where 0.01% Triton-
X100 was used to improve the substrate solubility, whereas no detergent is needed in the OPTS
assay. Indeed, calculation of the octanol/water partition coefficient logP shows that ESC1000595
has a relatively high logP value of 5.50 and a low aqueous solubility (logS) of -8.26 compared to
ML348 and ML349 (table 6.4), indicating a higher lipophilicity. Consistently, prediction of the mem-
brane permeabilities finds higher values for ESC1000595 (table 6.4). Typical drugs have logP
values between -2.0 and 6.5, and logS values between -6.5 and 0.5.
For ML348 and ML349, an assay using Resorufin acetate was used as described in the litera-
ture [71], again in presence of a detergent (pluronic F127) [71], which could explain the different
Ki values in the OPTS assay. In addition to the effect of the different solubilities, this might also be
one of the cases where the detergents may not help to solubilize the inhibitor, but instead affect the
assay due to sequestration of the inhibitor and/ or substrate as has been shown e.g. for CHAPS
that quite specifically sequesters the inhibitor 2-Bromopalmitate [30].

Table 6.4: Structures and inhibition constants for non-covalent APT1 and APT2 inhibitors: Left: specific
APT1 inhibitor, middle and right: specific APT2 inhibitors. For ML348 and ML349, an assay
using Resorufin acetate was used (Km for APT1 28.3 µM, for APT2 24.4 µM [71]) in PBS
buffer adjusted to pH 6.5 with sodium acetate plus 0.2% pluronic F127 [71]. Ki values
were calculated with the Cheng-Prusoff equation [71]. The OPTS assay was performed by
Stefan Baumeister [30]. logP, logS (aqueous solubility) and membrane permeability values are
calculated with the Schrodinger “QikProp v5.4” software, and the second set of logP values (*)
with XLogP [72]. Cell permeabilities are in nm/sec, values < 25 indicate poor permeability,
values > 500 very good permeability.
ML348

MW: 415.9 g/mol
APT1 inhibitor

ESC1000595
MW: 518.5 g/mol

new potential APT2 inhibitor

ML349
MW: 454.6 g/mol
APT2 inhibitor

304 nM Ki Resorufin assay [71] 20 nM Ki DiFMUO assay [30] 230 nM Ki Resorufin assay [71]
70 nM Ki OPTS assay [30] 170 nM Ki OPTS assay [30] 50 nM Ki OPTS assay [30]

logP: 2.94/3.01* logP: 5.50/4.98* logP: 3.25/3.43*
logS: -4.01 logS: -8.26 logS: -5.35

Caco-2 permeability: 350 Caco-2 permeability: 1312 Caco-2 permeability: 664
MDCK permeability: 1319 MDCK permeability: 2172 MDCK permeability: 471

In the literature ML348 and ML349 were used in a competitive ABPP (activity-based protein
profiling) assay, where an APT binding in HEK293T cell extracts was demonstrated [73]. An
ABPP assay can be used for enzymes that lack known biomarkers (e.g. endogenous substrates
or products) to report their in situ inhibition. For example, an activity-based probe, such as
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Fluorophosphonate-polyethylen glycol-rhodamin (FP-peg-Rh) that covalently reacts unspecifically
with a number of serine hydrolases (including APTs) [73], was used to block the active site of
enzymes, so that competition for target engagement with protein specific inhibitors could be mea-
sured [73]. Specifically, the soluble proteome of HEK293T cells was incubated with the inhibitors
ML348 or ML349 for 30 minutes at 37 ◦C, then 5 µM FP-peg-Rh was added and incubated for 30
minutes at room temperature. The labeled lysate was loaded on a SDS-PAGE gel and fluorescent
bands were analyzed according to molecular weight. Control experiments showed that the bands
for APT1 and APT2 are labeled. The APT2 labeling was abolished at a concentration of approxi-
mately 1 µM ML349 in the medium, which prevented the binding of the fluorescent probe to APT2
completely, whereas approximately 3 µM ML348 are needed to prevent binding of the covalent
ABPP probe to APT1 [73]. Thus, an intracellular effect of ML348 or ML349 on APTs was expected
at low micromolar concentrations of the inhibitors.

To investigate if the inhibitors reveal in vivo activity on the Ras signaling pathway, a PC12 neuronal
differentiation assay was performed. This assay is a well established method to test effects on the
Ras signaling pathway as described by Bar-Sagi et al. [74]. PC12 cells are rat pheochromocy-
toma cells that can be stimulated with Epidermal Growth Factor (EGF) or Neuronal Growth Factor
(NGF), triggering differentiation into neuronal cells via either the MAP (mitogen-activated protein)
kinase pathway or the PI3K/Akt pathway and leading to the growth of long neurites (an example
picture of differentiated PC12 cells is shown in 6.39). In detail, NGF can activate the tyrosine
kinase receptor type 1 (TrkA) which in turn activates the Ras downstream pathway, leading to the
activation of a MAP kinase, e.g. ERK, and thus to the neuronal differentiation of the cells [75]
(Figure 6.39). In contrast, the Pl3K/Akt pathway bypasses Ras. Blocking of either pathway, e.g.
with the specific MEK inhibitors U0126 and PD98059, or the PI3K inhibitor LY294002, decreases
the percentage of neurite-bearing cells significantly [76]. MEK is the second kinase in the Ras
or MAP kinase pathway (Ras → Raf → MEK → MAP kinase). PC12 cells express (at least) en-
dogenous H-Ras [77], and Ras proteins are recruited to the plasma membrane upon NGF or EGF
addition [78]. Overexpression of each of the Ras isoforms (when constitutively active) also leads
to PC12 cell differentiation [79]. In addition, it has been shown that palmitoylation of N- or H-Ras is
essential for their ability to induce neurite outgrowth [80]. Thus, inhibition of APT and subsequent
mislocalization of Ras proteins away from the plasma membrane should potentially also be able
to inhibit NGF- or EGF-stimulated differentiation via the Ras/ERK pathway.
If APT is active, palmitoylated H- and N-Ras proteins are assumed to be localized to the plasma
membrane from where they can mediate the downstream pathway. In contrast, when APT is in-
hibited, H- and N-Ras are mislocalized to inner cellular membranes and the downstream signal
from the plasma membrane should be disturbed, leading to a reduced neuronal differentiation.
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Figure 6.39: PC12 cells neuronal differentiation after stimulation with 100 ng/mL NGF for 10 days.

Deck et al. previously showed that APT inhibition with “Raspalin 3”, a benzodiazepinedione with
an attached palmitoyl chain, indeed leads to a reduced PC12 neuronal differentiation, and also
to a removal of fluorescently labeled, microinjected Ras from the plasma membrane of MDCK
cells [81].

