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Abstract

Communication and environment sensing are fundamental for the regulation of the
majority of the cellular functions. In cells there are dedicated networks that are
responsible for signalling, which gives the ability to the cell of sensing the external
and internal environment allowing rapid response and adaptation to changes and
stress events. A major component of these networks are post translational
modifications. Their attachment to proteins in response to a change in the
surrounding conditions can have very drastic consequences on modified proteins.
Since post translational modification can heavily influence the cellular fate it is
essential to identify these modifications and to understand their functioning, to
better comprehend how cells respond to environments changes and different types of

stress events to which they are continuously subjected.

In this work we analyse a type of modification called S-palmitoylation, which is
recently emerging as signalling/regulatory modification. S-Palmitoylation, or more
generally “acylation”, is the addition of an acyl chain to the SH-group of a cysteine via
a thioester bond. This type of modification has a big impact at the cellular level. In
different studies about palmitoylated proteins, functional consequences are observed
at the cellular level, like altered signalling capacity, activity modulation, regulation of

protein stability and localization.

Palmitoylation was studied using a mathematical modelling approach. Based on
experimental data we developed models of the palmitoylation process of different
proteins. Using a bottom up approach we first investigated the consequences of
protein palmitoylation on the endoplasmic reticulum chaperone calnexin, to better
understand the consequences of palmitoylation at the protein level. Following the

same approach we investigated the effects of palmitoylation on DHHC6, a



palmitoyltransferase that is responsible for palmitoylation of calnexin, which itself
undergoes palmitoylation from the palmitoyltransferase DHHCI6. In the last part of
the project we focused on the study of palmitoylation at the network level. For this
purpose we reconstructed the palmitoylation cascade of calnexin, including in the
model all the proteins involved in the palmitoylation process of this protein. This
network of palmitoylation allowed us to investigate the dynamics of palmitoylation at
the network level, focusing in the characterization of those mechanisms that are

responsible for regulation of palmitoylation on different substrates.

This work provides an unprecedented level of understanding of palmitoylation
dynamics, both at the protein and network level. Moreover all the models and the
tools for model analysis used in this work have been developed keeping in mind the
final goal of reconstructing the entire palmitoylation network. Thanks to the
approach we chose for modelling, the calnexin network model developed during this
project can be easily expanded to include other portions of the palmitoylation
networks. Similarly the tools developed for model analysis can be easily adapted to
work on post-translational modification assays and analysis of biological functions

from the smaller to the larger scales.
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biology, network, acylation, regulation.



Sommario

Il rilevamento delle condizioni ambientali e la comunicazione sono due aspetti
fondamentali per la regolazione della maggioranza delle funzioni cellulari. Nelle
cellule esistono network responsabili per l'interpretazione dei segnali ambientali, che
rendono la cellula capace di percepire le condizioni interne ed esterne, conferendo la
capacita di adattarsi rapidamente ai cambiamenti e allo stress. Una componente
importante di questi network sono le modificazioni post traduzionali. La loro
aggiunta alle proteine in risposta ad un cambiamento delle condizioni ambientali puo
avere conseguenze drastiche sulle proteine modificate. Siccome le modificazioni post
traduzionali posso avere pesanti conseguenze sul destino di una cellula é essenziale
identificare queste modificazioni e comprendere il loro funzionamento, per capire
meglio come le cellule rispondono ai cambiamenti ambientali e ai differenti tipi di

stress alle quali sono continuamente soggette.

In questo lavoro analizziamo un tipo di modificazione chiamata S-palmitoilazione che
recentemente sta emergendo come modificazione regolatoria/di segnalazione. La S-
palmitoilazione, o pilt generalmente “acilazione”, consiste nell'addizione di una
catena acilica al gruppo SH di una cisteina attraverso un legame tioestere. Questo tipo
di modificazione ha un grande impatto a livello cellulare, diversi studi riguardanti la
palmitoilazione di proteine hanno osservato diverse conseguenze funzionali a livello
cellulare, come ad esempio un’alterata capacita di segnalazione, di modulazione

dell’attivita enzimatica e della regolazione della stabilita e localizzazione proteica.

\

In questo progetto la palmitoilazione é stata studiata utilizzando un approccio di
modellazione matematica. Sulla base di dati sperimentali abbiamo sviluppato modelli
del processo di palmitoilazione di diverse proteine. Utilizzando un approccio bottom
up abbiamo investigato le conseguenze della palmitoilazione della calnexina, un
chaperone molecolare residente nel reticolo endoplasmatico, al fine di comprendere

meglio le conseguenze della a livello di proteina. Seguendo un approccio simile



abbiamo investigato gli effetti della palmitoilazione su DHHC6, una
palmitoiltransferasi responsabile della palmitoilazione della calnexina, che é essa
stessa palmitoilata dalla palmitoiltransferasi DHHC16. Nell'ultima parte del progetto
ci siamo focalizzati sullo studio della palmitoilazione a livello sistemico. A questo
scopo abbiamo ricostruito la cascata di palmitoilazione della calnexina, includendo
nel modello tutte le proteine coinvolte nel processo di palmitoilazione di questa
proteina. Questo network ci ha permesso di investigare le dinamiche di
palmitoilazione a livello sistemico focalizzandoci principalmente nella
caratterizzazione di quei meccanismi responsabili della regolazione della

palmitoilazione di diversi substrati.

Questo lavoro fornisce un livello di comprensione delle dinamiche di palmitoilazione
senza precedenti, sia a livello di proteina che di network. Oltretutto, tutti i modelli e
gli strumenti utilizzati in questo progetto sono stati sviluppati in funzione
dell’'obbiettivo finale di ricostruzione dell'intero network cellulare di palmitoilazione.
Grazie all'approccio scelto per la modellazione, il modello descrivente la cascata di
palmitoilazione della calnexina puo essere facilmente espanso al fine di includere
altre porzioni del network di palmitoilazione. Allo stesso modo gli strumenti
sviluppati per 'analisi dei modelli possono essere facilmente adattati per lavorare con
diversi tipi di dati sperimentali e per I'analisi di modelli di diversa scala, dalla singola

proteina all'intero network cellulare di palmitoilazione.

Parole chiave: palmitoilazione, signalling, modificazioni post traduzionali, systems

biology, network, acilazione, signalling, regolazione.
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Chapter 1: Introduction

Chapter1- Introduction

Cellular communication is fundamental for the regulation of the majority of cellular
functions. Signalling gives the cell the ability to sense the external and internal
environment, allowing rapid response and adaptation to changes and stress events.
One of the most important component of the signalling networks are post
translational modifications (PTMs), which are additions of different chemical groups
to the amino acid residues of proteins. PTMs are the carriers of signals generated from
environment sensing. Their attachment to proteins in response to a change in the
surrounding conditions can have drastic consequences on the modified peptides and,

in turn, on their downstream cellular functions.

There are many chemical groups that can be attached to the side chain of various
types of amino acids, and each one has different chemical properties and
consequences [1]. Different proteins rely on modification of one or more amino acid
residues for their activation/deactivation. PTMs also have a central role in the
intracellular localization of proteins [2]. Additionally, several type of PTMs have been
implicated in initiation of conformational changes [1]. Among the different PTMs the
most interesting are those that participate in the cell signalling/regulatory systems,
because of their role in regulation of cellular functions. Two of the most studied PTMs
that are part of signalling/regulatory networks are phosphorylation [3] and

ubiquitination [4]. Phosphorylation consists in the addition of a phosphate group (

PO ) to a serine, threonine or tyrosine residue of a protein. The first evidence of this

modification was found at the beginning of the 20" century, but its characterization
as an enzymatic reaction occurred only much later, in 1954 [5]. Phosphorylation

became popular very quickly among the scientific community and today is still one of
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the main areas of research, with more than 240,000 articles on the PubMed database.
One of the prominent characteristics of this PTM is that its attachment is reversible,
meaning the phosphate group can be attached on a substrate by a protein kinase, and
it can be removed later on by a phosphatase. Reversibility allows modifying a protein
temporarily and only when it is needed, a fundamental step in the formation of
complex regulatory networks. Another reason for its popularity is that
phosphorylation is the most widespread modification; it is estimated that 30% of the
entire human proteome is phosphorylated at least on one residue [6,7]. Abnormal
functioning of phosphorylation is associated with rise of different pathologies such as

Alzheimer [8], Parkinson [9] and cancer [10].

Ubiquitination is another signalling post translational modification. It was discovered
in 1975 by Gideon Goldstein [11]. One of the most interesting characteristics is that
the molecule that modifies the proteins is itself a 8.5 kDa peptide called ubiquitin.
Just like phosphorylation, ubiquitination is reversible. Moreover, multiple ubiquitins
can be attached to the same lysine to form polyubiquitin chains. The enzymatic
reaction of ubiquitination is a quite complex process involving three different
enzymes, a ubiquitin-activating enzyme (El), a ubiquiting-conjugating enzyme (E2)
and a ubiquitin ligases (E3). The opposite reaction of deubiquitinating is catalysed by
a class of enzymes called deubiquitinating enzymes. They are cysteine proteases that
cleave the amide bonds between ubiquitin and the modified proteins. This
modification can have various effects on proteins, such as polyubiquitination
promoting proteins degradation [I12]. It can also affect protein localization and can

promote, or prevent, proteins interactions [13,14].

Recently a new type of modification is emerging as a signalling/regulatory molecule --
S-Palmitoylation. It is gaining importance since it shows similar properties to
phosphorylation and ubiquitination, suggesting that this modification may be
another central part of different cellular regulatory networks. Palmitoylation belongs
to the class of PTMs called “acylation”, consisting in the addition of fatty acid

molecules to the side chain of an amino acid residue. For palmitoylation the fatty acid
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attached to the protein is a saturated sixteen or eighteen carbon atom molecules
(CHs-(CH,)1-CO or CH;-(CH,),,-CO) called palmitate and stearic acid respectively.
The modification is attached to the residue at the SH-group of a cysteine via thioester
bond [15-17]. To date, hundreds of proteins have already been found to be
palmitoylated in mammals [18], and more than thousand proteins are predicted to be
palmitoylated based on Uniprot annotations [19]. It is believed, based on predictions,
that more than 12% of the human proteome may undergo palmitoylation [16]. Just as
in phosphorylation and ubiquitination, this modification is reversible, and remarkably
this is the only lipid modification showing this property. Also like phosphorylation
and ubiquitination, this property is often observed in those modifications that have a
major role in the signalling network. Unlike phosphorylation, which has been
extensively studied for more than fifty years, palmitoylation has attracted the interest
of the scientific community only recently. The main reason is that even though
palmitoylation was discovered during the early fifties, the identification of the
enzymes catalysing this PTM has been very difficult, mainly because these enzymes
are membrane bound, therefore more difficult to purify and analyse. As a
consequence, today the role of palmitoylation, its regulation, its dynamics and
consequences are much less understood [15,20]. As experimental techniques advance
and new approaches for network analysis are being developed, an increasing number
of studies are uncovering its role as a signalling molecule in the cell, showing that
palmitoylation is involved in regulation of many fundamentals cellular functions. In
various studies (for a review see [15,17,20]) about palmitoylated proteins, functional
consequences are observed at the cellular system level, some of the most intriguing

being altered signalling capacity [21-23] and activity modulation [24].

In this thesis project, we focused on the study of palmitoylation and its consequences
at the protein and network level. In Chapter 2 - we review the state of the art about
palmitoylation. We initially define what palmitoylation is and we introduce the
mechanism of modification, talking about the enzymes that are responsible for the
cycle of palmitoylation/depalmitoylation. We then show how extended this network

is and how palmitoylation is capable of interacting with other post-translational
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modifications in the cell. Finally, we give an overview about the know functions and

consequences at the protein and system level.

To study this PTM, we used a mathematical modelling approach: based on
experimental data we developed models of the palmitoylation process of different
modified proteins. This approach implied the development of different tools for
model design and analysis which are described in Chapter 3 - . First we introduce
kinetic modelling as a tool for signalling and regulatory models design, and we show
how this was used to define the reaction mechanism of a palmitoylation event. We
then introduce the techniques that we applied to perform model reduction, in order
to decrease the dimensionality of the system, its complexity and the computation
time. In the second part of this chapter we talk about the tools used for model
analysis. We introduce an in-silico labelling technique developed ad-hoc for
parameter estimation from radio-labelling experiments in-vivo. In this part, we also
describe the procedure and the algorithm used for parameter estimation, along with
the local and global algorithms used to perform sensitivity analysis. The final section
is dedicated to the development of a method allowing to perform single molecule
tracking using stochastic simulations. To our knowledge, this is the first method that

allows molecule tracking using stochastic simulations.

In Chapter 4 - we illustrate the development and analysis of the palmitoylation
model of the endoplasmic reticulum (ER) chaperone calnexin. Using a bottom-up
approach we describe the double step process of calnexin palmitoylation, and we
show how the model was investigated to improve the understanding of the dynamics
and the consequences of palmitoylation on calnexin. Using a similar approach in
Chapter 5 - we investigate the dynamics of palmitoylation of the palmitoyltransferase
DHHC6. DHHC6 is an enzyme that catalyses palmitoylation and is itself
palmitoylated on three different sites. This raised the intriguing possibility that
palmitoylation enzymes form a complex regulatory network that tightly regulates
palmitoylation. Although the approach used to develop DHHC6 model is similar to

what was done for calnexin, its analysis presented some new challenges rising from
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the increased complexity of the palmitoylation process. This is partly due to the
increased number of palmitoylation sites, and the dynamic nature of the modification

on this enzyme.

In the last part of the project the different single protein models were used as starting
point for the reconstruction of a small palmitoylation sub network. In Chapter 6 - we
analyse the palmitoylation network of calnexin that was generated starting from the
single protein models of calnexin and DHHC6. The network was developed using
rule-based modelling, which allows to define rules of interaction that automatically
generate the kinetic model of ordinary differential equations (ODEs). The focus of
this section was to investigate the properties of palmitoylation at the system level,
studying those features that can’t be captured by single protein models. The network
model improved our understanding of calnexin palmitoylation process; in particular,
it showed how it is possible to correlate the dynamics of palmitoylation of calnexin
with those of DHHC6, demonstrating how the level of palmitoylation and the
abundance of calnexin are governed by DHHC6 and other upstream DHHC enzyme
involved in the palmitoylation cascade of calnexin. One of the best features of the
network model is that it can be generalized to represent and study other portions of
the network that doesn’t belong to the calnexin palmitoylation system, since many
different palmitoylated proteins undergo a palmitoylation cascade similar to what is

observed for calnexin.

The models of calnexin along with the tools for its analysis have been already used in 1
publication, while DHHC6 model is currently in the process of being submitted for
publication. It is also worth mentioning that to our knowledge, this is the very first
time that a modelling approach is applied to the study of the palmitoylation
networks. Moreover, the sub network of calnexin palmitoylation cascade is the first

step towards the reconstruction of the entire cellular palmitoylation network.
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Chapter 2 - State of the art

In the cellular environment, proteins are subjected to a wide variety of modifications
that can occur during the lifetime of a peptide. In particular, there is a class of
modifications that occur on the amino acids side chains of proteins that have been
shown to be fundamental to the regulation of many protein properties like stability,
localization, function and activation. This class of modifications are called post
translational modifications (PTMs) [1,2]. Among PTMs there are different
modifications that are reversible, these are of particular interest because they allow
cells to regulate processes in time and in space [25-29]. Some of these reversible
modifications have already been extensively characterized, like for example
phosphorylation, a PTM with a very high number of substrates and a huge impact on
many fundamental cellular functions, like metabolism and intra/extra cellular
communication [3,30,31]. Not all the modifications have been equally studied, and the
function and regulation of many different PTMs is still obscure. Amongst these, S-

palmitoylation is gaining more and more attention due its emerging role in signalling.

2.1 What is palmitoylation?

S-palmitoylation consists in the attachment of a palmitate molecule to the SH-group
of a cysteine residue via a thioester bond [32]. The mechanism of the enzymatic

reaction of palmitoylation is shown in Figure 2.1.
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Figure 2.1. Reaction mechanism of palmitoylation. A palmitate molecule is attached to the SH group of a cytosolic cysteine
of a protein via thioester bond. The reaction of palmitate attachment is catalysed by a class of proteins called
Palmitoyltransferases (DHHCs). The opposite reaction of palmitate removal is catalysed by another type of enzymes called Acyl
protein thioesterases (APTs). Interestingly different DHHCs and APTs need to be palmitoylated themselves in order to be active.

This modification have a unique property among the lipid modifications, it is in fact
the only one that is reversible [33]. The attachment of the palmitate is catalysed by a
class of enzymes called palmitoyltransferases (DHHCs), while the opposite reaction of
depalmitoylation is performed by a family of enzyme named Acyl protein
thioesterases. Different studies have addressed the role of palmitoylation in
regulation of cellular functions, especially regarding protein folding, localization,
membrane interactions, protein-protein association and enzymes regulation
[15,17,20,22,29,32,34]. Although S-palmitoylation was identified more than 40 years
ago [35,36], our understanding of this modification, its dynamics, its regulation and
its consequences, is still rudimentary. The principal cause in the lack of knowledge
comes from the technical difficulties arising during the analysis of palmitoylated
proteins and the enzymes that catalyse this PTM. In fact, since these enzymes are
membrane bound, it is difficult to isolate and purify them. Moreover, the number of
protocols available to analyse palmitoylation dynamics have been very limited; only
recently new techniques allowed to improve our capacity of observing palmitoylation
dynamics in vivo. The most common techniques for analysis of palmitoylated
proteins include the use of radiolabelled amino acids or palmitate following pulse-
chase protocols [20]. Labelled amino acids allow to monitor the dynamics of
synthesis/degradation of palmitoylation substrates, observing both the fractions of
modified and unmodified proteins. Radiolabelled palmitate, instead, allow us to

observe only the palmitoylated fraction of a protein, giving information on the
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palmitoylation/depalmitoylation dynamics of the protein. These two techniques have
been useful in the past to characterize the dynamics of N-Ras palmitoylation [37] or
the modulation of Gor subunit palmitoylation [38]. Radiolabelling techniques are
continuing to prove themselves useful as they were recently used to analyse
palmitoylation of the ER chaperon calnexin [39], and its palmitoylating enzyme
DHHC6 (see Chapter 5 - ). Today, different new techniques have been developed to
analyse palmitoylation at the protein level like acyl-biotin exchange and click
chemistry, which are more sensitive with respect to radio labelling. In fact, this new
techniques allowed the characterization of the cellular palmitoylome in different
species, including mammalian cells [16,18,21,40,41]. This has given us an idea of the
extension and complexity of the palmitoylation network. At the time of writing 19
palmitoyl-proteome studies have been published, which results have been collected in

a comprehensive database of protein palmitoylation called “Swisspalm” [16].

2.2 Palmitoylation in humans

Analysis of the Swisspalm database reveals that at least 12% of the human proteins
may undergo palmitoylation, demonstrating the high impact of this PTM at the
cellular level. UniProt annotations allow to better characterize the pool of
palmitoylated protein. 45% are membrane proteins, while cytosolic proteins
constitute only 30% of the pool. Palmitoylation seems to affect especially those
organelles that part of the endomembrane systems like the endoplasmic reticulum,
Golgi apparatus, lysosomes and endosomes [16]. Interestingly the remaining 25% of
the palmitoylated proteins are localized within the nucleus, raising the interesting
possibility that palmitoylation promote reversible interaction with the nuclear

membrane and/or proteins [16].
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2.3 The role of palmitoylation in the regulation of

cellular functions

The role of palmitoylation is still not completely understood, but different studies
observed its effects on diverse cellular functions, like signalling capacity [21-23],
protein localization and trafficking [34,42,43], modulation of enzymes activity [24],
membranes interactions [44], and regulation of protein stability [39,45,46]. The wide
variety of functions affected by palmitoylation demonstrate its role as a regulatory
modification. Until now five main consequences of palmitoylation have been
identified, but is still unclear how these correlate with the changes observed at the
system level [15]. The most straightforward effect of palmitate attachment is that it
confers hydrophobicity to proteins [15,32,47], allowing reversible interactions with
the membranes or with membrane proteins. This property allows soluble proteins,
which are normally hydrophilic, to increase their hydrophobicity promoting their
ability of interacting temporary with the membranes. Interactions of soluble proteins
with the membrane imply a multistep process, since the enzymes that catalyse
palmitoylation are membrane bound and therefore palmitoylation cannot occurs
directly on cytosolic proteins. Before palmitoylation occurs, generally soluble proteins
undergo another lipid modification like N-myristoylation or prenylation. This first
modification allows soluble proteins to gain some degree of hydrophobicity prior to
palmitoylation, allowing proteins to get nearer to the membrane and start a transient,
weak membrane-protein interaction. Once a protein is close to the membrane, it
gains access DHHCs enzymes which will palmitoylate the protein, stabilizing its
interaction with the membrane until the palmitate is removed [15,20]. Palmitoylation
have been proven to be essential for a stable membrane association of many soluble
proteins like Ras and Ga subunit [48-50]. The increase in hydrophobicity and the
consequent membrane association is something that affects most soluble proteins,
while this may look as a minor effect on the fate of a protein, governing the

localization of a protein in the cell can have drastic consequences at the network
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level. For example, one of the fundamental requirements for enzymatic reactions to
happen is co-localization of the enzyme with its substrate. In these sense,
palmitoylation can promote or suppress the activity of an enzyme by enriching or

sequestering the enzyme/substrate at a particular membrane.

Another direct consequence of palmitoylation that often affects membrane proteins
are changes in the conformation of proteins structure. Palmitoylation of membrane
protein often occurs on cysteines adjacent to the transmembrane domain [15]. A study
by Joseph and Nagaraj [51] has shown that palmitoylation of cysteines near the
transmembrane domain would cause the embedding of those residue deep in the
membrane, causing a twist of the transmembrane domain (TMD) of the protein that
would change its orientation and length. This changes in conformation can have
effects on protein localization as shown in [42]. In this work, the transmembrane
domain (TMD) of LRP6, a key component of the LRP5/LRP6/Frizzled co-receptor,
was shortened (data not published). What was observed is that shortening relieved
ER retention in the absence of palmitoylation, while in the presence of palmitoylation
shortening led to ER retention, which is consistent with an effect of palmitoylation on
the TMD of LRP6. Among the mechanistic consequences of palmitoylation we also
find the ability of association with specific membrane domains like lipid-rafts,
cholesterol and sphingolipid rich membrane domains [15]. It is indeed proved that
palmitoylation of many proteins promoted their association with lipid rafts [52].
Palmitoylation is also responsible for protein-protein interactions; this is especially
true for membrane proteins. A recent example is the one of the ER chaperone
calnexin. Its palmitoylation is required for the formation of a super complex
“translocon-ribosome-calnexin” [34]. The formation of this complex allows newly
synthesized proteins to be immediately processed by enzymes and chaperones that
helps the protein reach the final conformation [34]. Interestingly, It has been
observed that palmitoylation can also have the opposite effect of interfering with
protein interaction [15]. For example in the case of the neural cell adhesion molecule
140 (NCAM140) palmitoylation negatively regulates the hemophilic dimerization of
extracellular NCAM domains [34].
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Surprisingly palmitoylation seems also to interact with different PTMs, in particular
with ubiquitination. It was found that palmitoylation deficient LRP6 undergoes
ubiquitination near its palmitoylation sites [42]. Another similar example is
constituted by TEMS, a protein which function is not clearly understood yet, but it is
known to be the receptor for the bacillus anthracis toxins, the causative agent of
anthrax disease. The palmitoylated deficient version of this protein has been found to
be ubiquitinated near the palmitoylation sites, causing premature degradation [46].
Since different palmitoylation deficient proteins have been found to be ubiquitinated
and prematurely degraded, palmitoylation is generally associated with a stabilization
effect. Interplay between palmitoylation and phosphorylation has also been observed.
A clear case of interaction have been observed for calnexin; a mutant version of the
protein which cannot be phosphorylated led to an increase of 200% in the level of
palmitoylation, and a consistent increase have also been observed in the rate of
palmitate incorporation [39]. This observation suggests that palmitoylation of

calnexin is under the negative control of serine phosphorylation.

2.4 Palmitoylation cycle: DHHCs and APTs

As stated earlier the reaction of S-palmitoylation is catalysed by a family of enzymes
called palmitoyltransferases. So far 23 different palmitoyltransferases have been
identified in mammals. This class of enzymes is characterized by the presence of a
conserved DHHC (aspartate-histidine-histidine-cysteine) motif within a cysteine rich
domain which is the catalytic site of these enzymes [53] and is directly implicated in
the attachment of the palmitate. Mutation in the DHHC sequence abolish the ability
of DHHC s to catalyse palmitoylation [39,54,55]. DHHC proteins are transmembrane
proteins that can span through the membrane at least four times, with the DHHC
domain normally localized between the second and the third transmembrane

domain. A schematic representation of the fundamental structure of a DHHC enzyme
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is visible in Figure 2.2. These enzymes are mainly localized on the ER membrane and

the Golgi, but some are also found on the plasma membrane [56].

&
(] )

Cytosol

KKNR

Figure 2.2. General structure of a DHHC enzyme. DHHC enzymes are transmembrane protein that span through the

membrane at leas for times. The catalytic site is a DHHC motif usually located in between the 2™ and 3" transmembrane

domain, on the cytoplasmic side. On the C-terminal domain we find a localization signal, in this representation the KKNR signal
is targeting the DHHC to the endoplasmic reticulum. Depending on the DHHC we can find different additional domain usually
localized between the 4" transmembrane domain and the end of the cytoplasmic tail. Like for example the SH3 like domain in
DHHCe6.

It is actually not clear why there are so many DHHC proteins and what their substrate
specificity is, but their large number and precise localization to different membrane
compartments suggest that palmitoylation is a tightly regulated network with
hundreds of substrates taking part in the most diverse cellular functions [15,20]. At
the present time, a consensus sequence characterizing palmitoylation sites has not
been found even if some prediction algorithms show increasingly successful results
[16,57]. These algorithms are based on the recognition of some common features that
belongs to palmitoylable cysteines, for example modifiable residues tends to localize
near to hydrophobic parts of proteins. In soluble proteins, palmitoylable cysteine are
often found next to myristoilation or prenilatyion sites, since these lipid modifications
help proteins to get nearer to the membrane and to interact with DHHCs enzymes. In
transmembrane proteins, it is common to find palmitoylation sites just next to the
transmembrane domain [20], like in the ER chaperone calnexin [58] or the anthrax

toxin receptor CMG2 [46].

In regard to the specificity towards substrate we can divide DHHCs in two classes, in
fact, while some palmitoyltransferases are substrate-specific, others modify a broad

range of substrate [59,60]. Intriguingly, DHHC proteins can have overlapping
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substrate specificities, meaning that the palmitoylation cycle of some substrates can
be regulated by more than one DHHC enzyme. In the case of SNAP25, a protein with
a key role in neuronal exocytosis pathways, the membrane association of this protein
is controlled by DHHC3, 7, 17 and 15 [61]. Another good example is for one of the Go
subunits, similarly to SNAP25, the membrane association of this protein is controlled

by both DHHC3 and 7 [62].

The regulation of the palmitoyltransferase expression and activity, is still not well
understodd at this time. A review of the knowledge about each single DHHC can be
found in [63]. Interestingly a large-scale proteomic analysis of palmitoylated proteins
revealed that different DHHCs, (5,6 and 8) are themselves palmitoylated [41],
suggesting that the activity of a subset of DHHCs enzymes may be regulated by
palmitoylation itself, adding another level of complexity to the regulation
mechanisms of this modification. Other form of regulations may require formation of
complex with other protein, like it has been shown in palmitoylation of Ras in yeast
and mammals [54,64]. In that study the authors show that Ras palmitoylation require
the interaction between DHHC9 and GCP16.

Unfortunately, if our knowledge on DHHCs is poor, what we know on
depalmitoylation enzymes is even less. The enzymes responsible for removal of
palmitate belong to a class of proteins named thioesterases [65]. Two of these
enzymes, protein palmitoyl thioesterase 1 (PPT1) and PPT2 are found in lysosomes
and depalmitoylate proteins that are being degraded [66]. Two other enzymes called
acyl protein thioesterase 1 (APT1) and APT2 are localized in the cytoplasm and seems
to have a more active role in the regulation of the palmitoylation cycle of a variety of
substrates. APT1 have been show to take part to the regulation of the palmitoylation
cycle of proteins like Ga subunits and H/N-Ras [66,67]. HEK293 cell show an
increased rate of removal of radiolabelled palmitate from Galpha protein after
overexpression of APT1 in pulse-chase experiments [67]. Analysis of an N-ras protein
in which the palmitoyl group was attached by a noncleavable thioesther linkage

revealed that the cycle of palmitoylation/depalmitoylation of N-Ras and the correct
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localization of its palmitoylated form is important to determine the correct cellular
distributions [66,67]. Conversely, APT2, has been identified as the thioesterase of the
growth associated protein GAP43 and H-Ras [68]. Quite recently, a large profile study
using broad spectrum serine lipase have highlighted that different members of the
serine hydrolase family are capable of depalmitoylation. This may suggest that we still
haven’t identified all the enzymes responsible for protein depalmitoylation, and
therefore a consistent part of the dynamic network of protein palmitoylation still

need to be uncovered.

2.5 Study palmitoylation with the help of a modelling
approach

This thesis is focused on the study of palmitoylation using a Systems biology
approach. Based on experiments we developed mathematical models of the
palmitoylation process of different modified proteins, to understand the biological

behaviour of this PTM at the system level.

Kinetic modelling has been extensively used to improve the comprehension of
complex cellular networks. Particularly successful results have been obtained in the
study of signalling networks. These networks are normally characterized by a
moderate number of proteins, and their topology may appear simple at a first look,
but the large number of biological responses that these network can trigger, and the
pleiotropic effect on a number of cellular function reveal the hidden complexity of
these models, often characterized by complex non-linear interaction and the
existence of proteins in multiple states thanks to the presence of post translational
modification sites [69] Recently the combined approach of experiments and
modelling is reavealing a successful strategy to characterize the dynamics of signalling

network, especially regarding the study of post translational modifications.
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2.6 Study palmitoylation with the help of modelling

Kinetic modelling has been extensively used to improve the comprehension of cellular
networks. Particularly successful results have been obtained in the study and
comprehension of signalling networks, which are normally characterized by a
moderate number of proteins, but high complexity. The topology of these systems
may appear simple at a first look, but the large number of biological responses that
these networks can trigger, along with pleiotropic effects on a number of cellular
functions reveal the hidden complexity of these networks [69]. For example in PCI2
cells sustained activation of ERK triggers neuronal differentiation, while a transient
activation is required for proliferation [70]. Even if we know the possible outcomes of
the network, we still don’t fully understand how these correlates with the dynamics of
the signalling network [69]. In this regard, systems biology is used to study how the
intrinsic network dynamics allow to trigger different biological responses through the

use of mathematical formalism for the description of those systems.

Mathematical models allow the study of protein networks on different levels. A
common approach to model analysis consist in perturbing its components and
predict the possible response of the network. Perturbations can be generated at
different levels and for each protein of the model, allowing the individuation of the
principal components, meaning those parts of the network which small perturbations
have a big impact on the dynamics of the system [69]. Another remarkable aspect of
mathematical modelling is that it can reveal emergent properties, which are features
of the network that rise from its functioning as a whole, and they are not observed on
single proteins [69]. A famous example is the ability of certain proteins, participating
in signalling networks, to be activated in a switch-like manner. This property is
known as ultrasensitivity and its function is to filter background noise and avoid
accidental activation of signalling cascades. A pathway showing this property is the
ERK activation system in Xenopus oocytes [71]. In this work Xenopus oocytes where

threated with progesterone to study the ERK activation pathway and subsequent
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maturations of the oocytes. Interestingly, while the population of oocytes showed a
linear activation of ERK in response to increasing levels of progesterone, individual
eggs exhibited an all or nothing response [69], [71]. The linear response can be simply
explained by an increase in the frequency of activated cells. Instead, the non or all
response of single cells rise instead from a more interesting mechanism of ERK
activation. In this pathway after activation of the growth factor (GF) receptors the
kinase MEK, which have two phosphorylation sites, gets modified on both sites and
subsequently phosphorylates ERK twice, triggering DNA transcription [71]. When
MEK phosphorylates ERK it modifies only one site at the time, therefore, two distinct
enzymatic reactions of phosphorylation are necessary to fully phosphorylate ERK.
This imply that a poor stimulus of the pathway will generate a pool of mono
phosphorylated ERK, which won’t be active. The triggering of this pathway require
that the initial stimulus have a certain level of strength in order to activate all the
proteins in the pathway and generate a response. As consequence the ERK activation
adopt a sigmoidal shape and its activation become switch-like [69][71]. In such a
complex network of interactions intuition is not enough to explain the difference of
behaviour observed between the population and the single cell response. Moreover,
ultrasensitivity is not a property that can be studied by simply analyse the
components of the network, since it can only be observed when we consider the
network as a whole. Therefore, only a mathematical approach will be able to predict
exactly how the network is activated upon a stimulus of the GF receptors [69]. The
examples above show how the combined approach of experiments and modelling is
revealing a successful strategy to characterize the dynamics of signalling networks,
and to explain unexpected behaviours that are encoded in the design of biological

networks [69].

This work is focused on the study of palmitoylation using a systems biology approach.
Based on experiments we plan to develop mathematical models of different
palmitoylated proteins belonging to the palmitoylation cascade of the ER chaperone
calnexin, with the aim of studying their dynamics of palmitoylation. First we plan to

design a single protein model describing the double modification process of calnexin.
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This model will be first used to validate the reaction mechanisms that we choose to
describe the enzymatic reaction of palmitoylation. If the proposed mechanism will
manage to correctly describe the dynamics of calnexin palmitoylation, the model will
be investigated to uncover the consequences of calnexin modification. We will focus
on the study of the dynamics of modification of the two calnexin sites: Are the sites
modified sequentially? Is palmitoylation dynamic for calnexin? Which percentage of
population is palmitoylated in steady state and how long does it take to palmitoylate
calnexin? Moreover, we will investigate how palmitoylation affects the stability of the

protein.

A similar approach will be applied also to DHHC6, the palmitoyltransferase
responsible for palmitoylation of calnexin. This enzyme has three palmitoylation sites,
and experiments have shown that DHHC6 palmitoylation is fundamental for enzyme
activity, stability and localization. A single protein model will contribute to
investigate more in detail the effects of palmitoylation on the properties of this
enzyme. In particular, we are interested in understanding if the modification of each
site have the same consequences on the enzyme. We will also monitor the dynamics
of incorporation of palmitate in DHHC6, determining if the three sites are equally
palmitoylated. Studies on the stability of the different palmitoylation patterns of
DHHC6 will also reveal how the three sites contribute to determine the stability of
the enzyme. We will observe if palmitoylation of DHHC6 is dynamic, an important
feature for temporary activation and deactivation of the enzyme. Prediction on steady
state distribution will show how much enzyme is active in steady state or if there are
preferentially palmitoylated states. All these findings will be useful to increase our

understanding of how palmitoylation regulates the activity and stability of DHHC6.

In the final part of the project the two models of calnexin and DHHC6 will be used as
starting point for the reconstruction of the palmitoylation cascade of calnexin. In this
model we will include all the principal proteins with a role in calnexin palmitoylation.
This will allow to study the dynamics of palmitoylation at the system level. We will

first investigate how palmitoylation of DHHC6 affects palmitoylation of calnexin,
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trying to understand how the different DDHC6 sites contribute to modulate its
activity. We will determine which parameters of the model are fundamental in
determining the dynamics of palmitoylation observed in steady states, revealing
which part of the network are more important for its correct functioning. Perturbing
the model components will help to determine their function, possibly revealing
emergent properties of the cascade. Another interesting point would be to determine
what happen when we increase or decrease the activity of those enzymes that
regulates the cycles of palmitoylation/depalmitoylation of the proteins belonging to

the palmitoylation cascade of calnexin.

All together the steps proposed in this project will greatly contribute in the
understanding of palmitoylation, helping to unravel the complexity of palmitoylation

dynamics both at the protein and system level.
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Chapter3- Material and Methods

In this section we focus first on the tools that we developed to set up and analyse the
different palmitoylation models. We start illustrating how we defined the network
topology for a palmitoylation reaction [72], how this was translated into a
mathematical model, and the approximation that we applied to reduce model

complexity.