To test the effect of the known inhibitors ML348 and ML349 and especially of the new APT2 in-
hibitor ESC1000595, PC12 cells were stimulated with 100 ng/mL NGF. The APT inhibitors ML348,
ML349, ESC1000585, and as a control the MEK1/2 inhibitor U0126 (New England Biolabs), were
applied directly at a concentration of 25 µM and incubated for 10 days. The medium with NGF and
the inhibitors was replaced every second day, thus keeping the NGF concentration at 100 ng/ml.
After this incubation, the cells were fixed, stained with coelestin blue and counted (see methods
section 5.2.2.4). Cells with at least one neuron two times longer than the cell body were classified
as a differentiated cell. The percentage of cells that were differentiated in presence and absence
of the APT inhibitors are shown in Figure 6.40.
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Figure 6.40: Percentage of differentiated PC12 cells with and without APT1/2 inhibitors. Cells were
fixed, stained and counted (100 cells) after 10 days of NGF stimulation in presence or
absence of APT1/2 inhibitors or the control MEK1/2 inhibitor U0126. Treatment with
ML348 (APT1 inhibitor) or ML349 (APT2 inhibitor) or both shows no significant effect on
the neuronal differentiation, whereas the new APT2 specific inhibitor ESC1000595 has the
same strong inhibitory effect as the control MEK1/2 inhibitor U0126.

Figure 6.40 shows that the APT1 specific inhibitor ML348 as well as the APT2 specific inhibitor
ML349 or a combination of both has no significant effect on the neuronal differentiation, whereas
upon treatment with the new compound ESC1000595 the neuronal differentiation is strongly re-
duced to a similar level as with the MEK1/2 inhibitor U0126. The PC12 cells look healthy after the
10-day assay (i.e. they are attached to the surface and show no apoptosis), so that a toxic effect
which can lead to dead cells that look like undifferentiated cells can be excluded. In addition, a
toxicity test using MDCK-F3 cells was performed at the COMAS (Compound Management and
Screening Center, Dortmund), with up to 10 µM of the ESC1000595 inhibitor. A minimal toxic
effect was detected only after incubation for more than 24 hours, i.e. the cells became roundish,
but still showed no signs of apoptosis.
Thus, surprisingly, only ESC1000595 strongly inhibited the PC12 differentiation, but not the other
APT specific inhibitors ML348 and ML349, both alone and in combination. Since all three inhibitors
have Ki values in the low nanomolar range, tight binding to APT would be expected, and at least
ML349 should show a similar effect as ESC100595 via inhibition of APT2. This result could pos-
sibly be caused by the different membrane penetration ability of the molecules into PC12 cells: it
was observed that ML348 and ML349, in contrast to ESC1000595, formed aggregates and even
crystals in the growth medium of the PC12 cells, even after sonication (example pictures of the
precipitated inhibitors are shown in the appendix in Figure A.3). Consistent with that observation.
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for ML348 and ML349 a maximum solubility of ≤ 12.5 µM in cell growth medium at room temper-
ature has been determined by Vujic et al. [82]. But, as shown in table 6.4 above, the calculated
logP and solubility values for ESC1000595 indicate that is even more hydrophobic than ML348 and
ML349, so that this inhibitor might even be sequestered to the cell membranes instead of forming
aggregates in the medium. Accordingly, the prediction values for the cell permeability are also the
highest for ESC1000595. Under the assumption that APT is enriched at the plasma membranes,
it might even be possible for APT to directly access the membrane-bound ESC100595.
However, also Vujic et al. found that ML348 and ML349 have no or only a small effect on the phos-
phorylation levels of the N-Ras downstream kinases ERK and Akt [82]. Since ML348 and ML349
showed bioactivity in HEK293T cells at 1 µM and 3 µM concentration [73], Vujic et al. concluded
that these inhibitors indeed did not have an effect on the N-Ras pathway, in line with their siRNA
studies, where they (at least partially) knocked down APT1, APT2 or both [82]. This would also be
consistent with the results from the PC12 assay.
One hypothesis would be that ESC1000595, in contrast to ML348 and ML349, could also target
other proteins in the cell which leads to the reduced neuronal differentiation. Therefore a second
assay was performed using transiently transfected H-Ras proteins to investigate if the mode of
action of ESC1000595 really involves Ras.

As mentioned above, it was shown that NGF also stimulates the PI3K/Akt pathway that can lead
to the neuronal differentiation of the PC12 cells [75]. To verify if APT inhibition directly affects the
H-Ras mediated signaling, the neuronal differentiation was induced by a transiently transfected,
constitutively active H-RasG12VmCitrine construct as described in [74]. The plasmid was a kind
gift from Philippe Bastiaens, Systemic Cell Biology Max Planck Institute for Molecular Physiology,
Dortmund, Germany. Here, the MAP kinase pathway is directly triggered by the constitutively
active, palmitoylatable H-Ras and does not take the indirect route via the NGF stimulation of the
TrkA receptor, thus avoiding the possible PI3K/Akt pathway induced differentiation. An example
picture of a differentiated cells induced by fluorescent H-RasG12VmCitrine is shown in Figure
6.41.

Figure 6.41: Fluorescent image of PC12 cell differentiation, 48 h after transfection with (palmitoylatable)
H-RasG12VmCitrine.
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PC12 cells were transfected with the HRasG12VmCitrine plasmid using the LTX2000 transfection
reagent (Thermo Fisher) according to the manufacturer’s protocol). The medium containing the
inhibitors was changed after 4 hours and the effect of 25 µM ESC1000595 or the control MEK1/2
inhibitor U0126 on the neuronal differentiation was analyzed after 48 hours. This differentiation
is faster compared to the NGF stimulated one, because of the overexpression and thus the high
cellular concentration of the constiutively active Ras, so that the cell receives a higher number of
differentiation signals. The mCitrine fluorescence was used to visualize the cell shape. The results
are shown in Figure 6.42.

Figure 6.42: Percentage of PC12 cells with neurite outgrowth after transfection with a plasmid containing
the constitutively active HRasG12V, with and without inhibitors. Cells were transiently
transfected with the HRasG12VmCitrine vector and the neuronal outgrowth was investigated
after 48 h in presence or absence of the ESC1000595 APT2 inhibitor or the control MEK1/2
inhibitor U0126. 100 cells were counted. Treatment with ESC1000595 has a slightly stronger
effect on the neuronal differentiation than the MEK1/2 inhibitor U0126.

Figure 6.42 indicates that ESC1000595 strongly reduces the neuronal differentiation of the PC12
cells that is triggered by the constitutively active HRasG12V, similar to the MEK1/2 inhibitor U0126.
This result corroborates the previous assay and would be consistent with a reduced HRasG12V
downstream signal due to APT inhibition. Again, the cells look viable and healthy after 48 hours
so that a toxic effect of the transfection or the inhibitors is unlikely.

In summary, the PC12 neuronal differentiation assay was used to investigate the effect of APT1
and APT2 inhibitors in vivo. It was shown that the new ESC1000595 has a significant inhibitory
effect on the neuronal differentiation of the PC12 cells, in contrast to ML348, ML349 or both to-
gether. This unexpected result could be on the one hand caused e.g. by a lower membrane
penetration ability of ML348 and ML349, or by their poor solubility in the medium and therefore
a reduced concentration of the inhibitors in the cell. On the other hand, the higher lipophilicity
of ESC1000595 could lead to either better membrane permeability or even to sequestration and
enrichment of this inhibitor in the plasma membrane, where it could possibly directly inhibit APT2.
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Furthermore, it was shown that the inhibition of APT2 with ESC1000595 directly influences the
H-Ras mediated signaling by reducing the differentiating effect of transfected H-RasG12V in PC12
cells. Thus, it seems plausible that the differentiation of the PC12 cells is prevented by ESC1000595
because of the reduced Ras-mediated downstream signal from the plasma membrane due to
APT2 inhibition and subsequent Ras mislocalization from the plasma membrane to the inner cell
membranes.
As a conclusion, the new compound ESC1000595 is quite promising, and in addition, it is a mod-
ifiable precursor, which can be further improved by the addition of functional groups to enhance
the APT2 inhibition.

6.7 In vivo localization of APT

6.7.1 Localization of APT in HeLa cells

Multiple studies focused on the in vivo localization of both human APT isoforms: Kong et al. re-
ported that the palmitoylation of mammalian APT1/2 at Cys2 allows APTs to be enriched on the
plasma membrane [33]. Additionally, Vartak et al. reported that there are two fractions of APTs
in the cell: On one hand a soluble cytosolical, unpalmitoylated APT that can potentially depalmi-
toylate its substrates on all membranes in the cell, and on the other hand a palmitoylated and
Golgi-localized APT. Furthermore, an APT1/2 mutant (C2S) which can not be palmitoylated was
found to be randomly distributed in the cytosol [34]. These studies were performed in canine
MDCK cells.
Investigation of APT localization in mammalian cells in this study was performed in HeLa cells:
HeLa cells were transfected with either a palmitoylatable hAPT1-mCitrine construct or the unpalmi-
toylatable hAPT1-mCitrine C2S mutant. A control experiment was conducted with just mCitrine.
GalT-mTagBFP (mTagBFP is a variant of TagRFP [83]) was used as a Golgi marker [34], since
GalT (1,4-galactosyltransferase) is unambiguously located to the trans-Golgi membranes and the
trans-Golgi network [84]. The plasmids were a kind gift from Philippe Bastiaens, Systemic Cell
Biology Max Planck Institute for Molecular Physiology, Dortmund, Germany.

Figure 6.43 illustrates that hAPT1 is enriched at the Golgi region (upper row), whereas the un-
palmitoylatable hAPT1 C2S mutant is clearly localized in the cytosol. These results are consistent
with the findings of Vartak et al. [34]. They reported a Golgi localization for the palmitoylatabale
hAPT1 and a cytosolic distribution for the C2S mutant. In contrast to the detected colocalization
of APT and GalT in MDCK cells by Vartak, in HeLa cells APT does not colocalize completely with
the Golgi marker GalT, but only a rough similar localization.
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Figure 6.43: hAPT1 localizes to the Golgi region in HeLa cells. Cells were transfected (top row) with
hAPT1-mCitrine wt, hAPT1 C2S-mCitrine (middle row) and mCitrine (bottom row). GalT-
mTagBFP was used as a Golgi marker. The similar localization of hAPT1-mCitrine and
GalT-mTagBFP suggests that hAPT1 localises to the Golgi apparatus.

mCitrine is cytosolically distributed, but in some cells it seems to be slightly enriched in at least
some nuclei, due to a passive transport of the 26.9 kDa protein into the nucleus by the nuclear
pore complex [85].
These results indicate that in vivo the palmitoylation at Cys2, which serves as membrane anchor,
leads to APT’s binding to membranes, especially at the Golgi region. Kong et al. postulated a
plasma membrane localization for APT [33] but this was not confirmed in this experiment. APTs
only possess a single palmitoylation site and lacking a permanent, irreversible membrane an-
chor, like prenylation or N-myristoylation, which ensures a permanent membrane localization. The
membrane affinity with just one palmitoylation site is relatively weak and Vartak et al. postulated
that its life time is too short to survive the secretory pathway to the plasma membrane [34]. Upon
Vartak’s results that APT is enriched at the Golgi, which can be confirmed in this experiment, they
suggested a smaller acylation cycle for APT between the cytosol and the Golgi [34]. Although
APT shows an auto-depalmitoylation activity, the dynamic palmitoylation of APT1/2 creates a neg-
ative feedback on the APT activity at the Golgi, inhibiting this auto-depalmitoylation of APT, which
ensures a steady state Golgi-cystosol localization [34].
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6.7.2 Localization of electroporated hAPTmCherry proteins in HeLa cells

Electroporation is a relatively novel method to transfect cells from higher organisms [86]. It is a
physical transfection method that uses electrical pulses to create temporary pores in the plasma
membrane. Substances (for example nucleic acids or proteins) can penetrate into the cell through
these pores [87], [88], [86].
Here, electroporation was used to directly deliver recombinant APT proteins into living cells. Full
length palmitoylatable hAPT1mCherry or hAPT2mCherry was electroporated into HeLa cells that
are transiently transfected with APT1/2-mCitrine proteins, to investigate if the cell is able to palmi-
toylate these recombinant proteins and if these proteins then localize similarly to the transiently
transfected APT1/2mCitrine proteins, which are used as a reference. As a negative control the un-
palmitoylatable APT1/2n’ (N-terminal shortened version of the proteins lacking the first five amino
acids) and just mCherry was used, respectively.
Figure 6.44 displays that full length hAPT1/2 proteins locate in a way similar to the transient trans-
fected hAPT1/2mCitrine reference (upper rows). Thus it seems likely that HeLa cells are able
to palmitoylate the recombinant hAPT1/2 proteins. These palmitoylated APTs can localize to the
Golgi, similar as the transient transfected APT-mCitrine proteins.
An issue of the electroporation compared to other transfection methods is the difficulty in control-
ling its efficiency [89] and the unknown resulting protein concentration in the cell. For example,
there are just a few dots which could be endosomes detectable for the electroporated proteins
compared to the transiently transfected proteins, so it seems that the protein concentration after
electroporation is much lower. Thus it remains unclear how much protein could be palmitoylated
or how much protein is perhaps degraded by the cells. To investigate if the electroporated pro-
teins are targeted for degradation via endocytic pathways, markers like the Ras-related protein 5A
(Rab5) (early endosomes) or the Lysosome-associated membrane protein 1 (Lamp1) (late endo-
somes) could be used as shown in [90].
Furthermore, the middle rows show that the shortened unpalmitoylatable proteins hAPT1/2n’-
mCherry localize randomly in the cytosol. As expected, the electroporated control protein mCherry
shows no specific localization. Thus, also the electroporation experiment indicates that hAPTs
need a membrane anchor for a membrane localization in the cell. The same results can be
achieved by an experiment without the transient transfected APT, which is shown in Figure A.4.
Thus the localization of the electroporated proteins is not influenced by the transfected APT pro-
teins.
In summary, investigation of APT’s in vivo localization (transient transfection and electroporation),
in HeLa cells show that hAPT1 as well as hAPT2 are localized at or in proximity of the Golgi appa-
ratus if they can be palmitoylated at Cys2. If the proteins lack the Cys2 residue they are distributed
in the cytosol. So it seems likely that the proteins need a membrane anchor for a specific localiza-
tion in the cells. These results confirm the observations in the GUV vesicle studies (section 6.4)
that non-palmitoylated APTs do not localize to membranes.
Kong et al. postulated a plasma membrane localization for APT [33] but this was not confirmed
either by transfection or electroporation experiment in HeLa cells.
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(a) Electroporation with hAPT1 proteins.