Next we talk about the tools created in order analyze the models. Part of this section is
dedicated to the in-silico labelling technique that was developed ad-hoc to be able to
estimate parameters from radio labelling in-vivo experiments. In this section we also
talk about genetic algorithm, which, in combination with in-silico labelling, was used

to perform parameter estimation.

In the model analysis section, we briefly introduce the concept of local and global
sensitivity and how we use them to analyse the models. Others tools, like single
molecule tracking with stochastic simulations are also part of this section. The
Chapter ends with an introduction on Rule-based modelling, and how it is used to
reconstruct a small network of palmitoylation starting from the single protein models

developed previously.
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3.1 Modeling of palmitoylation networks: Define the

network topology

The core of all our models is based on the well-established model of protein
phosphorylation illustrated in [72]. The set of reactions described in Goldbeter paper

is used to describe a single protein palmitoylation event, as shown in Figure 3.1.

oty DHHC-S %
7

pas

S
Apﬁx’ APT—paS</<A:T

Figure 3.1 Generic protein palmitoylation/depalmitoylation cycle. In a generic reaction of palmitoylation a substrate S binds
to a palmitoyltransferases (DHHC) enzyme forming the complex DHHC-S. DHHC catalyse the attachment of a palmitate
molecule pa on the substrate S and release the palmitoylated substarte paS. In the opposite reaction of depalmitoylation paS bind
to an Acyl protein thioesterase (APT) forming the complex APT-paS. The palmitate molecule is then removed and the substrate
released.

Multiple modification events are modelled replicating this subunit for each
palmitoylation site present on the protein. An example showing the cycle of

palmitoylation/depalmitoylation of calnexin is shown in Figure 3.2.
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Figure 3.2 Model of calnexin palmitoylation/depalmitoylation cycle. We assume that calnexin is first synthesized by

the ribosome from its mRNA to the corresponding peptide and inserted into the membrane (U). Unfolded calnexin goes through
c . - . . . . . . . ~00 .
a process of folding, forming folded calnexin, which then shows the two sites available for palmitoylation (C”). These two sites

can be palmitoylated by DHHC6. The first palmitoylation can occur on both sites; C'® and C” denote the two different
palmitoylation states. After the first PTM calnexin can undergo another palmitoylation event still catalysed by DHHC6; C"
represents the double palmitoylated calnexin. Since palmitoylation is reversible the palmitate can be removed from the two sites.
The removal of palmitate requires a different type of enzyme, namely Acyl Protein Thioesterases (APTs).

Different experiments on mutant proteins substrates of palmitoylation in which one or
more palmitoylation sites were removed have shown that palmitoylation of a
particular site is independent from the others [34] (see also Chapter 5 - ). Because of
this property, during the definition of the network we decided to include all the
possible palmitoylation state of a protein, and all the connections between these
states. For example in the model shown in Figure 3.2, calnexin can be palmitoylated
on two sites independently. This means that calnexin can exist in four different
palmitoylation states (€%, 1 % and CM). Now, since the modification of these sites
is independent, the transition from C° to C" can happen in two different ways (C%-
>CO>C! or C00—>C01—>C“). Therefore, both the options have been included in the

model, and the same is done for all the models developed.

In the Goldbeter work, the model was mathematically described using mass action
terms. In this work, since we are dealing with multiple modification events, and
because the final aim of the project is to provide an extended representation of the
palmitoylation network, a mass action approach would be prohibitive in terms of

computation, number of parameters and time. Therefore, we choose to describe each
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enzymatic step using the “quasi-steady state approximation” (QSSA). Although this
assumption can be valid for many enzymatic reactions in vitro, it fails to describe
those reactions in which the protein and the enzyme have comparable concentrations,

as often happen inside the cell. In fact the validity of QSSA is guaranteed only until,

i.e. when the enzyme concentration is low with respect to the substrate L —«1

M+T

(2, 3].

Since it is known that in the palmitoylation network different enzymes and substrates
have comparable concentrations [21,40,41,73,74], we solved the problem adopting
what is called “total quasi-steady state approximation” (tQSSA), well described in [75]
and [76]. This approximation has been successfully used in models describing multiple
phosphorylation modification in signalling cascades [76]. Moreover, when we have to
deal with cellular processes, Tzafriri et al. [77] have shown that the tQSSA
approximation is valid also when the enzyme substrate concentrations are comparable

[78].

3.2 Application of tQSSA to the enzymatic reactions of

palmitoylation

Describing a signalling model with mass action kinetics can lead to very complicated
equations, depending on the number of species and the interactions among them.
Moreover, the kinetic rate constants used in mass action kinetics, like binding rates or
catalytic constants, are difficult or impossible to measure experimentally. When
dealing with enzymatic reactions, as typically observed in signalling models, we can
reduce the complexity of the model by applying an approximation to the mass action
kinetics called quasi steady state approximation (QSSA). QSSA allows to simplify the
equations describing enzymatic reactions and to group mass action kinetic rate

constants into more meaningful parameters that can even be measured
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experimentally. The resulting equations have the form of Michaelis-Menten kinetics.
This approximation is based on the assumption that in an enzymatic reaction the
enzyme-substrate complex at the beginning of the reaction immediately reaches a

chemical equilibrium after the reaction start.

In this section we show the step-by-step application of tQSSA on the mass action
model of calnexin palmitoylation visible in Figure 3.2. The exact same procedure is

applied to each model developed in this project.

To facilitate the comprehension, we first demonstrate how tQSSA is applied to a
double step of palmitoylation, without taking into account depalmitoylation and
degradation reactions. This system is identical to the competitive system described in
[75], therefore the exact same procedure can be used to apply tQSSA to the calnexin

model.

Specifically, consider the following successive reactions of calnexin modification that

lead to double palmitoylation of the protein starting from the non palmitoylated form:

DHHC6
Cooo—> C®DHHC X2 Cv
DHHC6 *
DI—IHCGa2 k
C* <—== C*DHHC > C*
DHHC6 * (1.3.1)

Where C% represent folded but not palmitoylated calnexin, C'° and C" denote the
single and double palmitoylated states respectively. C*° DHHC_ denotes the complex
of non-palmitoylated calnexin with the palmitoyltransferase 6, which is responsible
for the modification of both sites. C*° DHHC, represent a similar complex in which

calnexin is already palmitoylated on site 1. This reaction scheme resembles closely the
system presented in equation 14 of [75]. In both cases we have two reactions catalysed
by the same enzyme, therefore the two substrates are competing to be modified. The

only difference in the two reaction schemes is that in our case the product of the first
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reaction is substrate in the second reaction, but we show that this does not make any

difference in the application of tQSSA.

The reaction scheme in (1.3.1) is governed by the coupled ODE (1.3.2)-(1.3.6) below:

dCt =—a -DHHC,-C* +d -C*DHHC,, (1.3.2)

dC*DHHC d +k

—=———¢=a(DHHC,-C* - K" -dC”DHHC,), K== (1.3.3)
dt 1 6 1 6 1 al

dst =k -C*DHHC, —a_ - DHHC, -C10+d, -C* DHHC,, (1.3.4)

dC* DHHC d +h

ST =q (DHHC,-C*~K! -dC*DHHC,), K=" (1.3.5)
dt 2 6 2 6 2 a2

DHHC™ = DHHC, + C* DHHC, +C"° DHHC,. (1.3.6)

Now, in order to apply tQSSA we define new quantities, the total substrates:

C* =C® +C*DHHC,

(1.3.7)
C*=C"+C°DHHC,
We then rewrite equations (1.3.2)-(1.3.6) in terms of total substrates
dst =—k -C*DHHC_, (1.3.8)
dC*DHHC
—=t=q ((DHHC:‘” ~C*DHHC, - C* DHHC, )- (C°° ~C*DHHC, |- K" -C*DHHC,), (1.3.9)
dst =k, -C*DHHC —k, -C*” DHHC,, (1.3.10)

35



Chapter 3: Material and Methods

dC* DHHC,

—a ((DHHC(T"‘—CffDHHq-ijDHHcs)-(cw-CiDHHcs)—KM-c;iDHHQ . (1.3.11)
dt 2 o} 2

Equations (1.3.8)-(1.3.11) are identical to equations 2la-b in [75]. Then, we apply the

quasi-steady-state assumption

dC*DHHC,
[ . B 0,
dt (1.3.12)
dC” DHHC,
—— % =o0.
dt
Which gives
KM
C*DHHC, = DHHC™ —C* DHHC, | 1+ 2 : (1.3.13)
C*-C*°DHHC,
1 Tot I<M
C*° DHHC, = DHHC™™ ~ C*DHHC, | 1+ ! . (1.3.14)
C* ~C*DHHC,

equations (1.3.13) and (1.3.14) are equivalent to 22a and 22b in [75].

Substituting (1.3.14) into (1.3.13) leads to the following equation for complex

C* DHHC, and then complex C*° DHHC, can be calculated from (1.3.14).

M M
C*DHHC, = DHHC™ —[DHHC:" ~C"DHHC, {H _ K ]J 1+ K (1.3.15)
Cﬁ_[

C™-C”DHHC, v K"
- DHHC™ ~C™DHHC, | 14—
C™-C”DHHC,

It is easy to notice that equation (1.3.15) is identical to equation (23) from [75],
therefore solving (1.3.15) is equivalent to finding the roots of the third degree
polynomial (24) in [75]. The polynomial is solved following the exact same procedure

as in [75], (equations (24-26)), finally obtaining:
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dc® B Vf .C*°

1 M
2

dt ce ’
KM |1+ +C*+DHHC*

(1.3.16)
dClO Vf . COO Vf . ClO

1 M
1

dt ce c® )
KM |1+ o +C°°+DHHC6T‘” KM |1+ +C‘°+DHHC6T‘”
K 2 K

2

The system of equations (1.3.16) contains in the denominators the terms of competing
substrates for the active sites of the enzyme DHHCG6. In case of multiple competing
species we would have additional terms in the denominator as described by the

generalized equation (27) in [75].

Equivalently, we derive the reaction rates for the reverse steps of depalmitoylation,

catalyzed by a different enzyme, namely acyl protein thioesterases (APT).

Based on the above, we show the equivalent steps of applying the tQSSA in the model
of calnexin palmitoylation (Figure 3.1). Figure 3.3 describes the network of calnexin’s
palmitoylation/depalmitoylation with elementary reaction steps that include the

formation of the intermediary enzyme complexes.
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Figure 3.3. Mass action model of calnexin palmitoylation. In this model calnexin is first synthesized in the unfolded state U.
The folding process brings the protein in the fully folded and not palmitoylated state C*°. Calnexin can then be palmitoylated on
one of the two sites, ending up being modified once, either on site 1 (Cm) or site 2 (Cm). Calnexin can undergo a second
palmitoylation ending up in the fully palmitoylated state C". We assume that after folding calnexin can be degraded in each state.
The reaction of palmitoylation are catalysed by DHHC6, while the opposite reaction of palmitate removal by APTI.

The system of ODEs in (1.3.17) fully describes the model visible in Figure 3.3:
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U_ wu
de ¢/
e _ k,-U+kS™.C*DHHC +k< > .C®DHHC_ +k_ -C°APT +k , -C* APT -k, -C* —k<"**.C*.DHHC -k "*'.C®-DHHC
dt f 1 f 1 6 1f 2 6 2b 2b d if 6 if 6
dC*DHHC,
dt
dC*DHHC,
dt -
=k, ,-C®DHHC, +k," -C* APT +kS**-C* DHHC, +k,, -C* APT —kd, -C** —k{,** -C**- APT -k, **-C**- DHHC,

=k *.C* - DHHC, k" -C** DHHC, ~k, - C*DHHC,

kG *.C* - DHHC, kS - C* DHHC, ~ k, - C*DHHC,

dc
dt
dc”
dt
dC* APT
dt
dC* APT
dt
dC* DHHC,
dt
dC” DHHC,
dt
% =k,,-C*DHHC, +k, .-C* DHHC, +k "> -C* APT +k&,**-C* APT -k, -C" =k "**-C"- APT -k§>*-C" - APT
dC" APT
dt
dC" APT
dt

=k, -CDHHC, +k ;> -C* APT +k&**-C* DHHC, +k,, -C* APT —kd, -C* = k{,"* -C* - APT - k{;**-C* - DHHC,

=k$™ . C°-APT —k,™ - C° APT -k ,-C* APT
=k§'*-C*- APT -kS,*'-C* APT -k , -C* APT
=k **-C*-DHHC, -k **-C* DHHC, ~k,.-C* DHHC,

=k **-C”-DHHC, -k **-C* DHHC, -k, ,-C* DHHC,

=k{**-C"-APT —k<,*-C"APT -k, -C" APT

=k C*- APT —kS,>*-C* APT -k ,-C* APT

DHHC™ = DHHC, + C*DHHC, + C*DHHC, + C** DHHC, +C* DHHC,
APT™ =C® APT +C” APT +C" APT +C" APT

(1.3.17)
We now define the total substrates. For each state of palmitoylation, the total calnexin

species is the sum of the free substrate and the complexes of the calnexin species to

both enzymes (DHHCg and APT).

C* = C® + C"DHHC, + C*DHHC,
" =" +C* DHHC, +C* APT

" =C" +C” DHHC, +C™ APT
C"=C"+C" APT +C" APT

(1.3.18)

Now, we rewrite (1.3.17) in function of these new quantities:

39



Chapter 3: Material and Methods

du

WY_ kU
a7
dc” o o o0 o0 o0
=k, Uk, -C*APT+k,-C" APT~k,-C"~k,,-C*DHHC, =k, -CZDHHC,
dC®DHHC, o ((— 4k
e ((C _C*DHHC, ~C*DHHC )-(DHHCT“‘ ~C*DHHC, ~C*DHHC, ~C* DHHC, ~C* DHHC, )~ K" - C*DHHC, ) = oy
dt lf 1 6 2- 6 6 1 6 2- 6 6 6 f 1 6 f k( 11
if
dC*DHHC, o (= o
P _ e .((Cw _C®™DHHC, —C*DHHC )~(DHHCT‘" ~C¥DHHC, ~C*DHHC, ~C* DHHC, ~C* DHHC, )~ K -C*DHHC, ) g =t Ty
dt |f 1 6 2- 6 6 1 6 2- 6 6 6 f 2- 6 f k( 21
if
dcr o0 " o o 0
==k, -CIDHHC, +k,,-CLAPT ~kd,-C" =k, -C" DHHC, =k, -C* APT
4"\ CDHHC +k, -C" APT—kd -C® —k . -C* DHHC, —k , -C* APT
dt 2f 2 6 TR 2 2f 6
dC*APT o (— Kk
AT kg ((C ~C* DHHC, - C* APT)~(APTT°' ~C® APT—C” APT ~C! APT ~C} APT) - K)'** .C* APT) K= e
1b
dC* APT o, (== kS +k
ACAPT_ e ((c ~ C* DHHC, ~C* APT)-( APT™ ~C* APT - C* APT —C* APT ~ C1 APT ) - K\ CfiAPT) LAY
dt km
dC*DHHC. o . ((— P
e g ((c - C* DHHC, ~C* APT)-(DHHC[™ ~C* DHHC, ~ C"DHHC, ~C* DHHC, - C* DHHC, )~ K}/** -C* DHHCb) e
o
1f
dCO DHHC. . ([— Kk
D, _pemas ((c ~C” DHHC, ~C™ APT):( DHHC!™ ~C*DHHC, ~C*DHHC, ~C* DHHC, ~C* DHHC, )~ K}'**-C* DHHC ) KMo
dt i f — 6 — 6 - 6 I 6 — 6 — 6 f — 6 f KC22
1f
4 .C*DHHC +k_,-C®DHHC, ~k, -C*~k, -C* APT —k,, -C* APT
dt af 6 T 6 Ka3 b i ab o
AC'APT o (— K
Sk ((c ~ClAPT = C1APT |/ (APT™ —C® APT ~C* APT ~C! APT ~C? APT) - K}!* .c;LAPT) Ky
1b
AC*APT o ((— , g
Sk ((c ~C"APT-C" APT) (APT™ —C® APT ~C” APT ~C! APT ~C! APT )~ K}'** -C. APT) Ky e S
K
1b

For the ODE of each complex we sum the corresponding ODEs of the species

appearing in (1.3.18). Next, we apply the quasi-steady-state assumption:

dC*DHHC,
dt =0
dC®DHHC,
dt =0
dC® APT
a
dcnApT (1.3.20)
a
dC* DHHC,
dt =0
dC® DHHC, _
dt =0
dC" APT
S0
dC™ APT
dt =0

and we derive the following system (1.3.21)
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dC*®DHHC . K}"**-C* DHHC, v . .
dCTPHAC, _ pppcr - —C™DHHC, - C* DHHC, - C* DHHC,
dt (C‘° —C* DHHC, -C* APT)
dC®DHHC o K}'**.C" DHHC, o . .
AGPHAC, _ pypcr - —C®DHHC, - C* DHHC, —C* DHHC,
dt (C°' —C DHHC, —Cf{APT)
dCloAPT I(M,Ivz'cll APT
APT_ aprro - KT G —C™ APT -~ C" APT ~C" APT
dt (c-crapr—c2 apr)
dC” APT . KM*.C" APT
AT _apreo G —C® APT~C" APT - C" APT
dt (C" ~C"APT-C" APT)
gl (1.3.21)
dC* DHHC . K:-C" DHHC,
dCEPHAAC, _ ppc - ~C™DHHC, ~C*DHHC, - C*
dt (C°° —C* DHHC, —CleHHCé)
dC” DHHC . K}'**-C* DHHC,
dCEPHAAC, _ bpc - ~C™DHHC, ~C*DHHC, - C*
dt (C°° —C* DHHC, —CleHHCé)
dC“ APT KM.LI C‘OAPT
APT _ ppre K C0 —C® APT - C™ APT —C* APT
t (C‘“ —C* DHHC, -C* APT)
dC" APT o KM*.C” APT
A aprre_ —C® APT —C APT ~C" APT
de (c"-copHHC, - apT)

It is possible to see that (1.3.21) is similar to (22a-b) in [75] and equations (1.3.13) and
(1.3.14) shown above, but it includes additional terms. In order to derive the tQSSA for
this system, special care must be taken as stated in [76]. The exact tQSSA for this
model does not exist, because the “total substrate” defined in (1.3.18) involves some
complexes that are not relevant when calculating one of the reaction rates [76].
Therefore, in order to derive tQSSA for this system we need to define the pool for each
of these complexes and subtract it from the total substrates, as done in equations (21-
24) of [76]. This approximation allows us to match the polynomial derived from
(1.3.21) with the one in (1.3.15), which can then be solved as in [75] (equations 24, 25,
26). The resolution of the polynomial allows to derive the generalized formula for
tQSSA ((27) in [75]), which we used to model our system. The same approach shown
above has been successfully used to model different network of competitive reactions
and double modification mechanism, included the double
phosphorylation/dephosporylation of MAPK [76], which is very similar to the model

presented in this paper.
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3.3 Development of an In-silico labelling technique for

model calibration and analysis

One of the most important outcomes of this project is the development of an in-silico
labelling technique. One of the reasons that motivated the design of this method was
the need of being able to replicate the labelling experiments performed in-vivo. In fact
In-silico labelling is at the base of parameter estimation, allowing to evaluate the
goodness of a given set of parameters used for model simulation; the goodness of fit of
a set is computed calculating the distance between an experimental curve obtained
from in-vivo labelling experiments, and the output of the model simulating the same
experiment in-silico. This technique has also been successfully used to suggest simple
modifications of the experimental labelling protocol that helped to better characterize

properties of the proteins under analysis.