(b) Electroporation with hAPT2 proteins.

Figure 6.44: Electroporation of APT1/2mCherry proteins into HeLa cells. Cells were transiently trans-
fected with hAPT1/2mCitrine as a reference and then (after 5 hours) electroporated either
with the recombinant palmitoylatable full length Apt1/2mCherry protein (top row), recom-
binant unpalmitoylatable n’versions (N-terminal shortened version of the proteins lacking
the first five amino acids) of hAPT1/2mCherry (middle row) or recombinant mCherry (bot-
tom row). SiR-DNA (Spirochrome) was used to stain the nucleus. Both the full length
hAPT1mCherry and hAPT2mCherry localize similar to the reference, i.e. the transiently
transfected hAPT1/2mCitrine protein, indicating that the cell is able to palmitoylate the re-
combinant proteins which can then bind to the Golgi (similar Golgi pattern as shown for the
Golgi marker GalT in Figure 6.43). The unpalmitoylatable recombinant hAPT1/2mCherry
proteins show no significant membrane localization and are distributed in the cytosol. Again
the control protein mCherry shows cytoplasmic localization.
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6.8 APT’s function in mitosis

6.8.1 In vivo localization of APT during mitosis

The cell cycle, in which an eukaryotic cell is duplicated, is a fundamental biological process, where
replicated chromosomes are separated into two new nuclei in the daughter cells. APT’s depalmi-
toylation activity was reported to have an effect on the asymmetric partitioning of the cell fate
determinants Numb and β-catenin [47], but the exact role/function of APT in mitosis is still un-
known. As shown by Vartak [34] and in section 6.7.1, APT in interphase is located at or close
to the Golgi. During mitosis the Golgi breaks down and becomes reassembled after cell division
as described in [51]: In prophase, the Golgi ribbon stretches around the nuclear envelope. In
prometaphase, the Golgi is separated into fragments, followed by a partial or complete dispersal
of the Golgi in metaphase. Subsequently, the reassembly of the Golgi starts in the telophase
with the reappearance of small fragments. Finally, in cytokinesis, the fragments coalesce into a
complete new Golgi in the daughter cells [51]. To investigate how APT localises during mitosis, a
mitotic gallery for the different steps of the cell cycle was created (Figure 6.45).

Figure 6.45 displays different stages of the cell cycle for Hela mCherryH2B cells that are tran-
siently transfected with hAPT1 or hAPT2. GalT-mTagBFP was used as a Golgi marker. Similar
to the interphase, hAPT1 as well as hAPT2 are still located at the Golgi in prophase. During
prometaphase, metaphase and anaphase both proteins are distributed in the cytosol and not lo-
cated to the Golgi anymore. As mentioned before, the Golgi disassembles during mitosis, but
there are still a few Golgi pieces visible (e.g. in metaphase, Figure 6.45 middle row), to which
APT is not colocalized at this stage of the cell cycle. In telophase, both human APT isoforms are
significantly enriched at the midbody and partially at the plasma membrane. Finally, in cytokinesis
hAPT1 and hAPT2 return to their usual Golgi localization. These findings are in agreement with
the localization of hAPT1 in asymmetric cell division as shown by Stypulkowski et al. in U2 OS
cells [47]. They showed an asymmetric plasma membrane localization of hAPT1 in metaphase
and early anaphase, and also the significant enrichment of hAPT1 at the midbody in telophase.
The result corroborates that hAPT1 and hAPT2 are not located at the Golgi during mitosis. So it
seems likely that in mitosis APTs could have a different function, e.g. by depalmitoylating other
proteins than in interphase, possibly regulated by the change in localization.
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(a) Mitotic gallery for hAPT1. (b) Mitotic gallery for hAPT2.

Figure 6.45: Mitotic gallery depicting localization of human APTs during mitosis. HeLa mCherryH2B
cells were transiently transfected with hAPT1/2mCitrine and GalT-mTagBFP. Images were
taken at different stages of the cell cycle as indicated on the left. In prophase, hAPT1 as well
as hAPT2 are localized at the Golgi. During prometaphase, metaphase and anaphase both
proteins are distributed in the cytosol, and in telophase a clear enrichment at the midbody
is visible.

6.8.2 Effect of hAPT1/2 inhibition on the mitotic index

The results obtained in section 6.8.1 indicate that localization of hAPT1/2 changes in mitosis
compared to interphase. To investigate if absence of hAPT1/2 catalytic activity has an effect on
mitosis, the proteins were inhibited with hAPT1/2 specific inhibitors (Figure 6.46), and the mitotic
index was calculated and used as a read out for normal mitotic progression. The mitotic index
is the ratio of the number of (synchronized) cells undergoing mitosis to the number of cells in
interphase [91]. For each experiment 500 cells were counted and classified according to their
mitotic state (interphase, prophase, metaphase or anaphase) and finally, the ratio of mitotic cells
to interphasic cells was calculated as the sum of pro-, meta-, and anaphase cells divided by the
number of interphasic cells.
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(a) ML348, specific hAPT1 inhibitor. (b) ML349, specific hAPT2 inhibitor.

Figure 6.46: Specific hAPT inhibitors.

In detail, HeLa cells were synchronized in G2 phase by adding 9 µM of the RO3306 inhibitor
and waiting for 18 hours. RO3306 is a selective CDK1 (Cyclin-dependent kinase) inhibitor which
reversibly arrests the proliferating cells at the G2/M phase transition [92]. After mitotic release,
by washing out the RO3306 inhibitor, the cells are entering mitosis [92]). Immediately after the
washing step, cells were treated with 25 µM ML348 and 25 µM ML349 (Figure 6.46), or as a control
with an equivalent amount of DMSO. Cells which are in pro-, prometa-, meta- or anaphase were
counted as mitotic cells. The cell density in presence and absence of the inhibitors is comparable
and the cells look healthy in both experiments, leading to the assumption that the inhibitors have no
toxicological effect on the cells. Also in this cell assay (as previously found in the PC12 cell assay
6.6) the inhibitors ML348 and ML349 both precipitate in the cell culture medium. Nevertheless,
an in situ APT inhibition was shown in the literature for both inhibitors in HEK293T cells (detailed
information on this assay are in section 6.6) [73], thus it is assumed that a sufficient amount of
these inhibitors is available inside the cells.

Figure 6.47: Mitotic index after hAPT1/2 inhibition. Cells were synchronized in G2 phase with the
RO3306 inhibitor. After mitotic release cells were treated with both 25 µM ML348 and
25 µM ML349 or as a control with DMSO. Cells were fixed at different time points, stained
and the mitotic index was calculated. After one hour the cells treated with the inhibitors as
well as the control cells have a similar mitotic index of ∼ 50%. After two hours the mitotic
index for the cells treated with inhibitors (∼ 50%) is approximately twice than the control
cells (∼ 18%). After three hours both cell fraction have a similar mitotic index of ∼ 10%.
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Figure 6.47 displays the mitotic index at different time points after mitotic release in presence or
absence of APT inhibitors. After one hour the cells treated with the inhibitors and the control cells
have a similar mitotic index of ∼ 50%. After two hours a significantly higher mitotic index is visible
for the cells that are treated with APT1/2 inhibitors. Thus, more cells are in mitosis at this point of
time compared to the control sample, indicating that cells which are treated with the APT inhibitors
spend a longer time in mitosis. So either hAPT1/2 are required for a proper cell cycle or the in-
hibitors somehow disturb mitosis by other unknown effects.
After three hours, both cell batches (treated and untreated ones), have a similar mitotic index of
∼ 10%. In all experiments, in presence or absence of the inhibitor, the cells look healthy and
the chromosomes (stained with DAPI) look similar in all cells. Thus there were no chromosome
segregation defects visible.
To prove that the effect is triggered by hAPT1/2 inhibition, a rescue experiment could be per-
formed. For this, cells could be transfected with the wild type proteins or with mutants that are
unable to bind the inhibitor. Suitable mutants were described by Stefan Baumeister [30]. If the
mutants would show no significant change in the mitotic index, the differences must be caused by
the inhibition of hAPT1/2.

In summary, there are indications that hAPT1/2 could play a role in mitosis. hAPT1 as well as
hAPT2 are located in the cytosol during early mitosis. In telophase and cytokinesis, APT1 and
APT2 are enriched at the midbody. It could be possible that the enrichment of palmitoylated
proteins at the midbody and part of the plasma membrane (e.g. Giα proteins as shown in [93])
triggers a recruitment of APT to the midbody. Apparently, the inhibition of APT’s leads to an
increase of the mitotic index due to an extension of the time spent in mitosis. These findings might
hint at an unknown function of APT in mitosis. One hypothesis would be that this could be caused
by APT interaction with the palmitoylated protein Cdc42, as described previously [47]. Cdc42
belongs to the family of small GTPases and has numerous functions in the cell like mediation
of polarized processes or remodeling the actin and microtubule cytoskeleton networks (needed
for directed cell migration). Additionally, it was shown that Cdc42 has a function in asymmetric
cell division [47]. So it could be possible that the interaction of APT and Cdc42 influences the
dynamics in mitosis. With help of further experiments e.g. mass spectrometry (pull down MS),
it could be possible to identify the interaction partners of hAPT1/2 in mitosis. Also, it would be
interesting to investigate the effect of the specific inhibitors on the localization of APTs in vivo.
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7 Discussion

In 1988, two Acyl Protein Thioesterases (APT) were described in higher organisms for the first
time and characterized as lysophospholipases (LYPLA1 and LYPLA2) in a mouse macrophage-
like P388D1 cell line [20]. Both enzymes were found to hydrolyze a range of lysophospholipids
and other long-chain mono-acyl glycerol esters. Later it was shown that APTs prefer palmitoy-
lated proteins as substrates, like H-Ras or the Gα subunit, thus the proteins were subsequently
renamed to Acyl Protein Thioesterases [23]. Both enzymes can efficiently depalmitoylate proteins
in vitro and were shown to regulate S-palmitoylation and trafficking of peripheral membrane pro-
teins in cells (like e.g. Gα [22]). It was demonstrated that the inhibition of APT with the inhibitor
Palmostatin M can disturb the acylation cycle of the proto-oncogene Ras, which leads to a weaker
Ras-mediated signaling in cancer cells, thus making APT a potential anti-cancer target.
APT itself undergoes a dynamic palmitoylation at Cys2 to achieve membrane localization. To date,
the effect of membranes on APT and its targets and the mechanism by which the physiological
membrane environment influences APT activity still remains unclear. Additionally, it is still un-
known how APT gets access to its membrane-bound substrates. One theory is that APT itself can
extract and depalmitoylate the palmitoylated proteins, another possibility is that there are "helper"
proteins required to extract the membrane bound substrates. For instance FKBP12 was described
as a cofactor in Ras depalmitoylaytion [58].
This thesis provides new insights into the way how and if APT can depalmitoylate a membrane
bound substrate using a variety of methods. An in vitro FRET system was established using artifi-
cial vesicles. Additionally, the membrane localization of palmitoylated APT was analyzed in vitro on
vesicles and in vivo with different transfection methods (transient transfection and electroporation)
in cells. Besides investigations of APT at membranes, an assay for physiological substrates was
implemented. Furthermore, two known inhibitors and a new APT2 specific inhibitor was tested
on its in vivo activity in a PC12 differentiation assay. Finally, in vivo imaging of cell was used to
examine the localization of APT and the effect of its inhibition during mitosis.

7.1 Development of an assay for physiological APT substrates

Until today, several types of assays to investigate APTs activity on artificial substrates are known.
Those substrates change their fluorescence or absorbance features after hydrolysis by APTs. Is-
sues for these assays are that these substrates are non-physiological, they are usually oxo-esters
(in contrast to thioesters) and they are often difficult to solubilize, so that detergents like CHAPS
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or Triton are required. Thus an assay for the turnover of natural substrates was implemented in
this thesis, using firstly a DTNB assay that turned out to be unsuitable, as well as an ESI-MS
approach.
To detect the free thiol group, produced by APT-catalyzed hydrolysis of thioesters, a DTNB (5,5-
dithiobis(2-nitrobenzoic acid)) assay was considered (section 5.2.6), using Acetyl-CoA as a test
substrate [55]. Bonner et al. showed that the DTNB assay was suitable for the Fatty Acyl
Thioesterase I from E. coli [54]. Upon hAPT1 hydrolysis a free thiol group on the CoA is formed.
This free thiol group can be attacked by DTNB, resulting in one TNB (5-thio-2-nitrobenzoic acid)
molecule bound to the thiol, whereas the other "free" TNB molecule gives an absorption signal at
412 nm.
Surprisingly, no hydrolysis of Acetyl-CoA was observed and no significant increase of the absorp-
tion was detectable in this assay (see figure 6.4). Thus, hAPT1 seems to be inactive in presence
of DTNB. Based on these results it was analyzed how DTNB can inhibit hAPT1. It was shown by
ESI-MS measurements that DTNB can modify hAPT1’s five cysteines, although only two (Cys168
and Cys206) are solvent exposed, indicating a low stability of the APT fold. Three of those cys-
teine modifications must lead to an unfolding of the protein, since they are buried in the protein
core, resulting in the catalytically inactive hAPT1. To avoid these modifications, a mutant where
the cysteines have been replaced by serines could be used.
Interestingly, a more detailed investigation using a combination of the established OPTS assay [30]
and an ESI-MS measurement revealed that at stoichiometric DTNB concentrations no cysteine
modification was detectable, but hAPT1 was still inactive. It was determined that DTNB can func-
tion as a non-covalent APT inhibitor with a Ki of ∼ 350 nM. Comparing the DTNB structure with the
known hAPT1 inhibitor ML348, there are some common structural features, like the partially neg-
atively charged residues on the benzene rings, or the linker region in the center of the molecules.
These similarities suggest the possibility that DTNB can bind into the binding pocket of hAPT1
(figure 7.1). Crystallization trials resulted in either no crystals with high concentrations of DTNB,
or relatively weak diffracting crystals. Lowering the DTNB concentration to 0.75 mM in the crys-
tallization setup yielded in nicely diffracting crystals with an hAPT1 mutant (∆M60 S114C C186S
C206S). A weak density in this structure could perhaps correspond to a low occupancy DTNB
molecule. Docking into this weak density yielded in a reasonably-looking conformation (Figure
7.1). It often occurs in co-crystal structures of APTs with ligands that even tightly binding ligands
disappear from the binding site during crystallization due to rearrangement of the lid-loop, due to
crystal packing forces and/ or changes induced by the conditions in the crystallization buffer. To
sum it up, the DTNB assay was unsuitable to monitor APT activity on natural substrates, but a
possible new lead compound for a hAPT1 inhibitor was discovered.
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(a) APT crystal structure (grey) with
a docked DTNB (petrol) in the bind-
ing pocket. The lid covers the DTNB
in the binding tunnel.