In this section we show how it is possible to perform different types of labelling
experiments in-silico. In order to better illustrate the method we show its application
on the calnexin model, but the exact same procedure is applied to any model
discussed in this thesis. First we review the types of in-vivo labelling used in this

project:

1. %S labelling: cells are treated with S cysteine/methionine for 20 minutes.
Then the labelling is removed and the abundance of labelled calnexin is
measured at different time points. These experiments are useful to capture the
dynamics of protein synthesis and degradation.

2. °H labelling: cells are treated with *H palmitate for 2 hours. Then the labelling
is removed and the abundance of radiolabelled palmitoylated calnexin is
measured at different time points. The difference with respect to °S
experiments lies in the fact that here the label is attached to the palmitate

molecule and not on the protein. Therefore only the population of protein that
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gets palmitoylated will be visible with this technique. This type of labelling is
useful to observe the dynamics of palmitate incorporation/loss.

3. SNAP labelling: This labelling consists of the fusion of 182 residual
polypeptides (called SNAP) with the protein of interest. The protein is then
expressed in the cell until it reaches physiological levels, and at that point the
SNAP can be specifically and covalently labelled with a fluorescent dye for a
specific time. The fluorescent dye is then removed from the culture to observe
the decay of the labelled protein. The advantage of this technique is that it is
possible to activate the label at the desired time. Is therefore possible to wait
that the tagged protein reaches physiological levels before activating the label.
Unfortunately due to the size of the tag, in some cases the tagged peptide may
not folds properly, leading to a bias in the dynamics of the protein under

analysis.

These labelling techniques were used to label WT and mutant version of the same
protein, in which one or more palmitoylation sites were knocked out. Analyses of the
mutants help to better characterize the dynamic of palmitoylation/depalmitoylation of
each sites, and to investigate the relationship between stability and palmitoylation of

individual sites.

The in-silico labelling technique is based on the following assumption on in-vivo

experiments:

1. When the labelling start the endogenous protein is in a steady state condition.

2. In ”°S labelling experiments, we add an excess of radiolabeled cysteines, which
are much more abundant than the cysteines already present inside the cell.
This implies that during the labelling phase only radiolabeled cysteines will be
used to synthesize new proteins.

3. In’H labelling experiments we add an amount of radiolabeled palmitate which
is much more abundant than the pool present inside the cell. This mean that
during the labelling time only radiolabeled palmitate will be used to modify

proteins.
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4. The pool of non-labelled protein is in competition with the tagged pool to get
palmitoylated by a DHHC enzyme, and the same is true for the different

palmitoylation sites present on a protein.

3.3.1 ”Slabelling

With this technique we introduce in the cell an excess of radiolabelled amino acids.
Once the cell absorbs the label, the newly synthesized proteins will be tagged with
radioactive amino acid ending up with pools of tagged proteins. Labelled proteins can
then be purified and quantified. One of the first steps to replicate this experiment in-
silico is to be able to distinguish in the model between the labelled and non-labelled
pools of protein. This is done by taking the calnexin model in Figure 3.2, and

duplicating its species as in Error! Reference source not found..

Error! Reference source not found. shows two identical but separated pools of

protein. One pool represents the WT endogenous calnexin, while the other serve to
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simulate the labelled protein that will be synthesized in the cell once the labelling is
active (marked with * in Error! Reference source not found.). There is only one
synthesis term, in agreement with assumption n.2 described above. Synthesis can be
switched between endogenous or labelling species depending from which part of the
experiment we want to simulate. During a labelling experiment in-vivo, after
introducing the label in the cell we will have two distinct populations. One is the
endogenous protein, and the other represents the newly synthesized proteins that
have been labelled. The presence of two distinct populations will affect their kinetics
of palmitoylation. This is because the two populations compete in order to get
palmitoylated by the same enzyme, since the only difference between the two pools of
protein is the presence/absence of the label. During In-silico experiments this
competition behaviour is captured by additional competitive terms in each reaction
rate. These terms quantify the competition between labelled and non-labelled proteins
for each enzymatic reaction. Competition between the different species of the model
have been implemented the same way as in [75]. Below we show the steps needed to

implement competition for in-silico labelling:

If we consider the competitive reaction scheme (* indicates labelled species):

C* + DHHC, == C*DHHC, —-C" + DHHC,
* o * (1.3.22)
€™+ DHHC, ==C* DHHC,—%—C" + DHHC,

We can formulate the following mass action equations:

dc =k -C*DHHC, -k -C*-DHHC,
dt -1 — 6 1 6

dC*DHHC,
dt

=k -C*-DHHC, -k +k )-C*DHHC,,

. 1.3.23
i ( )

dt
dCff*DHHC6
dt

=k -C*"DHHC, -k -C* -DHHC,,

=k -C*"-DHHC, - (k  +k,)-C* DHHC,.
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Along with the conservation law:

DHHC* = DHHC +C° DHHC, +C*DHHC,

(1.3.24)
If we set:
dC*DHHC,
_ o,
dt (1.3.25)
dC™ DHHC,
- —— ) = 0.
dt
And we introduce the new quantities:
C® =C* +C*DHHC,,
- T (1.3.26)
C™ =C* +C* DHHC,.

We can re-write equations in (1.3.23) using tQSSA and implementing competition
among the different substrates:

dCOO _ . COO
dt max COO* - 4
K, -1+ % +C* + DHHC,
i i (1.3.27)
dC v C .
dt — ce ;
K, |1+ +C* + DHHC
K, 6

k_ +1
Where V_ =k - DHHC™ andK,, = (-11 =
\S

1

Once we re-write our model according to the previous kinetic terms we proceed as
follows (Figure 3.4):

1. We simulate the model with the synthesis opened towards endogenous

calnexin until it reaches steady state.
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2. When the system is in steady state we switch the synthesis towards the labelled
protein for an amount of time that matches with the experimental labelling
time.

3. At the end of the labelling time we redirect the synthesis from the labelled
system back to the endogenous protein and we monitor the concentration of

tagged protein at the same time points as the experiment, with time zero (t=0)

being the end of labelling time.
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Figure 3.4. Different phases of a S in-silico labelling experiment
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3.3.2 ’H labeling

This type of labelling consists in the addition of an excess of radiolabelled palmitate to
cells. During the labelling phase the cell will incorporate radiolabelled palmitate,
therefore all the proteins undergoing palmitoylation will be tagged with labelled
palmitate. The pool of tagged protein of interest can then can be tracked and
quantified as in S labelling. The difference from >°S labelling is that the protein is
tagged after acquiring the palmitate and not during the synthesis. As consequence
only palmitoylated protein will be labelled (Figure 3.5). If only a fraction of a protein
pool is palmitoylated, the part that is not palmitoylated won’t be detected by °H
labelling.

Figure 3.5. Network topology of the calnexin model used for ’H in-silico labelling.
The modifications that need to be done to the model to include this type of labelling
are similar with the ones used for S labelling. As before the model is duplicated in
size, one pool representing endogenous species and the other the labelled species,
interacting with each other thanks to the competitive terms in the reaction rates (see
3.3.2). With palmitate being the labelling molecule, the pool of tagged calnexin will
contain two less species. These are the species that are not palmitoylated (i.e. U and
C%, as in Figure 3.5). Simulations are performed following the same procedure as for
S (Figure 3.6), taking care of adjusting the labelling time to match the experimental

time for *H-palmitate labelling (2 hours).
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3.3.3 Model parameterization with heuristic optimization

At the time of writing very little kinetic data are available on the enzymatic process of
palmitoylation. No kinetic information is available about the 23 enzymes that catalyse
palmitoylation in human. Due to the lack of data, all the parameters of the different
models were estimated using a genetic algorithm (GA). GA is a heuristic global

optimization algorithm that mimics the process of natural selection [79]. In order to
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estimate the parameters, multiple datasets coming from experimental results were
considered. Time course labelling experiments were performed in order to
characterize the dynamics of calnexin synthesis/degradation and incorporation/loss of
palmitate (see chapter 3.3). The procedure we used for parameter optimization follows
a classic approach where the experimental data for a certain protein are divided in two
groups. The first dataset is used to calculate the goodness of fit of each set of
parameter generated by the GA, this subset of data is called calibration set. The
second subset is used to validate the output of the model and test its prediction
capabilities on data that were not used for parameter estimation. The genetic
algorithm we used is implemented in MATLAB and it is named gamultiobj. This
algorithm finds the overall minimum of multiple objective functions by minimizing
the difference between the output of the model and the experimental data of the
calibration set. A complete description of the genetic algorithm can be found in [78].

Here we report the main steps:

1. The algorithm begins by creating a random initial population set of parameters.
Each set of the population is a set of all the modelling parameters needed to
perform the simulations. In order to generate the initial population we have to
specify an upper and lower bound for the parameters values, the GA would
then generate an initial population by uniformly sampling random values in
between the bounds. The values of the bounds are mainly dependent from the
concentration of the protein under analysis. For example, since calnexin has a
concentration in the order of magnitude of uM we set bounds for the
parameter that span over the estimated calnexin concentration (from 10> uM
to 10> uM).

2. At each step, the algorithm uses the sets in the current iteration to create the
next population. To create the new population sets, the algorithm performs the
following steps:

a. Scores each set of the current population by computing its fitness value.

b. Selects sets, based on their fitness.
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c. Produces sets for the next population from the sets of the current
population. The new sets are produced either by making random
changes to the parameters of a single set (mutation) or by combining
the vector entries of a pair of parameter sets (crossover).

3. Replaces the current population with the new sets obtained to form the next
generation.
4. The algorithm stops when one of the stopping criteria is met. These criteria are:

a. The average relative change in the best fitness function value is less than
the fitness function tolerance (10°©).

b. The number of iterations reaches the value of 10*,

Once GA has converged to a set of solutions we repeat the optimization process
iteratively, adjusting each time the bounds on the parameter. This process is executed
until reaching a satisfactory match between simulated data and experiments. This
procedure was applied to all the parameters except for the degradation rate constant

of the different species. In fact this parameter can be estimated from the turnover rate

t , of the different mutants measured experimentally as:

o _losz) (1.3.28)

d

1/2

The values found for the degradation rate constants were allowed to vary +20% during
parameter estimation. We have also considered the experimental errors based on the
standard deviation values of the experimental measurements. We should also mention
that none of the final estimated parameter values was at the upper or lower bounds

used for them during the GA estimation procedure

Genetic algorithms, as many others optimization methods, are based on the
minimization of a cost function. The cost function is computed for each set of
parameters generated by the GA, to evaluate its goodness. Each set is used to simulate
the experiments of the calibration set, and the output of the model is then compared

against the experimental data as follow:
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*" Vind

f,
f(x)= fz(xi), fk(xi):Nm(xe,"P_x?im)z, k=[1.N,] i=[1.N,] 1329

Where f(x;) is the vector of fitness function values for the set of parameters x;, fi(x;) is
the value of fitness function evaluated for a single experimental result in the
calibration set. For each set of parameter x; the GA computes the fitness value fi(x;) of

each experiment in the calibration set as the sum of the squared difference between

the experimental measurement x* and the output of the model x;im for each

experimental point in a single experiment. N,, is the number of measurements that
were taken in a single labelling experiment, k is the number of objectives we want to
minimize and Nj,q is the number of individuals in the GA population. Because of the
presence of multiple objectives there does not exist a single solution that
simultaneously optimizes each objective, so the algorithm provides as output a local
Pareto set of solutions, which are equally optimal with respect to the fitness function
we defined. The solutions in the Pareto set are equally optimal in the sense that for
each of them none of the objective functions fi(x;), can be improved in value without
deteriorating the quality of the fitness in some of the other objective values. In order
to be more accurate and to reduce the variability in the output of the model, from the
Pareto set provided by the GA, we selected those set of parameter that fitted best the
calibration data. Selection of this subset was done as follow: for each optimized set of
parameters, the GA provides the corresponding score for each objective (we have one
objective for each experiment used as calibration). The first step is to scale the scores
of each objective with respect to the maximum scores obtained for that particular

objective. This is done for each parameter set in the Pareto (1.3.30):
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_ﬁ(xi)_ max( f
AL
flx)= fz(sx") - f(x)= ﬁ(f)) (1.3.30)
_fk(Xi) ﬁ((:xi)
max(fk)

For each parameter set in the Pareto we then compute the sum of each fitness value to
obtain a single value representing the overall goodness of fit of a set of parameters
with respect to all the objectives (1.3.31). This value was then scaled to be in the range
between O and 1 (1.3.32). The sets of parameters with a fitness value of 0.3 or less were

selected in the final set of parameters used for simulations and predictions.

£lx), =2 f,(x) (1.3.31)
_ f(xi)Tot
flx),, g (1.3.32)

3.3.4 Studying impact of modelling parameters with sensitivity

analysis

3.3.4.1 Local Sensitivity analysis:

After each model calibration a common practice is to perform parametric sensitivity
analysis (SA), with the aim of gaining more insight on how the various parameters of

the model affect its output. SA was performed in the initial part of the project using a
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simple One-at-a-time (OAT) method, which consisted of changing one parameter at a

time and observing its effect on the output of the model.

We explain here the step-by-step procedure adopted to calculate sensitivity for each of

the model considered in this project. The description refers to the calculation of

sensitivity indexes in the case of calnexin’s half-life, but the same procedure applies

when calculating sensitivity indexes with respect to others properties or to other

models, like for example total protein abundance or total level of palmitoylated

protein:

L.

For each set of parameters from the population of GA optimized sets we
simulate a >S labelling experiment (See 3.3). In this type of experiments we
label calnexin with radioactive amino acids for 20 minutes, we then stop the
labelling and measure the abundance of radiolabelled calnexin in the cell at
different time points. The half-life of calnexin correspond to the time point at
which its concentration drop to 50% of the concentration measured at the end
of the labelling phase. The values measured this way will be taken as reference
points.

[teratively, each parameter of the set is increased by 1% of its value. This is done
for each optimized set.

After perturbation of a parameter we repeat the process from point 1. The

values measured this way will be stored as perturbed points.

4. The value of the parameter modified is restored to its original value

Points 2 to 4 are repeated for each parameter of a set, resulting in N, different

perturbed simulations, were N, is the number of parameter needed to simulate the

model.

5.

In order to calculate dynamic sensitivity analysis, a sensitivity index for each

parameter and each time step of a simulation are calculated as follows:
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s(t)= — .f(i y i=[1.N ] j=[t.t,] (1.3.33)

Where Si(t;) is the sensitivity index of the i parameter at the time step j. f (P*,tj) is

the model output at time ¢; for the set of parameter P in which the parameter x; was

varied of 1%. f{(P,, t;) is the model output at time ¢; for the set of parameter P; used as

reference. x; is the i™ perturbed parameter while x; is the same parameter but with

reference value. N, is the number of parameters of a set.

3.3.4.2 Global sensitivity analysis

This section has been designed and wrote with the help of Robin Denhardt Eriksson

Although local SA has been used extensively in this project, its limitations led to a
change in the approach to SA calculation in the final part of the project. The main
problems with local SA are that sensitivity indexes are always calculated with respect
to a reference point (i.e. a particular steady state). If the reference point change,
sensitivity indexes need to be recalculated on the base of the new reference point.
Therefore local SA does not consider parameters over an entire range, but sensitivity
indexes are calculated in a small region around a reference point. Another important
limitations of local SA is that during the calculation of local sensitivity indexes, since
the Finite Difference Method is used to approximate the derivative of the function
under analysis, we need to vary our input parameters of a sufficiently small quantitity
in order for the approximation to hold. This implies that local sensitivity indexes are
only valid for small deviation from the reference point. Moreover depending on the
values of the parameters considered, the variation in the parameter need to be

adjusted to be sufficiently small.
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To avoid these problems and improve the quality of our analysis we decided to use a
global method to estimate sensitivity indexes. These methods are also called variance-
based since they analyse how the variance in the input parameters propagate to
variance in the model output [81]. Global sensitivity overcome the problems of the
local method cited before and was therefore chosen to substitute local sensitivity in
the final part of the project. In this chapter we are going to briefly overview how

variance-based methods work.