(b) Side view into the binding tunnel.
The DTNB structure fits very well into
the tunnel.

(c) Electrostatic surface (red areas
show the negatively charged parts of
the protein and blue areas the posi-
tively charged protein parts) of APT
with DTNB (petrol) in the binding
tunnel. For a better view, the lid-loop
was removed in this picture.

Figure 7.1: APT structure with DTNB in the binding pocket. DTNB fits nicely into APT’s binding tunnel.
A weak electron density that could correspond to a partially occupied DTNB molecule was
detectable, thus the DTNB molecule was docked into the binding tunnel.

Due to the DTNB inhibition and/ or denaturation of APT, another assay was used to investigate
APT’s activity on a natural substrate. For this, an ESI-MS approach was applied to analyze APT’s
activity on lysophospholipids and phospholipids, and for comparing the activity on a palmitoylated
nonapeptide corresponding to the N-terminus of hAPT1. In this assay, the decrease of the sub-
strate and the increase of the product was monitored. Lyso-palmitoylphosphocholine (lyso-PPC)
was chosen as a substrate to investigate the lyso-phospholipase activity of hAPT, and as a second
substrate di-palmitoylphosphocholine (DPPC) was used, to analyze if hAPTs are able to hydrolyze
lipids that are utilized as model membranes. The establishment of this assay was challenging, due
to the poor solubility of the phospholipids in aqueous solutions, but finally the turnover rates could
be determined. Both, hAPT1 and hAPT2, have a kcat of ∼ 1.5·10-4 s-1 for lyso-PPC and show
no turnover of DPPC. This value is quite slow, compared to the hydrolysis rate of other natural
substrates, e.g. a palmitoylated peptide, as described in the next section. One reason for the slow
or lacking turnover rates of lyso-PPC and DPPC could be the poor solubility of the phospholipids,
but those results indicate that APT is clearly not a lipase, because lipases are often activated by
micelles and usually show eight orders magnitude higher kcat values in the range of 1·104s-1 on
phospholipids [57].
Summarizing these results, DTNB was found to be a possible new APT inhibitor. In contrast to the
DTNB assay the ESI-MS analysis is a suitable method for monitoring the APT activity on natural
substrates. With this assay it was shown that (lyso-) phospholipids are hydrolyzed by APTs very
slowly, and that APT is not activated by micelles like lipases, the only other class of enzymes that
can cleave long-chain fatty acid esters.
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7.2 APT’s activity on palmitoylated peptides in presence or absence
of model membranes

The ESI-MS method above described was also applied for the investigation of APT activity on a
palmitoylated peptide. The used nonapeptide represents the N-terminal sequence of hAPT1 and
is palmitoylated on the cysteine at position two and is also fluorescein-labeled at a C-terminal
lysine for further fluorescence measurements. The ESI-MS analysis (in figure 6.13) displays that
both, hAPT1 as well as hAPT2, have a similar catalytic activity on the palmitoylated N-terminal
hAPT1 peptide with an estimated kcat of ∼ 27 s-1. This turnover rate is 4-5 orders of magnitude
higher compared to the (lyso-)phospholipids. In contrast to the postulated theory that hAPT2 is
unable to depalmitoylate hAPT1 (from in vivo observations) [33], these results indicate that hAPT2
is indeed capable of depalmitoylating the N-terminus of hAPT1.
The Bastiaens group showed in 2010 that the cytosolical APT depalmitoylates its substrates on
all membranes in the cell [14]. But it still remains unclear how APT can get access to the mem-
brane bound substrates. Possible mechanisms are that APT can extract the substrates from the
membrane, or that other cofactors are necessary for the membrane extraction. As an example,
Ahearn et al. showed that FKBP12 can present palmitoylated H-Ras and N-Ras to APT and thus
accelerate the hydrolysis rate [58].
To investigate the mechanism of how APT can depalmityolate a membrane bound substrate, a
FRET-based assay with a FITC-labeled palmitoylated N-terminal hAPT1 nonapeptide and rho-
damine labeled DOPC vesicles as model membrane was used. It was demonstrated that the
peptide can bind to the vesicles and that catalytically active hAPTs can release the peptide from
the membrane (figure 6.23) with an apparent kcat value for both human APT isoforms of 0.1 s-1

under non-saturating conditions, to allow the measurement of the fast reaction in a plate reader.
Thus, both APTs are able to depalmitoylate the vesicle-bound peptide at a similar rate. Compared
to the turnover rate in solution (~27 s-1), the reaction velocity on the membrane bound substrate
is much slower. This can be caused either by the non-saturating conditions or by the dissociation
of peptide from membrane being the rate-limiting step. The dissociation rate of the peptide from
the vesicles was measured as ∼ 0.5 s-1. Typical dissociation rates of mono-palmitoylated peptides
are in the range of 0.69-6.9 molecules per second [61]. To investigate if the non-saturating con-
ditions are rate limiting, a fast kinetic measurement of peptide hydrolysis at vesicles with higher
enzyme concentration (figure 6.24) was performed, with a resulting kcat of ∼ 0.5 s-1 for both APTs.
Thus, the increase of the enzyme concentration did not accelerate the hydrolysis, above the limit
of the spontaneous dissociation rate of the peptide, leading to the conclusion that hAPT1 as well
as hAPT2 can not actively extract the peptide from the membrane. It seems likely that APT is
"waiting" for the peptide outside of the membrane and depalmitoylates it in solution. A scheme of
the proposed depalmitoylation process of the membrane bound substrate is shown in figure 7.2.
This result would indicate that the hydrolysis of palmitoylated proteins by APT in vivo is quite slow.
Thus, co-factors such as FKBP12 have to be taken into consideration since they are supposed to
accelerate the depalmitoylation to a physiologically relevant speed.
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Figure 7.2: Scheme how APT depalmitoylates its membrane bound substrates. The palmitoylated sub-
strate dissociates from the membrane and gets depalmitoylated by APT in the solution/
cytosol.

To directly visualize the membrane association of the palmitoylated peptides and their depalmitoy-
lation by APT, the palmitoylated N-terminal hAPT1 peptide was bound to giant unilamellar DOPC
vesicles (GUV) (figure 6.35). The setup of the microscopy assay was not straightforward, since
GUV are quite flexible, e.g. vesicle fusion takes place and, some vesicles shrink over time. Thus,
the quantification of the experiments is challenging, and this assay serves more as a qualitative
assay. Nevertheless, this assay proves the membrane localization of the test substrates, and it
was directly visible that both hAPT1 and hAPT2 can depalmitoylate a membrane bound peptide
that corresponds to the nine N-terminal residues of hAPT1. Furthermore, this assay can reveal
potential problems with substrate aggregation, which is also directly observable.

To investigate the APT activity on a longer peptide, a mono-palmitoylated FITC labeled pep-
tide representing the 24 residues of the C-terminus of H-Ras was used in the same FRET and
microscopy experiments. Unfortunately the FRET signal was quite weak perhaps due to self-
quenching of the FITC when the peptide forms aggregates or micelles. Indeed, aggregates of the
peptide were visible in the microscope as bright fluorescent spheres. Another problem might have
been the high mobility of the fluorophore: An FP experiment performed by Stefan Baumeister with
the same peptide was unsuccessful probably because of the peptide’s "propeller effect" [30]. The
visualization in the microscope confirms that the H-Ras peptide binds strongly to the vesicle mem-
branes. Fortunately, it could be shown in the FRET assay by monitoring the FITC-fluorescence
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intensity changes, that the peptide can indeed bind to the vesicles, and that both hAPT1 and
hAPT2 are able to efficiently depalmitoylate the membrane bound peptide. The estimated kcat

values are 3-5 times faster than for the hAPT1 nonapeptide (0.37 s-1 vs. 0.11 s-1 for hAPT1 and
0.6 s-1 vs. 0.12 s-1 for hAPT2), and again, hAPT2 seems to be slightly more efficient. The differ-
ence is more pronounced for the Ras peptide which might be due to the fact that for this longer
peptide interactions outside of the binding tunnel are expected, which might influence the affinity
and the cleavage efficiency.

After investigation of APT’s activity on peptides, the next step was the analysis of APT’s activity
on a full length palmitoylated protein. A sortase mediated ligation was used successfully to syn-
thesize a full length palmitoylated H-Ras protein. This protein can be used in the future for the
ESI-MS measurements as well as for the FRET and microscopy experiments to analyze if the full
length protein changes the depalmitoylation mechanism and/ or the efficiency.

Summarizing these results, it was shown that hAPT1 and hAPT2 can depalmitoylate a membrane
bound substrate, but they are not actively extracting it from the membrane. hAPT2 seems to be
slightly more efficient than hAPT1.

7.3 Investigation of APT’s membrane affinity in vitro and in vivo

In 1998 Duncan and Gilman reported that APT was found to be a cytosolical enzyme in yeast
cells [23]. Additionally, Kong et al. showed that human APT1/2 are palmitoylated and enriched
on the plasma membrane in a canonical acylation cycle, bringing APT closer to their membrane
bound substrates and enhancing their activity on the substrates [33]. Additionally, Vartak et al.
postulated that the cytosolical APT depalmitoylates its substrates on all cell membranes, which
is in good agreement with the results discussed in section 7.2, and that a significant fraction of
APT is enriched at the Golgi apparatus [34]. In contrast to other lipid-cleaving proteins, APT has a
N-terminal lipidation site where it can get reversibly palmitoylated. APT possesses no irreversible
lipidation like S-prenylation or N-myristoylation to ensure a permanent membrane localization. The
membrane affinity with just one palmitoylation is quite weak and Vartak et al. postulated that its life
time is to short to survive the secretory pathway to the plasma membrane. Thus they suggested a
more local acylation cycle for APT between the cytosol and the Golgi. The auto-depalmitoylation
of APT1/2 would create a negative feedback on the APT activity at the Golgi, thus preventing the
complete auto-depalmitoylation of APT, ensuring a steady state Golgi localization [34].
In this thesis it was shown by transfection of fluorescently labeled APT constructs into mammalian
cells, that hAPT1 is located mainly at the Golgi and not to the plasma membrane. Thus the results
by Vartak et al. [34] are in accordance with the results of this thesis.
Besides the commonly used transfection techniques, the relatively new electroporation method
was used to deliver recombinant APTs into mammalian cells. Providentially, the cells were able to
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palmitoylate hAPT1 as well as hAPT2, and those proteins were enriched to the Golgi regions.
Another question was if APTs can localize to membranes even without being palmitoylated, since
pronounced hydrophobic patches can be found on the surface of both hAPT1 and hAPT2, indicat-
ing a membrane affinity of the enzyme. A server for the prediction of the orientation of proteins in
membranes ("http://opm.phar.umich.edu/server.php") indeed predicted an membrane insertion of
APT’s core domain. This prediction was not confirmed since it was shown that these hydrophobic
patches are insufficient to enrich APT to neutral or negatively charged giant unilamellar vesicles.
Instead, a membrane anchor is needed to achieve a membrane localization of APT as could be
shown by using His-tagged APT and Ni-NTA-lipid containing vesicles.

Summarizing the activity and the localization studies, APT needs a membrane anchor like its N-
terminal palmitoyl modification to localize to membranes. Furthermore, APT does not actively
extract its substrates from the membrane, but it is able to depalmitoylate APT- and H-Ras peptides
efficiently since their dissociation rates are relatively fast, corresponding to a half-life of the palmi-
toylated peptides at the membrane of approximately 1 second (ln2/kdiss). The depalmitoylation
activity is expected to be much slower if the natural substrates had a higher membrane affinity,
e.g. by a second palmitoyl group like it is present in H-Ras, or by an additional prenyl modification
like H-Ras and N-Ras. The dynamical Golgi enrichment of APT ensures a steady state distribution
of cytosolical and Golgi-bound APTs.