Let f'be a square-integrable function depending on k parameters x;, and with output Y:

Y:f(xl,xz,...,xk) (1.3.34)

Since f is square-integrable we can expand the function in terms of increasing

dimensionality:

f(X) = fo + gfl (Xi)+ 1<§<nﬁj (Xi’xj)+ -ﬁz...n (xl’xz””’xn) (1 .3'35)

x=(x1,x2,...,xn)

This kind of expansion is called High Dimensional Model Representation (HDMR), it
is finite and contains 2-1 terms [81,82]. In (1.3.35) the term fo correspond to the mean
of the output f{x). The sum of terms f; corresponds to additive effects of single input
parameters on the model output, while the terms of higher order correspond to
interactions between parameters. It is proved that if all the terms of the
decomposition, apart from fp, have a zero mean then these terms are orthogonal in
pairs and conditional expected values may be used to compute them [81]. Therefore,
to calculate the analysis of variance (ANOVA) from (1.3.35), we just need to consider

the variance on each side of the equations [8l]:

Var(f(x)) = izn:‘Var(fi (xi)) + i Var(fij (xi,xj))+Var(fumn (xl,xz,_,_,xn)) (1.3.36)

<i <j<
10 <j<n
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Sobol indexes are obtained by normalization of each term in (1.3.36) by the total

variance Var(f{x)) of the model output:

. Var(f) _Var, (B, (v1x,)) 1357

' Var(Y) Var(Y)
In (1.3.37) the notation Ex.;means that the model output Y is averaged across all values
of X_;, all parameters other than X;. The notation Varx; means that the variance is
calculated across all values of X; The indexes calculated in (1.3.37) are known has “first
order” sensitivity indexes. The value of a first order sensitivity index represents the
fraction of variance in the output that is attributed by the variance in the input
parameter x;. This index captures the sensitivity of the model towards x; without
taking into account interactions effects with the other parameters. The interaction
effects can be captured measuring the variance of higher order terms in (1.3.36). Since
a model can have many parameters, and therefore many higher order terms, the
computation time required to calculate all the higher order term may be prohibitive.
To avoid the calculation of all the possible interactions effects, which increase
exponentially with the numbers of parameters, Sobol introduced what is called total
effect [81]. For each parameter the Total effect is the sum of the first effect and all the

higher order effects:

k

iVar(fij(xi,xi)) ZiVar(ﬁﬂ(xi,xj,X,)) Var(fu,,,k(xnxz""’xk))

A 7 | T /T R )

(1.3.38)

The total effect of X; can be considered as the total variance of the model output
minus all other 1** order effects and interactions between parameters excluding X;, all

of this normalised with the output variance, greatly simplifying the calculation [81]:
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S = V(f(x))_v“(E*f L) x)) (1.3.39)
| V(£(x)
This procedure greatly reduces the computation time, especially with models that
have many parameters, since we don’t have to compute each interaction term
individually. The value S;-S; allows to estimate the amount of variability in the output
of the model that can be attributed to interaction effects of the parameter x; with the

other parameters [81].

Here we illustrate how we implemented the algorithm for calculation of global
sensitivity. The methods is accurately described in [81,83], here we report the main

steps.

The algorithm start by generating three matrices of size (N, k), A,B and C; (1.3.40),
where N is the number of samples we generate, and k is the number of parameter
needed to successfully simulate the model. For each matrix every row corresponds to a
parameter set, which contain all the parameters needed to simulate a model. Each

column contains different sampled values of a particular parameter x;.

a a b, b
@’ oa bY - b
(1.3.40)
T
C= L
BN . a bY

While A and B are independently generated matrices, C; is composed by all the
columns of B, except column i that is taken from A. In the end we will generate k C

matrices. The model outputs are then evaluated and stored in vectors of length N:

y,=f(A), y,=f(B), Ye =f(Aa=C) (1.3.41)
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The 1** order and total effect sensitivity indices are then calculated in the following

way (1.3.42):

I
b

i N

;[;(yi)z—ff

(1.3.42)

AR

J=1

Where fj is the mean of the model output for each set of parameters (1.3.43):

f==>y (13.43)

3.4 Stochastic simulation as a tool for molecule tracking

During this project we were interested in determining different properties
characteristic of single protein molecules. For example interesting features can be the
average palmitoylation time of a single molecule of calnexin or the time that DHHCs
spend in the different palmitoylation states. This kind of properties are not easily
accessible when working with deterministic models, mainly due to the fact that we
can’t observe single molecules, but we have instead molecules fluxes that flow from
one state to another. To overcome this problem we developed a technique that allows
to perform in-silico single molecule tracking. This method have been developed on the
basis of the in-silico labelling technique described in chapter 3.3. In order to be able to
track a single molecule inside a model we designed a stochastic versions of the
deterministic models developed in this thesis project. The structure of the models

remains the same as described in chapter 3.3 for S labelling (Error! Reference
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source not found.). We always have the presence of two sets of identical species.
What differ from the in-silico labelling technique are the initial conditions for the pool
of labelled protein. For single molecule tracking in the labelled pool we put just one
molecule of the protein under analysis in the unfolded state; this will be the tracked
protein. The synthesis term is always directed towards synthesis of endogenous
protein, to ensure that in the pool of labelled protein we will always have only one
protein. As for the labelling technique the two set of species (labelled and not
labelled) are linked through the competition terms for enzymes substrates (see
chapter 3.3.1). The single labelled protein will feel the presence of the entire pool of
endogenous molecules; therefore its dynamics will behave like the protein is in steady
state conditions. After setting up, we simulate the model until the protein in the
labelled pool is degraded, and for each time step of the simulation we record time and
position of the protein in the system. An illustration of the procedure is visible in
Figure 3.7. The analysis of the single labelled molecule route allows to determine
different properties of the protein. Due to the stochastic nature of the simulations the
procedure described above is repeated from 5000 to 10000 times depending on the
protein under analysis. This ensures that stochastic simulations have converged and

therefore the calculated properties are reliable.
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Figure 3.7. Different phases of a single molecule tracking experiment.

3.5 Stochastic model formulation:

To perform single molecules tracking we created stochastic versions of our
deterministic models. One of the main challenges during the development was that
some of the proteins studied in this project are very abundant in the cell, like for
example calnexin. This protein is present in Hela cell in a number of copies between
5-10° and 10° [21,40,41]. Since we want to measure a property of the system in steady
state conditions, we have to perform simulations with a total number of molecules
that match with steady states values. The high number of molecules present in steady
state for some of our models made stochastic simulations computationally expensive.
Therefore, in order to perform simulations in an acceptable amount of time and
resources we used the same reduction approach as we did in the deterministic models.
We performed stochastic simulations using a model described with tQSSA. Different
studies have shown that tQSSA is an approximation that can be applied to stochastic
models without losing accuracy [84,85]. Validation results of this method have already

been obtained for the Goldbeter switch, MAPK cascade, Michaelis-Menten kinetics
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and others kinetic models [86]. Therefore, the models that we use are the same as in
the deterministic simulations, but as required by the stochastic simulations, model
parameters were converted from concentrations to number of molecules (see below).
The stochastic simulations were performed using the first reaction method, a variant

of the Gillespie algorithm [87].

3.6 Conversion of deterministic parameters to

stochastic:

Stochastic simulations can’t be done with parameters that were estimated for
deterministic simulations. Deterministic parameters need to be converted; this
transformation involves a change of units, from concentration to number of
molecules. The following assumption are needed in order to successfully convert the
parameters:
e The volume of HeLa cells is estimated to be 1540 M on average (from
bionumbers database).

e We estimated the ER volume to be approximately 3% of the average cell

volume. Therefore the ER volume is equal to:V,, = 48.5uM = 4.85-10™L

The first step for conversion is to reduce the sets of parameters estimated from the GA
to a single set. While we could derive the equivalent stochastic models for each set of
parameter for a given protein, this would further require at least 5000 simulations for
each one of the sets of parameter and it would have been computationally too
expensive (we currently perform stochastic simulation of one set of parameters in 2

days).
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In order to derive a single set we averaged each sets of parameter for a given protein.
To ensure that this set of parameter was still able to maintain the prediction
capabilities shown by the original group of parameter sets we plotted its output

against the experimental dataset used for calibration and validation (Figure 3.8).
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Figure 3.8. Results of model calibration and validation for a single set of parameters obtained by averaging GA
output.

The conversion of the parameter proceed then as follow:

M
e Parameter with units ‘u—:

h

‘ uM — P10 M — P10 M 'VER(L)'NA molecules :P.2‘92_104molecules
‘ h ’ h : h mole : h
e Parameter with units uM
_ 6 B ” molecules |
Pi(,LLM)—Pi-lo -(M)—Pi~1o ~(M)~VER(L)-NA E—— = P -2.92-10*molecules
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. . L1
e No conversion is needed for parameter with units h
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This Chapter is published with the following details:

Dallavilla T, Abrami L, Sandoz PA, Savoglidis G, Hatzimanikatis V, van der Goot FG
(2016) Model-Driven Understanding of Palmitoylation Dynamics: Regulated

Acylation of the Endoplasmic Reticulum Chaperone Calnexin. PLoS Comput Biol
12(2): e1004774. doi:10.1371/journal pcbi. 1004774

4.1 Abstract

Cellular functions are largely regulated by reversible post-translational modifications
of proteins, which act as switches. Amongst these, S-palmitoylation is unique in that
it confers hydrophobicity. Due to technical difficulties, the understanding of this
modification has lagged behind. To investigate principles underlying dynamics and
regulation of palmitoylation, we have here studied a key cellular protein, the ER
chaperone calnexin, which requires dual palmitoylation for function. Apprehending
the complex inter-conversion between single-, double- and non- palmitoylated
species required combining experimental determination of kinetic parameters with
extensive mathematical modelling. We found that calnexin, due to the presence of
two cooperative sites, becomes stably acylated, which not only confers function but
also a remarkable increase in stability. Unexpectedly, stochastic simulations revealed
that palmitoylation does not occur soon after synthesis, but many hours later. This

prediction guided us to find that phosphorylation actively delays calnexin
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palmitoylation in resting cells. Altogether this study reveals that cells synthesize 5
times more calnexin than needed under resting condition, most of which is degraded.
This unused pool can be mobilized by preventing phosphorylation or increasing the

activity of the palmitoyltransferase DHHC6.

4.2 Author summary

The endoplasmic reticulum (ER) is the largest intracellular organelle of mammalian
cells. It is responsible for many fundamental cellular functions, such as folding,
quality control of membrane and secreted protein, lipid biosynthesis, control of
apoptosis and calcium storage. Recent studies have shown that many ER membrane
proteins are lipid modified. We therefore hypothesized that palmitoyltransferases, the
enzymes responsible for this modifications, act as a regulator of the mammalian ER,
controlling the function of a network of key proteins through reversible acylation. In
this work we combine computational methods with experimental determination of
parameters to study the mechanisms and properties of ER palmitoylation, using as a
model the palmitoylation of the ER protein calnexin. The systematic analysis of the
mathematical model, built and calibrated with the help of experimental data, shows
that Calnexin palmitoylation leads to a 9-fold increase in half-life and that a long
delay separates synthesis from palmitoylation in unstimulated cells. Surprisingly
during this delay, 75% of synthesized calnexin is degraded before being
palmitoylated. We hypothesize that this unexpected apparent inefficiency is a design
principle that provides the cell with a means to post-translationnally tune the

calnexin content.

4.3 Introduction

Reversible post-translational modifications of proteins allow cells to regulate
processes in time and in space [25-29]. Amongst these, S-palmitoylation is unique in
that it confers hydrophobicity to proteins by covalent attachment of a fatty acid chain

to cysteine residues [15,32,47]. In the cytoplasm, this enzymatic reaction is mediated

66



~ Chapter 4: Model-Driven Understanding of Palmitoylation Dynamics: Regulated Acylation of
The Endoplasmic Reticulum Chaperone Calnexin

by palmitoyltransferases of the DHHC family and reversed by acyl protein
thioesterases (APTs) [15,32,44]. Recent large-scale palmitoyl-proteome profiling
studies have jointly revealed that hundreds of proteins, with major cellular functions,
undergo this lipid modification in mammalian cells [16,18,21,40,41]. Although S-
palmitoylation was identified more than 30 years ago, our understanding of this
modification, its dynamics, its regulation and its consequences on protein properties,

is still rudimentary.

The aim of this paper is to study the palmitoylation events, and their dynamics,
occurring on a key component of the endoplasmic reticulum (ER), the type I
transmembrane protein calnexin. Here we report the step-by-step design and output
analysis of the first model of a palmitoylation network. Besides studying
palmitoylation, another valuable objective of this work has been the estimation of
system parameters which cannot be estimated by simple experiments, such as the
time required for calnexin to get double palmitoylated or the half life of the
palmitoylated species, but instead, they require the consideration of the system as a

whole.

Calnexin is best known for its function as a lectin-like chaperone involved in the
folding of glycosylated proteins in the lumen of the ER [88]. It is also involved in
regulating calcium homeostasis at ER-mitochondria contact sites [89]. More recently,
we have found that calnexin can act as an ER sensor, modulating the transcriptional
response of cells to EGF in an ER-stress dependent manner [90]. Importantly, the
ability of calnexin to assist folding of newly synthesized proteins, to control calcium
signalling and to modulate the EGF signalling response, all require its palmitoylation

[34,87-89].

Calnexin is composed of a large well-folded N-terminal luminal domain that carries
the chaperone activity. It is followed by a single transmembrane domain that
terminates with two cysteine residues at positions 502 and 503, which are the sites of
palmitoylation [34,91]. Even though the ER contains numerous DHHC enzymes [56],

calnexin palmitoylation is mediated exclusively by DHHC6 [34]. The palmitoylation
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sites are followed by a 90 residue cytosolic tail that is predicted to be disordered and
contains multiple phosphorylation sites [92]. This cytosolic domain has multiple
functions. It allows association of calnexin with the ribosome translocon complex
[91,93] but can also be proteolytically released following specific stimuli such as
apoptotic drugs [94] or EGF [90]. In the latter case, the released cytosolic tail binds to
PIAS3 (Protein Inhibitor of Activated STAT) and thereby promotes EGF-induced
STAT3-mediated transcriptional response to EGF [90].

Since calnexin has two sites of palmitoylation, it can exist in cells under different
forms: non-modified, palmitoylated on one site or the other, or on both. To grasp the
full complexity of the system, we combined mathematical modelling of the system
with experimental determination of the kinetics of palmitate acquisition and
turnover, and of protein degradation for wild type (WT) and palmitoylation-deficient
mutants. We set up a general model consisting of ordinary differential equations
(ODE), describing the dynamic transitions between states/species of the network. We
defined the topology of our network as a combination of well-known inter-
convertible cycles described by Goldbeter and Koshland [72]. Combinations of such
subunits have been used to successfully describe biological systems in which proteins
undergo multiple covalent modifications, especially in the context of protein kinase
signalling networks [69,95,96]. Since palmitoylation has, as phosphorylation, the
potential to control protein function in a switch-like manner, a similar approach

appeared suitable to model calnexin palmitoylation.

Mathematical modelling allowed us to access an unprecedented level of
understanding of the dynamics and the complexity of inter-convertible species of the
same protein undergoing various post-translational modifications on multiple sites
and access key parameters that are not directly measurable through experimentation.
We could in particular estimate the half-life of single or dual palmitoylated calnexin,
the off-rate of palmitate from a specific site upon occupancy of the other site or the
time that separates calnexin synthesis from palmitoylation events, all together

control the cellular levels and thus activity of this key ER chaperone.
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4.4 Results

4.4.1 Mathematical model of calnexin palmitoylation

Calnexin was recently shown to rely on palmitoylation to perform its major functions
[34,89-91]. This raises the question as to which percentage of the total calnexin
population is at a given time palmitoylated. At present, no reliable method enables to
determine the percentage of a protein that is palmitoylated and to differentiate single
from double palmitoylation. To estimate the species distribution and understand the
dynamics of the inter-conversion between them, we therefore developed a
mathematical model of the calnexin palmitoylation cycle. Modelling was performed
as an open system, including protein synthesis, and degradation of all species (Figure

4.1A, Table S4.2)
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Figure 4.1. Calnexin palmitoylation model and kinetics of decay. (A) Calnexin is first synthesized (rCAL).
During the folding process the protein assumes the proper conformation (fCAL), which then can be palmitoylated
twice by DHHC6. The first palmitoylation can occur on either of the two sites leading to cICAL or c2CAL. The second
palmitoylation events leads to cl2CAL. We assume that both palmitoylation steps are reversible. Degradation can
occur from all states. (B-E): HelLa cells were transfected or not for 24h with calnexin-WT-HA, HA-calnexin-KDEL,
calnexin-CA-HA, calnexin-AC-HA, calnexin-AA-HA and with or without DHHC6-myc, or additional transfected for 72h
with DHHC6 siRNA. Cells were incubated 20 min pulse at 37°C with ”S-methionine/cysteine, washed and further
incubated for different times at 37°C. Calnexin was immunoprecipitated and analyzed by SDS-PAGE. Autoradiography
(B) and western blotting were quantified using the Typhoon Imager (Image QuantTool, GE healthcare). (C) Decay
profile of WT calnexin (Calx-WT) and of a calnexin mutant in which the transmembrane and cytosolic domain were
removed and replaced by the KDEL sequence for ER retention (Calx-KDEL). Errors correspond to standard deviations
(n=7 for Calx-WT, n=3 for Calx-KDEL). (D) Decay profile of WT calnexin was observed under normal condition (Ctrl)
and after overexpression (DHHC6 Overexpression) or silencing (DHHC6 Silencing) of DHHC6. Errors correspond to
standard deviations (n=7, 3, 3 for Crtl, DHHC6 overexpression and silencing respectively). (E) Decay profile of WT
calnexin (Calx-WT) and different mutants, in which site cl (Calx-AC), site c¢2 (Calx-CA), or both palmitoylation sites
(Calx-AA) were mutated. Errors correspond to standard deviations (n=8, 3, 3, 3 for Calx-WT, AC, CA and AA
respectively).

Calnexin is synthesized by ER-associated ribosomes and inserted into the ER
membrane (represented by rCAL). Presumably already co-translationnally, the
calnexin luminal domain undergoes folding, a process that is very efficient as
discussed below. The cytosolic tail of calnexin is predicted to be highly disordered
(TUPRED [97], http://iupred.enzim.hu/). fCAL represents folded but non-
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palmitoylated calnexin. This species can be modified on the first or second
palmitoylation site leading to clICAL and c2CAL, respectively. Single palmitoylated
species can acquire a second palmitate both leading to cI2CAL (Figure 4.1A). The
palmitoyltransferase DHHC6 catalyses the palmitoylation reaction for each site [34].
Depalmitoylation, which requires acyl protein thioesterases [47], the identity of which

remain to be established for calnexin, can occur from both sites.

The individual palmitoylation and depalmitoylation steps were assumed to follow
irreversible Michaelis-Menten kinetics, similar to the kinetics used in signalling
network models [98]. These kinetics were determined using the total quasi steady
state approximation (tQSSA) to a mass action model [75,78,99] reported by Pedersen
et al. for the study of phosphorylation and dephosphorylation cycles [75,76]. This
approach included a step-by-step application of tQSSA to a variety of biochemical
reactions and contained a formulation of tQSSA for systems with competitive
inhibition. As Gunawardena and colleagues pointed out [100] this avoids any ad hoc
assumption inherent in the common Michaelis-Menten equations and takes into
account sequestration effects when enzymes have multiple substrates. In these
systems, a single enzyme can catalyse the same reaction on multiple substrates, which
is conceptually similar to multiple sites on the same substrate. The equations could
therefore be adapted to palmitoylation and depalmitoylation of the two cytoplasmic

calnexin cysteines.

Although this approximation is valid for a very wide range of enzyme-substrate
concentrations [76], in the case of calnexin palmitoylation, the validity of the
Michaelis-Menten equations was ensured by the relative concentration of DHHC6
with respect to calnexin. Based on quantitative proteomic studies, the ratio of
DHHC6-to-calnexin is indeed in the order of 1:500 [73,74,101]. Since the two sites
might not be equivalent and since rates might depend on the occupancy of the
neighbouring site, we introduced different Km values for each palmitoylation and
depalmitoylation step. Also since the same enzyme catalyses the palmitoylation of

both sites, a competition term between the two sites was implemented in the
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enzymatic kinetics as described in [75]. A similar competition term was introduced
for depalmitoylation. The model also includes degradation rates for each species, with
different first-order rate constants. The description of the rate expressions, the
definition of the parameters, and the assumptions used in the development of the

model are described in detail in the Expanded View (Figure S4.8 and Table S4.2-54.3).

4.4.2 Experimental analysis of the effect of palmitoylation on

calnexin stability

Sets of experimental data were generated to calibrate and test the predictability of the
model. Since degradation of all species was included in the model, we first monitored
protein degradation kinetics using >>S Cys/Met metabolic pulse-chase experiments.
This requires immuno-precipitation of calnexin which we performed either using a
polyclonal antibody against the C-terminus to follow the endogenous protein, or
using an anti-HA antibody to follow transiently transfected WT and calnexin-HA
mutants. WT calnexin, endogenous or HA-tagged, showed identical biphasic decays,

with a ty/2 of ca. 8h (shown only for calnexin-HA Figure 4.1B-E).

The faster initial decay made us wonder what the contribution is of the luminal
domain, the largest domain of calnexin, in shaping this decay curve. We generated a
truncated version of calnexin consisting of the luminal domain fused to the KDEL
sequence to ensure ER localization. HA-calnexin-KDEL was far more stable than the
full-length protein (Figure 4.1BC). In particular there was no decay at early time
points indicating that the luminal domain undergoes efficient folding. Thus the initial
decay phase observed for the full-length protein must be dictated by transmembrane

domain and/or the cytosolic tail of calnexin.

Decay of full-length calnexin was accelerated by silencing the DHHC6 enzyme (Figure
4.1D), or by mutating one or both of the palmitoylation sites (Figure 4.1E). In reverse,

calnexin decay was slowed down by overexpression of DHHC6 (Figure 4.1D). Based
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on these metabolic 20 min pulse-chase experiments, the apparent half-life of WT
calnexin is ca. 8h, while that of non-palmitoylated calnexin, obtained either through

enzyme silencing or site mutation, is ca. 5h.

4.43 Experimental determination of palmitate turnover on

Calnexin

To further fuel the mathematical model of the palmitoylation cycle with experimental
data, we determined the turnover of the palmitate moiety once attached to calnexin.
To do so, we performed pulse-chase experiments using *H-palmitate, followed by
immunoprecipitation of calnexin. Following a 2 h ’H-palmitate pulse, loss of *H-
palmitate from WT calnexin occurred with an apparent half-life of ca. 8 hrs and was

somewhat accelerated in single cysteine mutants (Figure 4.2AB).
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Figure 4.2. Experiments and modelling of Palmitoylation/depalmitoylation of calnexin. (AB) HeLa cells were
transfected for 24h with calnexin-WT-HA, calnexin-CA-HA, or calnexin-AC-HA. Cells were incubated with }H—palmitic
acid for 2h, washed and further incubated for different times at 37°C in complete medium prior to
immunoprecipitation using anti-calnexin or anti-HA antibodies. Imnmunoprecipitates were split into two, run on SDS-
PAGE and analyzed either by autoradiography (CH-palmitate) or Western blotting (anti-HA). Autoradiograms were
quantified using the Typhoon Imager (Image QuantTool, GE healthcare). Errors correspond to standard deviations
(n=3). (CD) HeLa cells were incubated with BH—palmitic acid for different times at 37°C, washed prior to
immunoprecipitation using anti-calnexin antibodies. Immunoprecipitates were split into two, run on SDS-PAGE and
analyzed either by autoradiography (H-palmitate) or Western blotting (anti-calnexin). Errors correspond to standard
deviations (n=4). (E) Validation of the model output though comparison of the in silico experiments with
experimental data that was not used in the calibration of the model. Solid line is the mean of the simulations of 382
models; the shaded area is defined by the first and the third quartile of the simulations of 382 models (details of the in
silico labelling experiment can be found in the Supplemental Infomation).

We also monitored the kinetics of incorporation of >H-palmitate into calnexin (Figure
4.2CD). This was performed in the presence of cycloheximide, to prevent synthesis of
new proteins during the labelling time. Degradation was not prevented with any drug.
Palmitate incorporation increased as a function of time and did not reach a plateau
within the 7 h time frame of the experiment. Experiments were kept within this time

frame to avoid toxic/indirect effects of prolonged inhibition of protein synthesis.
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Altogether these experiments show that WT calnexin can undergo palmitoylation

hours after it has been synthesized and that turn over of palmitate is very slow.

4.4.4 Calibration and validation of the mathematical model

A subset of the above »>S Cys/meth and *H-palmitate pulse-chase experiments were
used to calibrate the system, i.e. for parameter estimation, namely: decays of WT, the
AC and the double AA mutants, incorporation of *H-palmitate into WT calnexin, *H-
palmitate turnover for WT and the CA mutant. Since there is not a unique set of
parameters that fits such a dataset, we employed a stochastic optimization method,
which allowed us to generate a population of models, each having different
combinations of parameter values while all being consistent with the calibration
experiments. From a population of 10°'000 models, we selected 382 models that best
fitted the experimental data used as objective function (see Expanded View, results of
the fitting on the calibration dataset are shown in Figure S4.8A-F). The pool of
selected models was subsequently used for the simulations and analyses. Note that all
generated predictions were obtained by simulating each model independently. The
outputs of all the models were then averaged and the standard deviation with respect
to the mean was used as a measure of the variability among the different models

(Figure S4.8A-L).

The remaining set of experiments were used to validate the output of the model, i.e.
test its predictability (see Expanded View), namely the WT calnexin decay upon
DHHC6 silencing or overexpression, the decay of the single CA cysteine mutant as
well as palmitate turnover for this mutant. As illustrated in Figure 4.2E and Figure
S4.8G-L, the predictions were in close agreement with the experimental data,
indicating that the model reliably describes the events of the calnexin

palmitoylation/depalmitoylation cycle.
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4.4.5 Predicted species distribution of calnexin

The model was first used to determine the distribution, and the evolution thereof, of
the 5 palmitoylation species during the *°S-Cys/Meth pulse-chase experiments. We
set up an in-silico 20 minutes labelling experiment (see Figure S4.9) and calculated
the relative concentrations of calnexin in the different palmitoylation states at

different time points of the chase (Figure 4.3A).
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Figure 4.3. In silico analysis of the calnexin species distribution. (A) We replicated in silico the *’S pulse-chase
experiment on WT calnexin. During the experiment we monitored the relative distribution of calnexin in the different
palmitoylation states. Solid line is the mean of the simulations of 382 models; error bars are defined by the first and
the third quartile of the simulations of 382 models (details of the in silico labelling experiment can be found in the
Expanded View ). (B) The model was used to predict the steady state distribution of WT calnexin and of the mutants in
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the cell. rCAL correspond to calnexin during the synthesis, fCAL respresent folded calnexin while cICAL and c2CAL
denote the two single palmitoylated species. cI2CAL represents the double palmitoylated calnexin. Error bars
correspond to first and third quartile of the simulations of 382 models (details of the in silico labelling experiment can
be found in the Supplementary Infomation Information).

At the end of the metabolic pulse (t=0), the population is predicted to be exclusively
of non-palmitoylated, ca. 25% of which are already folded. Ten hours after the pulse,
the entire calnexin population was predicted to be folded, as can be expected, but,
more unexpectedly, ca. 50% was still non-palmitoylated (Figure 4.3A). Almost the
palmitoylated species, the dually-palmitoylated was predicted to be the most
populated, with barely any single palmitoylated species. As chase time proceeded, the
non-palmitoylated species decreased again to the benefit of the dual palmitoylated
form, which approached 90% at the end of the chase period (Figure 4.3A). Note that
distributions are expressed as percentages of the remaining population, not of the
initial population, which decreased by 80% between the beginning and the end of the

chase period.

This analysis indicates that the initial faster phase of degradation occurs when most of
calnexin is non-palmitoylated. Once a significant percentage of the population
becomes acylated, the rate of decay drastically decreases, confirming a stabilizing

effect of palmitoylation.

We next determined the distribution of WT calnexin at steady state, since it may
differ from the distribution at the end of our chase period. At steady state in our Hela
cells and under our experimental conditions, the model predicts that ca. 70% of
calnexin is dual-palmitoylated and the remaining population is free of palmitate. The
prediction that the great majority of cellular calnexin is palmitoylated is consistent

with our previous experimental evidence [34].

We next utilised the model to estimate the steady state distribution of calnexin
species in cells over-expressing DHHC6 and found that the dually-modified
population increased to almost 100% while it fell to zero upon silencing of the
enzyme (Figure 4.3B), as expected. By regulating DHHC6 amounts and/or activity,
cells thus have the potential to control the percentage of calnexin that is dually-

palmitoylated, and thus functional.
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Consistent with the low population of single palmitoylated species for WT calnexin,
determination of the steady state species distribution of the CA and the AC calnexin
mutants revealed that >80% of the molecules are non-palmitoylated. This indicates
that to obtain a significant population of palmitoylated calnexin, two sites are
necessary. That the single palmitoylated species do not get significantly populated
was initially unexpected given the relatively small difference in the apparent
palmitate turnover rates of WT and single cysteine mutants (Figure 4.2B). To
understand this apparent inconsistency, we used the model to predict the distribution
of the species labelled during the 2 hrs *H-palmitate pulse (corresponding to t=0 in
Figure 4.2B) (Figure S4.10, Figure S4.1, Supplementary material). In silico, *H-
palmitate labelling shows that in 2 hrs, only a minute percentage of the total WT
population -less than 3%- undergoes labelling (Figure S4.11). This is consistent with
the fact that 70% of the steady state population is dual palmitoylated at steady state
and can thus not be further modified upon addition of *H-palmitate. Moreover,
Figure 4.2D indicates that palmitoylation can be very slow, since some proteins
undergo palmitoylation 7 h or more after having been synthesized (Figure 4.2D).
Thus Figure 4.2B represents the loss of *H-palmitate from a population of *H-
palmitate labelled species composed roughly of 50% clCAL and 50% c12CAL (Figure

4.4A), jointly representing just 3% of the total population.
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Figure 4.4. Prediction of depalmitoylation kinetics. (A) WT calnexin was labelled with 3H-palmitate in silico
either for two hrs or to reach the steady state distribution of palmitoylation species. (B) The kinetics of palmitate loss
starting from the two distributions in A were determined. The solid lines represent the means of the simulations of
382 models and the shaded areas are defined by the first and the third quartile of the simulations of 382 models
(details of the in-silico labelling experiment can be found in the Expanded View ). (C) The rate constants for
depalmitoylation from clCAL, c2CAL and clc2CAL where determined. Error bars correspond to first and third quartile
of the simulations of 382 models

To estimate the rate of palmitate release from dually-palmitoylated calnexin
(c12CAL), which is not readily accessible experimentally, we determined what the *H-
palmitate decay would be if the starting point was that of steady state palmitoylation,
i.e. 70% calnexin dually labelled (Figure 4.4A, bottom panel). Under these conditions,
the loss of palmitate was significantly slower (Figure 4.4B). In fact, we measured an
average turnover rate for palmitate of ~32h, which is almost 3 times slower than the
apparent turnover rate estimated by our 2 hrs labelling experiment. This analysis
indicates that the rate constant of palmitate removal from a given site depends on the
occupancy of the second site. Our predictions indeed indicate that, in situations of
single site occupancy, the rate constants of loss of palmitate from site 1 are drastically
higher than the rate constants of loss from either site in the situation of double
occupancy (Figure 4.4C). Thus, single palmitoylated species do not get significantly
populated as compared to the double palmitoylated one, because they loose their

palmitate at a far higher rate.
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Altogether this analysis indicates that two sites are required to stably palmitoylated

calnexin, because double occupancy drastically slows down depalmitoylation.

4.4.6 Estimated half-lives of palmitoylated calnexin species

»S Cys/Met pulse-chase experiments of WT and cysteine mutants indicate that
palmitoylation has a stabilizing effect and that the half-life of palmitoylation deficient
calnexin is ca. 5 hrs. They however do not allow direct identification of the half-life of
single or dually palmitoylated calnexin. We therefore made use of the model to

predict the decay kinetics of each of the calnexin species (Table 4.1 and Figure 4.5A).
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Figure 4.5. Kinetics of calnexin palmitoylation and stability. (A) The decay curves were predicted for the
different palmitoylation species: fCAL represent folded calnexin, cICAL and c2CAL the single palmitoylated species,
cI2CAL double palmitoylated calnexin. Solid line is the mean of the simulations of 382 models; shaded area is defined
by the first and the third quartile of the simulations of 382 models (details of the in silico labelling experiment can be
found in the Expanded View ). (B) Decay profiles were determined for WT calnexin either by S Cys/Meth labelling (S
calx WT) and by SNAP labeling (Calx WT SNAP). (C) The model was simulated until it reached steady state and the
values of the palmitoylation rates under steady state conditions were plotted. Error bars correspond to first and third
quartile of the simulations of 382 models (details of the in silico labelling experiment can be found in the Expanded
View ). (D) The model was simulated until it reached steady state and the values of the degradation rates under steady
state conditions were plotted. Error bars were determined as in (C).
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Palmitoylation of site 1 has a mildly stabilizing effect, the half-life of cICAL being ca.
6.5 hrs (Figure 4.5A). Palmitoylation of site 2, whether site 1 is or not modified, leads
to a spectacular stabilization, with dual-palmitoylated calnexin having a predicted

half-life of 45 hrs (Table 4.1 and Figure 4.5A).

We sought for an experimental confirmation for this almost 10-fold increase in
protein stability. At steady state, 70% of calnexin is predicted to dually-modified
(Figure 4.3B). To assess the half-life of this population, we chose to monitor the
stability of calnexin tagged with SNAP, a widely used protein that self-labels when
incubated with O°-benzylguanine derivatives [102]. We labelled cells for 30 min with
SNAP-cell-TMR-star, a red fluorescent substrate of SNAP, in order to label the entire,
steady state, population of calnexin-SNAP. Following different periods of chase, cells
were harvested and the level of fluorescent calnexin was monitored by SDS-PAGE and
fluorescence scanning. As shown in Figure 4.5B, the decay of calnexin-SNAP-TMR-
star was slower than that observed by *°S pulse-chase, yet still biphasic. At t=0 of
SNAP-cell-TMR-star labeling, the population of calnexin-SNAP molecules have
different "ages”, the “youngest” having just been synthesized. We therefore tested
whether pretreatment of cells with cycloheximide for different times, to block protein
synthesis, would affect the apparent stability of the SNAP-cell-TMR-star labeled
population. A 2 hrs cycloheximide pretreatment already led to an increase in apparent
half-life of the population (Figure 4.5B). We extended the pretreatment to 6 h, so that
all calnexin molecules would be at least 6 h “old”. With this treatment, no decay was
observed for the first 24 hrs, and this was followed by a slow decline, leading to an

apparent half-life of ca. 47 hrs (Figure 4.5B).

Altogether, the mathematical modeling and the calnexin-SNAP tagged decay analysis
indicate that palmitoylation of the two juxtamembranous sites leads to a dramatic

increase in the stability of calnexin.
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Table 4.1. Half-life of the different calnexin species. The standard deviation is estimated from the 382 models (see
Supplementary material).

Species Half-Life
c” 5015
(& 6.5+1.8
” 14.5 + 1.8
[ 46.0 +11.2

4.4.7 Cooperativity between the two calnexin palmitoylation

sites

The analysis of the steady state distribution of WT and cysteine mutants (Figure 4.3B)
indicates that two sites are required for stable palmitoylation and suggest that there
might be cooperativity between sites. We therefore estimated the rates of palmitate
incorporation at each site, depending on whether the other site was occupied or not.
As shown in Figure 4.5C, palmitoylation on site 1 is predicted to be drastically more
efficient than on site 2. However, if site 1 is already occupied, site 2 is readily
modified. In marked contrast, if site 2 is occupied, site 1 by being positioned between
the transmembrane and the palmitoylated site 2 might be less accessible to the
enzyme. This reaction flux analysis indicates that site 1 is preferentially modified and
when this has occurred, site 2 is rapidly acylated, indicating positive cooperatively

between sites 1 and 2.
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4.4.8 Efficient degradation of calnexin is predicted to require

depalmitoylation

We next simulated the degradation fluxes of the different calnexin species (Figure
4.5D). Even though nearly 70% of the protein is dual-palmitoylated at steady state
(Figure 4.3B), the degradation flux was highest for the non-palmitoylated state.
Double-palmitoylated calnexin did undergo degradation, but at a 3 to 4 times slower
rate, which is due to the 3 to 4 times lower values of the degradation rate constants
(by parameter estimation using the corresponding experimental information, Table
S4.3). Therefore, efficient degradation of calnexin appears to require prior

depalmitoylation by thioesterases.