7.4 In vivo effects of APT inhibition

7.4.1 PC12 cell neuronal differentiation assay to investigate the efficiency of new
APT inhibitors

The research on APT inhibitors was intensified after Dekker et al. showed in 2010 that APT inhibi-
tion with palmostatin affects Ras localization and signaling [15]. Also, 2-bromopalmitate was used
to inhibit both APT isoforms [30]. Although these inhibitors are able to inhibit APT1 and APT2,
they are very unspecific and it was shown that especially the covalent inhibitor Palmostatin has a
high number of off-targets [37]. Thus new isoform-specific APT inhibitors were desirable. In 2012,
Adibekian et al. described two isoform specific piperazine amide-based APT inhibitors, ML348
and ML349 [73]. These inhibitors have been used in vitro and in vivo, however, the research for
more specific ones with higher affinities continues. The European Lead Factory (ELF), a collab-
orative public-private partnership between the European Screening Centre (ESC), the European
Federation of Pharmaceutical Industries and Associations (EFPIA), small and medium-sized en-
terprises (SMEs) as well as public institutions, shared their facilities to investigate a new hAPT2
inhibitor. They found a potential inhibitor with a Ki of 170 nM out of 500,000 compounds, named
ESC1000595. This compound shows less in vitro inhibition activity than ML349, when compared
in the same assay (OPTS assay), but it can serve as a precursor scaffold that can be modified with
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additional functional groups to enhance the APT2 inhibition. This lead compound ESC1000595
was used in in vitro studies [30] and was in this work analyzed for its in vivo activity in a PC12
cell neuronal differentiation assay. Here, PC12 cells can be stimulated with Neuronal growth factor
(NGF), triggering differentiation into neuronal cells, and leading to the growth of long neurites. NGF
can stimulate the kinase receptor type 1 (TrkA) which in turn activates the Ras/ERK downstream
pathway. With an active APT, Ras is mainly located at the plasma membrane where it can medi-
ate this downstream pathway. If APT is inhibited, it is unable to prevent Ras’ mislocalizations on
internal membranes, leading to the absence of Ras from the plasma membrane. In contrast to the
ML348 and ML349 inhibitors, the new APT2 inhibitor ESC100595 was able to suppress the growth
of the neurites. ESC1000595 shows a similar efficiency as the commonly used MEK1/2 inhibitor
U0126. From these results it can be concluded that ESC100595 has an effect on APT inhibition
in an in vivo assay, whereas the old ML349 inhibitor, even when applied together with the hAPT1
inhibitor ML348, has no significant influence on the neuronal differentiation of the cells. This could
be due to a lower concentration in the cell, caused by either a lower membrane penetration ability
or the poor solubility in the medium, or by a weaker binding to APT2 in the cell, or by a different
mechanism of stimulating differentiation. Therefore, it was also investigated whether ESC100595
directly influences the Ras mediated signaling, and does not e.g. influence the PI3K/Akt pathway
that also leads to neurite outgrowth, and the neuronal differentiation was induced by expressing of
a constitutively active HRasG12V. Also in this case the ESC100595 inhibitor strongly reduced the
neurite outgrowth, leading to the conclusion that the new ESC1000595 inhibitor directly influences
the H-Ras dependent neurite outgrowth. In the future it should be verified that this effect is indeed
due to APT2 inhibition, e.g by employing APT mutants that are unable to bind the inhibitor and
thus could rescue the inhibition effect. The new ESC100595 compound seems to be an inter-
esting APT2 inhibitor as shown in the in vitro studies and in the cellular in vivo assay. The fact
that ESC1000595 is a modifiable precursor and shows such a strong effect on the Ras mediated
signaling is quite promising, and further improvement by the addition of functional groups could
enhance the APT2 inhibition.

7.4.2 The effect of APT inhibition on the mitotic index

Recently it was reported that interactions of APT1 with the Rho family GTPase CDC42 promote
the asymmetric partitioning of β-catenin and Numb, and, additionally, an asymmetric localization
of hAPT1 on the plasma membrane during mitosis was shown [47]. Based on this results it was
investigated how hAPT1 is located during mitosis in HeLa cells. In comparison to the interphasic
Golgi localization (discussed in section 7.3), it was shown in a mitotic gallery (see figure 6.45) that
from prometaphase on APT is not located at the Golgi anymore but cytosolically distributed during
mitosis. The Golgi disassembles during mitosis, but this process starts only later (in metaphase),
compared to the altered APT localization. In the final mitosis phases, i.e. telophase and cytoki-
nesis, APT is clearly enriched at the midbody and partially at the plasma membrane. It could be
possible that the localization of palmitoylated proteins at the midbody, like Giα as shown in [93],
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triggers APT’s recruitment to the midbody. These different localizations during mitosis could indi-
cate that APT might play a role in mitosis.
To get a first insight if APT is essential for a smooth running mitosis, APTs were inhibited with the
two specific inhibitors ML348 (APT1 specific) and ML349 (APT2 specific), and the mitotic index
was calculated. For this, the cells were synchronized in G2 phase and after a washout the cells
were released to mitosis and 25 µM of both inhibitors were added. Two hours after the mitotic re-
lease the mitotic index for the inhibited cells was significantly higher compared to untreated cells.
Thus, the APT-inhibited cells stay longer in mitosis and need more time to finish mitosis than the
untreated cells.
The different APT localization in mitosis and the longer mitosis time with inhibited APT support the
initial conclusion that APT could have a function in mitosis. Further experiments must be carried
out to confirm this, for example mitotic interaction partners could be analyzed by pull downs and
mass spectrometry.
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A Appendix

Figure A.1: Bleaching test of DOPC vesicles labeled with rhodamine-phosphoethanolamine-lipids: Time
series of rhodamine intensity around the DOPC vesicle of the vesicle where APT2 was added
(figure 6.35 b). The intensity in the bleaching experiment stays constant over the measure-
ment time. The measurements were performed in 5 mM Ammoniumcarbonate buffer, pH:
7.4.

Figure A.2: Integrated and normalized (to the first image) rhodamine intensities of the DOPC vesicles,
shown in figure A.1. The calculation is described in section 5.2.3.2. The intensity in this
bleaching experiment stays constant over the measurement time.
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Figure A.3: ML348 (left) and ML349 (right) precipitates in the cell culturing medium. The red boxes
show the precipitated inhibitors and the blue boxes are highlighting the differentiated PC12
cells in presence of the inhibitors.
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Figure A.4: Electroporation of recombinant APT1mCherry proteins into HeLa cells without a cell com-
partment marker. Cells were electroporated either with the palmitoylatable full length
Apt1mCherry protein (top row), unpalmitoylatable n’versions (N-terminal shortened version
of the proteins lacking the first five amino acids) of hAPT1mCherry (middle row) or mCherry
(bottom row). SiR-DNA (Spirochrome) was used to stain the nucleus. The results were sim-
ilar to the one with transiently transfected APTmCitrine (figure 6.44), which was used to
show the in vivo localization of APT. The full length hAPT1mCherry localizes in dot-like
fashion in a perinuclear region, whereas the unpalmitoylatable recombinant hAPT1mCherry
protein shows no significant membrane localization and is distributed in the cytosol. The
control protein mCherry shows cytoplasmic localization as expected. Thus it is very likely
that the electroporated proteins are palmitoylated at their N-terminal cysteine residue which
leads either to their aggregation and localization to endosomes, or to a localization at the
Golgi.

95



A Appendix 96

Table A.1: Crystallographic statistics of the co-crystal structure of 875 µM hAPT1∆M60 S114C C186S
C206S with 0.75 mM DTNB. Values for the highest resolution shell are given in parentheses.

Conditions
Qiagen JCSG Core I Suite, well

E3

0.2 M Sodium chloride, 0.1 M
Na/K phosphate pH6.2 10%

PEG 8000
Data collection Space group P1

Wavelength 1.76993 (sulfur wavelength)
Number of crystals 1

synchrotron SLS
date 16. Feb 2015

Detector Pilatus6M
Mol/AU 2
a,b, c (Å) 39.9 39.92 68.93
α, β, γ(◦) 85.18 87.09 62.48

Resolution (Å) 49.26-1.94
(1.99-1.94)*

Rsym 4.9 (11.2)
I /σI 27.6 (13.2)
CC1/2 92.2 (80.6)

Completeness (%) 89.7 (70.3)
Redundancy 6.5 (5.0)

Refinement Resolution (Å) 35.38-1.94
No. reflections 23933

Rwork / Rfree(%) 22.25/26.58
No. atoms Protein/Ligands 3304

Water 237
aver. B (Å2) 25.60

R.m.s. deviations Bond lengths (Å) 0.0057
Bond angles (◦) 1.01

Ramachandran Favored regions (%) 96.79
outliers 6
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