4.4.9 Estimation of the lag-time separating calnexin synthesis

from palmitoylation

An unexpected and intriguing observation in this study is the slow appearance of the
palmitoylated population following synthesis (Figure 4.3A) and the absence of a
plateau in the palmitate incorporation experiment (Figure 4.2). This suggests that
there is a lag time between synthesis and palmitoylation of calnexin. To evaluate this
lag time, we derived a stochastic formulation of the original model of the
palmitoylation process, and performed stochastic simulations that allowed us to track
single proteins in the system from synthesis to dual-palmitoylation (Supporting
Material, Figure S4.12). Simulations were performed for 5000 molecules. Of these
about 3000 were degraded before any palmitoylation event occurred. For the
remaining population, we determined the frequency distribution of the time required
to reach dual-acylation (Figure 4.6). Some molecules underwent palmitoylation

within a few hours of synthesis (Figure 4.6). Most however remained in the non-
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palmitoylated form for extended periods of time, leading to an average time of

synthesis-to-palmitoylation of 8 hrs (Figure 4.6).
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Figure 4.6. Stochastic simulations reveal the average palmitoylation time for calnexin. Single proteins were tracked in
5000 stochastic simulations of the labelling method described in Expanded View . From the simulations we estimated
the average and median time requested for a single molecule of calnexin to undergo double palmitoylation.

4.410 Phosphorylation is a negative regulator of calnexin

palmitoylation

Calnexin and its palmitoylating enzyme DHHC6 are two membrane proteins that
reside within the same two-dimensional space of the ER membrane. The lag time
between synthesis and palmitoylation of calnexin could potentially be due to slow
diffusion of one of the two molecules. We therefore determined their mobility using
Fluorescence Recovery after Photobleaching (FRAP) of C-terminally GFP-tagged
variants. Both calnexin and DHHC6 showed rapid diffusion with rates of 0.63+0.09
and 0.67+0.13 um?/s respectively, in close agreement with previously published rates
for calnexin (Figure 4.7A) [103]. As a control of a slow diffusing membrane protein,
we confirmed that Climp63/CKAP4 has a diffusion rate of 0.06+0.01 um?*/s (Figure
4.7A) [104].
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Figure 4.7. Premature calnexin palmitoylation is prevented by serine phosphorylation. (A) Hela cells were transfected
48 hrs with Calnexin-GFP, GFP-DHHC6 or GFP-Climp63. Cells were submitted to FRAP analysis (see Material and
Methods). (B-E) HeLa cells were transfected for 24h with calnexin-WT-HA, calnexin-S3A-HA, calnexin-AA-HA or
calnexin-AA-S3A-HA. (C) Cells were incubated with *H-palmitic acid for 2h, washed prior to immunoprecipitation
using anti-HA antibodies. Immunoprecipitates were split into two, run on SDS-PAGE and analyzed either by
autoradiography (H-palmitate) or Western blotting (anti-HA or anti phospho-calnexin). Autoradiograms were
quantified using the Typhoon Imager (Image QuantTool, GE healthcare). Errors correspond to standard deviations
(n=3). (D) Cells were incubated with *H-palmitic acid for different hours at 37°C, washed prior to immunoprecipitation
using anti-HA antibodies. Immunoprecipitates were split into two, run on SDS-PAGE and analyzed either by
autoradiography (H-palmitate) or Western blotting and autoradiograms were quantified using the Typhoon Imager
(Image QuantTool, GE healthcare). (E) Cells were incubated 20 min pulse at 37°C with SSS—methionine/cysteine, washed
and further incubated for different times at 37°C. Calnexin were immunoprecipitated and analyzed by SDS-PAGE.
Autoradiography and western blotting were quantified using the Typhoon Imager (Image QuantTool, GE healthcare).

Given the high rates of DHHC6 and calnexin diffusion, slow palmitoylation of
calnexin cannot be explained by a low probability of encounter between the enzyme
and the substrate. This raised the possibility that calnexin palmitoylation is actively
prevented and led us to investigate the effect of calnexin phosphorylation on its
acylation. We generated a triple mutant in which all three serine phosphorylation
sites in the calnexin tail (Ser- 554, 564, 583) were mutated to alanine (S3A mutant).
Remarkably, mutation of the serine phosphorylation sites led to a ~200% increase in
palmitoylation during the 2h labelling period (Figure 4.7BC). Also, kinetics of *H-
palmitate incorporation, in the absence of protein synthesis, were faster for the S3A

mutant than for WT calnexin (Figure 4.7D). Consistently, >>S Cys/Meth pulse-chase
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experiments revealed that the S3A mutant was far more stable than the WT protein
(Figure 4.7E), in particular due to the disappearance of the initial rapid decay phase,
which in WT is due to degradation of the non-palmitoylated species. Altogether these
observations indicate that palmitoylation of calnexin is under the negative control of

serine phosphorylation.

4.5 Discussion

S-palmitoylation is a post-translational modification that is receiving increasing
attention as more and more key cellular events and pathways appear to rely on the
reversible acylation of specific proteins [15,16]. The dynamics of this modification and
the regulatory mechanisms are however poorly understood. We have here
investigated palmitoylation of the key ER chaperone calnexin [88]. Calnexin shares its
ability to promote folding of N-glycosylated proteins with calreticulin, a soluble ER
protein. Calnexin in contrast spans the ER membrane and harbors a 90 residue
cytosolic tail. While the transmembrane nature of calnexin was initially thought to
favor the chaperoning of transmembrane proteins, it is increasingly clear that the
transmembrane domain and cytosolic tail confer additional properties and functions

to calnexin which involve its palmitoylation [89,90,92,105].

We developed a mathematical model of the palmitoylation cycle that accurately
captures the properties of the system as shown by its predictive power. This
combination of modeling and experimentation led to a variety of interesting, often
unexpected, analyses, predictions and conclusions. First, it highlights the under-
appreciated complexity of classical metabolic pulse-chase experiments. What is
referred to as WT -of calnexin or any other protein- is in fact a complex population of
species, the distribution of which evolves with time. In our model, we have
distributed calnexin into 5 species, defined by the folding and palmitoylation status.

In future studies we will increase the complexity of the model, including additional

86



~ Chapter 4: Model-Driven Understanding of Palmitoylation Dynamics: Regulated Acylation of
The Endoplasmic Reticulum Chaperone Calnexin

species with different types of post-translational modifications, such as
phosphorylation on three serines of its cytosolic tail [92], a modification which we

find affects its palmitoylation status.

Our analysis also indicates that, while S Cys/Met labels a well-defined sub-
population -the one that has been synthesized by the cell during the pulse-, this is by
no means the case when labeling cells with *H-palmitate. Radiolabeled palmitate can
indeed be incorporated into any molecule that has an unoccupied palmitoylation site
but importantly cannot be incorporated into fully palmitoylated proteins, which in
the case of calnexin compose ca. 70% of the total cellular population at steady state.
These fully palmitoylated proteins are thus silent in such a *H-palmitate pulse-chase

analysis.

Most importantly our model provides unprecedented understanding of the
palmitoylation process. In the context of calnexin, we found that the molecule
undergoes palmitoylation first on site 1. Once this has occurred, site 2 can be readily
modified. There is thus cooperativity between site 1 and 2. Depalmitoylation can
rapidly occur if a single site is occupied but removal is drastically slowed down if the
two sites are acylated. As a consequence, calnexin is either not modified or acylated
on both sites, the single palmitoylated state being barely populated. Importantly, the
percentage of calnexin that is modified at steady state can be tuned between O to
100% by the activity of the DHHC6 palmitoyltransferase. It has recently been shown
that the activity of DHHC6, at least for certain substrates, depends on its association
with Selenoprotein K (selK) [106]. Selk was found to be upregulated by ER stress
[107], i.e. when increased chaperone activity is necessary, which would lead to an

increase in DHHC6 activity and thereby in calnexin protein.

Interestingly, we found that palmitoylation not only affects calnexin function -
through association with the ribosome-translocon complex or ER-mitochondrial
interaction sites [58,89,90,92]- but has a drastic effect on its stability, increasing the
average half-life of the molecules from 5 to 45hrs. Interestingly however,

palmitoylation only occurs, on average, 8 hrs after the calnexin molecule has been
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synthesized. This means that, at the population levels, some 80 % of the calnexin
molecules that a resting cell synthesizes are degraded before they acquire palmitate
and thereby activity. Considering that a resting cell has 500’000 to 1 million copies of
calnexin at steady state [73,74,101], this implies that 2.5 to 5 millions copies were
actually synthesized. While 80 % of these are degraded in resting cells, they can

potentially be mobilized if palmitoylation occured earlier after synthesis.

This unexpected apparent inefficiency for a protein that has no folding problems
(Figure 4.1C), combined with the fact that both calnexin -the substrate- and DHHC6
—the enzyme- rapidly diffuse within the same membrane and thus must have a high
probability of encounter, led us to search for a mechanisms that would actively

prevent palmitoylation.

Since calnexin is known to undergo serine phosphorylation, we investigated the
potential impact of this modification on palmitoylation and found that a serine
phosphorylation deficient calnexin mutant undergoes greatly accelerated
palmitoylation. Our study thus indicates that cells can post-translationnally tune the
expression level of calnexin by controlling the kinetics of its palmitoylation via

phosphorylation of its cytosolic domain.

In addition to providing important novel insight into the mechanisms by which cells
control the level of chaperone activity in the ER, the mathematical model that we
have elaborated provides a framework to study palmitoylation of other proteins. In
particular, a great variety of type I membrane proteins harbor one or two
palmitoylation site in the vicinity of their transmembrane domains. It will be of
interest to determine whether the rules of cooperativity and 2 site-requirement
revealed by calnexin apply to other proteins and how palmitoylation kinetics of these
are controlled. Considering that palmitoylation and depalmitoylation are mediated by
enzymes that maybe themselves undergo cycles of palmitoylation and
depalmitoylation [108,109], this post-translational modification is particularly in need

of mathematical modeling to understand the complexity of its regulation.
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4.6 Material and Methods

4.6.1.1 Cells, Antibodies and Reagents

Hela cells were grown in complete MEM (Sigma) supplemented with 10% foetal
bovine serum (FBS), 2 mM L-glutamine, penicillin and streptomycin. Rabbit
antibodies against calnexin were produced in our laboratory against the C-terminal
peptide: CDAEEDGGTVSQEEEDRKPK; anti phospho S583-calnexin were from Abcam
(ab58503), anti-HA and anti-HA-agarose conjugated beads were from Roche (Applied
Science, IN), protein G-agarose conjugated beads from GE Healthcare, HRP secondary

antibodies from Pierce.

4.6.1.2 Plasmids and transfection
Human calnexin-HA and human calnexin-C501A-C502A-HA, calnexin-C501A-HA
(AQ), calnexin-C502A-HA (CA), calnexin S554A-S564A-S583A-HA (S3A), calnexin-
C501A-C502A-S554A-S564A-S583A-HA (AAS3A) and human-calnexin-SNAP-HA,
dog-HA-calnexin-KDEL and human DHHC6-myc were cloned in pcDNA3 [108,109].
For control transfections, we used an empty pcDNA3 plasmid. Plasmids were
transfected into Hela cells for 24 hrs (2 pg cDNA/9.6 cm? plate) using Fugene (Roche
Diagnostics Corporation). To generate GFP fusions, calnexin and DHHC6 were cloned

into the peGFP vector and CKAP4 was cloned into the peCE vector.

4.6.1.3 RNAi experiments
siRNA against human DHHC6 were purchased from Qiagen (target sequence:
gaggtttacgatactggttat). As control siRNA we used the following target sequence of the
viral glycoprotein VSV-G: attgaacaaacgaaacaagga. For gene silencing, Hela cells were
transfected for 72 h with 100pmol/9.2cm2 dish of siRNA using interferin (Polyplus)

transfection reagent.
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4.6.1.4 Radiolabeling experiments
To follow palmitoylation, calnexin expressing cells were incubated 2h or several hours
at 37°C in incubation medium (Glasgow minimal essential medium buffered with 10
mM Hepes, pH 7.4) with 200 pCI /ml *H palmitic acid (American Radiolabeled
Chemicals, Inc), washed and incubated different times at 37°C with complete medium
prior to immunoprecipitation using anti-calnexin or anti-HA antibodies. Beads were
incubated 5 min at 90°C in reducing sample buffer prior to SDS-PAGE.
Immunoprecipitates were split into two, run on 4-20% gels and analyzed either by
autoradiography (H-palmitate) after fixation (25% isopropanol, 65% H,0, 10% acetic
acid), gels were incubated 30 min in enhancer Amplify NAMPI0O (Amersham) and
dried or submitted to Western blotting (anti-calnexin). Autoradiograms and western
blotting were quantified using the Typhoon Imager (Image QuantTool, GE
healthcare). For metabolic labeling, Hela cells were transiently transfected (24h) or
not with calnexin-HA cDNAs, washed with methionine /cysteine free medium,
incubated 20 min pulse at 37°C with 50 pCi/ml *°S-methionine/cysteine (Hartman
Analytics), washed and further incubated for different times at 37°C in complete
medium with a 10-fold excess of non-radioactive methionine and cysteine. Calnexin
were immunoprecipitated and analyzed by SDS-PAGE. Protein synthesis was blocked

by 30 min treatment with 10 pg/ml cycloheximide (Sigma) at 37°C.

4.6.1.5 Immunoprecipitation
For immunoprecipitations, cells were lysed 30 min at 4°C in IP buffer (0.5%NP40,
500 mM Tris-HCI pH 7.4, 20 mM EDTA, 10 mM NaF, 2 mM benzamidine, and a
cocktail of protease inhibitors, Roche), centrifuged 3 min at 2000 g and supernatants
were pre-cleared with protein G-agarose conjugated beads and supernatants were

incubated 16 h at 4°C with antibodies and beads.
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4.6.1.6 SNAP labeling

To follow SNAP labeling, calnexin-SNAP expressing cells were incubated 6 hours with
10 pg/ml cycloheximide at 37°C in complete medium, then 30min at 37°C in complete
medium with 1 pM SNAP-cell-TMR-star (Biolabs) and cycloheximide, then washed
three times and incubated different times at 37°C with complete medium prior lysis of
the cells. Total cell lysates were analyzed by SDS-PAGE and the fluorescence was

measured using the Typhoon Imager (Image QuantTool, GE healthcare).

4.6.1.7 Fluorescence Recovery After Photobleaching
HelLa cells were seeded on FluoroDish (glass bottom: 0.17mm thickness, from World
Precision Instrument Inc. USA) and GFP-tagged proteins (calnexin, DHHC6 and
Climp63) were transiently expressed for 24 hours. Fluorescence recovery after
photobleaching (FRAP) experiments were performed on a Leica SP5 microscope using
a 63x oil-immersion objective (1.4 NA). The microscope was operated using the
software supplied with the instrument (LAS AF 2009). The 488nm line of the argon
laser was set at 60% output and 100% transmission. During the experiment, the cells
were kept in a chamber at 37°C and 5% CO,. The pinhole was wide-open. The scanner
speed was set at 1400Hz. The digital zoom was set at 6. The detector gain was set at
740V. The frame size was set at 512x32. The resulting scanning time was 32ms per
frame. Point bleach measurements were performed and the effective radius of the
bleached area was calculated as 0.9um according to [110]. 50 iterations using 4%
transmission of the laser were acquired as pre-bleach reference scans. Then the GFP-
tagged proteins localized in the ER were bleached a single iteration for 5ms.
Afterwards 500 post-bleach iterations were acquired with same settings as for the
pre-bleach acquisitions. FRAP experiments were conducted for each condition on 12
different cells expressing the same level of GFP-tagged proteins. Longer post-bleach
acquisitions were conducted for Climp63 to enable a better exponential fitting of the
post-bleach curves. Diffusion coefficients were extracted (according to [111]) from the

fitting of an exponential equation to the post-bleach recovery curves using a hand-
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made code in matlab (MATLAB 8.0 and Statistics Toolbox 8.1, The MathWorks, Inc.
USA).

4.7 Supplementary Material

4.7.1.1 Description of the model

One of the most important improvements in this work with respect to what is
observed in different models describing covalent modification systems, is the
introduction of synthesis and degradation terms. In our opinion these terms help
better describe the steady state of a living organism with respect to a closed model
[112], which will eventually reach a chemical equilibrium. In this model (Figure 4.1),
we assume that calnexin is first synthesized by the ribosome from its mRNA to the
corresponding peptide and inserted into the membrane (U). Unfolded calnexin goes
through a process of folding, forming folded calnexin, which then shows the two sites
available for palmitoylation (C°°). These two sites can be palmitoylated by DHHC6.
The first palmitoylation can occur on both sites; C'° and C denote the two different
palmitoylation states. After the first PTM calnexin can undergo another
palmitoylation event still catalysed by DHHC6; C" represents the double
palmitoylated calnexin. Since palmitoylation is reversible the palmitate can be
removed from the two sites. The removal of palmitate requires a different type of
enzyme, namely Acyl Protein Thioesterases (APTs). The following assumption were

considered during the design of the model:

1. Calnexin can be degraded in each of its palmitoylation states after folding.
During the folding process (U to C°°) no degradation can occur.

2. Palmitoylation increases the half-life of calnexin (observed through
experimental data).

3. DHHC6 is present in low concentrations with respect to its substrate calnexin

[74].
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4. The two palmitoylation sites may have a different affinity with respect to the
palmitoylation/depalmitoylation enzymes, so we adopted separated Kps for
the two sites.

5. The catalytic constant for each palmitoylation site is the same.

6. Both palmitoylation steps are reversible. APT catalyses the depalmitoylation

steps.

Despite its simplicity the model has shown to be able to describe the basic
mechanisms underlying the observed experimental results (see section
“Parameterization of the model”). A detailed account of all reactions and differential

equations of the model is given in Table S4.2-4.

4.7.1.2 Parameterization of the model

Due to the lack of kinetic data on the enzymatic process of palmitoylation, all the
parameters of the model were estimated using a genetic algorithm (GA). GA is a
heuristic global optimization algorithm that mimics the process of natural selection.
The detailed explanation on how parameter estimation was performed can be found
in Chapter 3 - . A comparison between model predictions and experiments after
optimization is visible in Figure S4.8, while the values of the estimated parameters are

contained in Table S4.3.

4.7.1.3 Sensitivity analysis:
Once the calibration of the model was complete we performed parametric sensitivity
analysis (SA), with the aim of gaining more insight on how the various parameters of
the model affected its output. In particular, we were interested in understanding
which parameters are fundamental in determining the abundance and the half-life of
calnexin. SA was performed using a simple One-at-a-time (OAT) method, which

consist in changing one parameter at a time and observing its effect on the states of
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the model. The detailed procedure used to perform sensitivity analysis is illustrated in

Chapter 3 -

Results of SA on the abundance of calnexin WT and mutants in steady state can be
seen in Figure S4.13. For each mutant in the top panel we reported the steady state
distribution and abundance, in the second panel we found the top 5 sensitivity
indexes, while in the last panel we reported sensitivity for all the parameters. Figure
S4.14-17 show sensitivity towards calnexin’s half life for WT and mutants. In the top-
left panel we find the measured half-life, in the top right panel we show the sensitivity
indexes at 50% calnexin concentration. In the bottom left panel we find the top 5
dynamic sensitivities, while in the bottom right panel we find dynamic sensitivities

for each parameter.

The top 3 sensitivity indexes for the mutants AA AC and CA show a similar pattern. In
fact, the main determinant of calnexin abundance is synthesis rate vs. We then find
the degradation rate constant of fCAL (kdl), followed by the folding rate of calnexin
kf, or the degradation rate constant of C'® and C%, namely kd2. In these mutants
palmitoylation parameters have no effect on protein abundance. While this is
expected for the AA mutant, who can’t be palmitoylated, it is surprising in the case of
the CA and AC mutant, in which one site can still be palmitoylated. Therefore, results
suggest that a single modification of calnexin have little to no effect on its abundance.
Instead, if we look at the sensitivity results for the WT we can see that among the top
3 sensitivity indexes, in 2" and 3" position we find the degradation rate constant of
c12CAL (kd3) and the maximum speed of palmitoylation (Vf). Since the concentration
of WT in the steady state is higher than the one of the mutants (Figure S4.13),
sensitivity analysis confirm that palmitoylation parameters are strikingly important to
reach such levels of concentration. It is important to highlight that in WT the
enzymatic parameters have an important role in determining its concentration, but
the same parameters have almost no effect on CA and AC mutants concentration.

This suggests that a single palmitoylation step is not enough to increase calnexin
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concentration with respect to the AA mutant, which can’t be palmitoylated. A double

modification of calnexin seems to be required to reach the level of abundance of WT.

Similar results are observed when we calculate sensitivity indexes with respect to
calnexin’s half-life (Figure S4.14-17). Again in WT (Figure S4.14) the maximum speed
of palmitoylation is among the most sensitive parameters, highlighting the important
role of palmitoylation for calnexin in determining both the abundance and half-life.
Looking at the sensitivities for the CA and AC mutants (Figure S4.16-17), it is easy to
see that a single palmitoylation modification is not enough to affect significantly
calnexin’s half-life (since Vmax and the enzymatic parameters of the model have

almost no effect in CA and AC mutants, but they show an effect on WT).

4.7.1.4 Stochastic model formulation:

During the development of this model we had to deal with one main issue. Calnexin is
a very abundant protein in the cell, two big proteome studies [21,40,41] have
estimated that calnexin is present in HeLa cell in a number of copies between 5-10°
and 10° Since we wanted to measure a property of the system in steady state
condition, we had to simulate our model with a number of molecules that matched
the values found experimentally. The high number of molecules used, made
stochastic simulations computationally expensive. Therefore, in order to perform
simulations in an acceptable amount of time and resources we used the same
reduction approach as we did in the deterministic model, using a model described
with tQSSA. Different studies [113,114] have shown that tQSSA is an approximation
that can be applied to stochastic models without losing accuracy. Validation results of
the method have already been obtained for the Goldbeter switch, MAPK cascade,

Michaelis-Menten kinetics and others kinetic models [114].

The model that we designed is similar to the one used for deterministic simulations,
but as required by the stochastic solver, we provided a representation through a

stoichiometric matrix (Table S4.5) and propensity function (Table 4.6). All
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computations were performed using MATLAB R2014b. The stochastic simulations
were performed using the first reaction method, a variant of the Gillespie algorithm

[87].

A detailed description on model formulation, parameter conversion and setting up of
the stochastic simulations is present in Chapter 3 - The stoichiometric matrix of the
stochastic model, the propensity function used for simulations and the values of the

converted parameters are visible in Table S4.5-7.
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Figure $4.8. Results of the GA optimization are plotted on top of the experimental data used as objectives. (A-F): In
order to estimate the parameters of the model the following set of experiments were used. The algorithm used for
estimation is gamultiobj from MATLAB’s global optimization toolbox. This algorithm finds the overall minimum of
multiple objective functions by minimizing the difference between the output of the model and the experimental data
of the calibration set. The goodness of the fitting is visualized plotting the output of the in silico experiment obtained
with the model on top of the corresponding experimental data: A: AC mutant S decay; B: WT S decay; C: WT °H
incorporation (data are relative to the t=lh point); D: AC mutant ’H decay; E: AA mutant S decay; F: WT °H decay. (G-
L): In order to ensure that the model was able to capture behaviors of experiments for which it wasn’t trained we used
the following set of experiments to validate the output of the model. These experiments were not used to estimate the
parameters of the model, therefore its output is a prediction of the result of the different experiments. This analysis
ensures that the model is able to make reliable predictions for different experiments and not only for the ones that
were used to estimate the parameters. The goodness of the predictions is visualized plotting the output of the in silico
experiment obtained with the model on top of the corresponding experimental data: G: Calnexin WT PAT6
Overexpression S decay; H: Calnexin CA mutant S decay; I: Calnexin CA mutant 'H decay; L: Calnexin WT PAT6
Silencing S decay.
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Figure $4.9. Schematic representation of the model and the procedure used for S pulse-chase experiments
simulation. (A) Model scheme used for S labelling simulations. The labeled species are marked with *. (B) Qualitative
representation of the method used to perform »S in silico labeling experiments. Each simulation is performed in 3
phases. 1) Steady state: the model of the endogenous calnexin is simulated until it reaches steady state. 2) Labeling:
the synthesis term is switched towards the labeled protein (marked with *) to simulate the addition of the label for a
time that matches the experiments. 3) Analysis: the synthesis term is switched again towards endogenous calnexin to
simulate the removal of the labeling. The decay of the labeled species is observed at the same time point of the

experiments.
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Figure $4.10. Schematic representation of the model and the procedure used for ’H pulse-chase experiments
simulation. (A) Model scheme used for ’H labelling simulations. The labeled species are marked with *. (B)
Qualitative representation of the steps used to perform ’H in silico labelling experiments. Each simulation is
performed in 3 phases. 1) Steady state: the model of the endogenous calnexin is simulated until it reaches steady state.
2) Labeling: the reactions of palmitate attachment are switched towards the labeled protein (marked with *) to
simulate the addition of the ’H palmitate for a time that matches the experiments. 3) Analysis: the reactions of
palmitate attachment switched again towards endogenous calnexin to simulate the removal of the radiolabelled
palmitate. The decay of the labeled species is observed at the same time point of the experiments.
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palmitate labelling) is also shown.
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Figure S4.12. Qualitative representation of the procedure used for protein tracking with stochastic simulations, along
with proof of convergence. (A) Each simulation is performed in 2 phases. 1) Steady state: the model is simulated until
the pool of endogenous calnexin is in steady state. 2) Analysis: a single calnexin molecule is added to the pool of
labeled protein (marked with *), and its route is recorded at each time step. Analysis of the route allows to calculate
the time for going from synthesis to the double palmitoylation state. (B) The average palmitoylation time measured
have converged to 8h after 1100 event of double palmitoylation tracked. We performed 5000 single molecule tracking
simulations. During these simulations only 1100 molecule were able to get double palmitoylated before getting
degraded. Here we reported the cumulative average palmitoylation time to show that the measured value converged

to 8h.
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Figure $4.13. Steady state sensitivity analysis of calnexin WT and mutants. In order to determine to which parameters
the steady state of calnexin is most sensitive we performed sensitivity analysis on WT and mutants.
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Figure $4.15. Half life sensitivity analysis of calnexin AA mutant. Sensitivity analysis on in-silico S experiments on the
AA calnexin mutant shows that if the protein can’t be palmitoylated, it loses the capabilities to regulate its half-life.
The stability of the protein become dependent from the degradation rate of the non palmitoylated state only.
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Figure $4.17. Half life sensitivity analysis of calnexin CA mutant. Sensitivity analysis on in-silico °S experiments on the
CA calnexin mutant confirm that the presence of only 1 site isn’t enough to be able to regulate the stability of the
protein. If compared with S9 Fig. it is possible to see how the two sites are not equivalent, palmitoylation of the first
site influence more the stability of calnexin.
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Figure $4.18.Fitting of the data used for calibration and validation after averaging the 383 sets of parameters estimated
by the GA. In order to estimate a unique set of parameters for the stochastic simulations the 383 sets of parameter
where averaged to obtain a single parameter set that was then converted to stochastic. The figure shows that the
averaged set of parameters is still able to reproduce both the calibration and validation data.
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~ Chapter 4: Model-Driven Understanding of Palmitoylation Dynamics: Regulated Acylation of
The Endoplasmic Reticulum Chaperone Calnexin

Table S4.3. Model parameters. The output of GA is a set of optimal solutions, where a solution is a complete set of
parameter needed to perform model simulations. From this set we extracted a sub-set of 382 solutions which obtained
a GA score better than a set threshold for each objective. During the analysis the model was simulated for each set of
parameters of the sub-set. We then reported in this paper the mean of the outputs along with the 1* and 3" quartile of
their distribution.

Parameter | Mean Value  +s.d. Range

vs vs[C]/[T] 0.63 +0.17 | [0.30-0.87]
kf 1/[T] 2.31 +0.34 | [1.14-2.97]
kd, 1/[T] 0.11 +0.03 [0.08-0.16]
kd,1/[T] 0.07 +0.01 [0.04-0.09]
kd,1/[T) 0.02 +5.107  [0.01-0.03]
Vf [C)/[T] 0.76 +0.24 | [0.40-1.14]
Vb [C]/[T] 0.10 +0.03 | [0.05-0.14]
Kmf,c, [C] 7.06 +0.83 | [5.74-10.87]
Kmfc, [C] 87.07 +17.61 | [51.88-121.46]
Kmb,c, [C] 0.55 +0.16 = [0.09-0.96]
Kmb,c, [C] 0.51 +£0.20 = [0.03-0.89]
Kmf,c, [C] 0.43 +0.08 | [0.23-0.54]
Kmf,c, [C] 0.31 +0.06 | [0.19-0.47]
Kmb,c, [C] 43.68 +6.80 | [4.98-86.77]
Kmb,c, [C] 38.60 +21.82 | [1.94-88.13]
PAT,[C] 0.01 +1-10° | [7-107-0.01]
APT, [C] 0.87 +0.16 | [0.58-1.32]
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~ Chapter 4: Model-Driven Understanding of Palmitoylation Dynamics: Regulated Acylation of
The Endoplasmic Reticulum Chaperone Calnexin

Table S4.4. Mass balance equations. In this model calnexin can exist in 5 different states: unfolded (rCAL), folded
(fCAL), palmitoylated only on the first site (cICAL) or the second (c2CAL), or dually palmitoylated (c12CAL). The
following table describes the mass balance for each of these species. The rates of the mass balance of each state are
described in detail in S1 Table.

Mass balance
drCAL
T4 ™
dfCAL
7=v2+v7 V=V, =V =V,
de,CAL
TZVS TV =V, =V, T Vs
de,CAL
T=V4 TV~ Vs Vi3 Vs
dc,,CAL
%T:vs FV, =2V, =V,
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T 0 0 0 T- 0 0 0 0 0 0 0 0 0 0<-MVIZT2
0 0 0 0 T- T 0 0 0 0 0 0 0 0 1TVJ23 <- MVIZT2
0 0 0 0 T- 0 T 0 0 0 0 0 0 0 1TVI12 <- [1VIZT2
0 T 0 0 0 T- 0 0 0 0 0 0 0 0 0<-1Mv222
0 0 0 0 T T- 0 0 0 0 0 0 0 0 1TVI219 <- [TV¥I22
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~ Chapter 4: Model-Driven Understanding of Palmitoylation Dynamics: Regulated Acylation of
The Endoplasmic Reticulum Chaperone Calnexin

Table S4.7. Parameters used for stochastic simulations. The following parameters were obtained through the
conversion of the deterministic parameters estimated by the GA (see “Conversion of deterministic parameters to
stochastic”).

Parameter Value Units
vs 18450 molecules/h
kf 2.31 1/h
kd, 0.11 1/h
kd, 0.07 1/h
kd, 0.02 1/h
Vf 22314 molecules/h
Vb 2933 molecules/h
Kmfic, 206110 molecules
Kmfic, 2543152 | molecules
Kmb,c, 16013 molecules
Kmb,c, 14944 molecules
Kmf,c, 12559 molecules
Kmf,c, 8987 molecules
Kmb,c, 1275827 | molecules
Kmb,c, 1127490 |  molecules
PAT, 380 molecules
APT, 25372 molecules
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—— Chapter 5: DHHC16-mediated control of DHHCG6 activity: dynamics of a palmitoylation cascade —

Chapter5- DHHCl6-mediated control of
DHHC6  activity: dynamics of a

palmitoylation cascade

5.1 Introduction

Cells constantly interact and respond to their environment. This requires tight control
of protein function in time and in space, which largely occurs through the reversible
post-translational modification, such as phosphorylation ubiquitination and S-
palmitoylation. The latter consist in the addition on an acyl chain, generally C16, to
cytosolic cysteine residues, thereby increasing the hydrophobicity of the protein. As a
result palmitoylation allows proteins to interact with membranes or specific
membrane domains, it may affect their conformation, trafficking, stability and
function [47,115-117]. The acyl chain is attached to the protein via a thioester bond
through the action of palmitoyltransferases of the DHHC family [47,115-117]. These are

multispanning transmembrane proteins harboring their active site in the cytoplasm.

The list of proteins undergoing palmitoylation is ever increasing [16] and the
modification is found to be important in numerous key cellular processes including
the control of neuronal kinase activity [118], of specific forms of autophagy, of EGF

signaling [119], of mestastasis in cancer [120].

While novel roles and targets of palmitoylation are constantly reported, little is known
about the regulation of this post-translational modification. Here we focused on one

of the 23 human palmitoyltransferase, DHHC6, which localizes to the ER and controls
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—— Chapter 5: DHHC16-mediated control of DHHCG6 activity: dynamics of a palmitoylation cascade —

a panel of key ER substrates such as the ER chaperone calnexin [58], the ER E3 ligase
gp78 [121], the IP3 receptor [122] as well as cell surface proteins such as the transferrin
receptor [123]. For each of these proteins, palmitoylation controls stability,

localization, traffikcing and/or function.

As most DHHC enzymes, DHHC6 is a tetra-spanning membrane protein. It is
characterized by a short N-terminal extension and a long C-terminal tail composed of
an approx. 100 residue domain of unknown structure followed by a variant SH3_2

domain (Figure 5.1A, Figure S5.7).

At the very far end it contains a KKNR motif which when transferred to the DHHC5
enzyme leads to its relocalization from the Golgi to the ER [124], suggesting it
contributes to the ER localization of DHHC6. The function of the C-terminal tail, and
in particular the SH3_2 domain is unknown. Here we show that this SH3_2 domain
undergoes dynamic palmitoylation and depalmitoylation on three different sites, and
that these events are essential for proper localization of the enzyme, for its stability
and for its function. We identify both the palmitoyltransferase and the acyl protein
thioestrase involved in this modification. Using mathematical modelling we probe the
complexity of this system, wherein DHHC6, due to the presence of three sites, can
exist as 8 different species with different stabilities and activities. Importantly, the
model provided testable predictions regarding the importance of having three
acylation sites. Predictions and experiments indicate that palmitoylation on multiple

sites allows the tight control of both DHHC6 activity and abundance.
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A B
Organelle Acyl'RAc

lumen
: PNS -HA +HA
Ctrl KO Ctrl KO Ctrl KO

Cytosol
Calnexin = === —
Gp78 =~ = ——
KKNR  pgry =t — - -
In -HA +HA TH-R f— — —
- ===~ DHHC6 FIOt.1 - -
ANTXR{ === e - e
-— w== —Climp63
- — -TRAPa DHHCE ' ~ -
Mouse lung

DHHC6

QO <

$ 3

3H-palm

WB: myc-
DHHC6

IP: DHHC6

WT ACC CAC CCA AAC ACA CAA AAA

DHHC6

Figure 5.1. DHHC6 can undergo palmitoylation on three cysteins of its SH3 domain. A. Schematic representation of
DHHC6 enzyme. Palmitoylated cysteines 328,329 and 343 are in red. DHHC and SH3 cytosolic domains are in blue. The potential
ER retention motif is KKNR. B. Analysis of protein acylation in HAP WT control cells (Ctrl) versus HAP KO for DHHC6 (KO).
HAP cell membranes were recovered by centrifugation and incubated with MMTS and then with hydroxylamine (+HA) or with
TRIS (-HA) together with free thiol group binding beads. Eluted fractions were analyzed by immunoblotting with the indicated
antibodies. The input fraction (PNS) was loaded as 1/10 this amount. C. DHHC6 acylation in mouse tissues. 400pg total proteins
extracted from mouse lung were incubated with MMTS and then with hydroxylamine (+HA) or with TRIS (-HA) together with
free thiol group binding beads. Eluted fractions were analyzed by immunoblotting with the indicated antibodies. The input
fraction (In) was loaded as 1/10 this amount. D. Palmitoylation of DHHC6 cysteine mutants. Hela cells were transfected with
plasmids encoding WT or the indicated mutant Myc-tagged DHHC6 constructs for 24h. Cells were then metabolically labeled 2
hours at 37°C with *H-palmitic acid. Proteins were extracted, immunoprecipitated with Myc antibodies and subjected to SDS-
PAGE and analyzed by autoradiography ('H-palm), quantified using the Typhoon Imager or by immunoblotting with the
indicated antibodies. E. Quantification of *H-palmitic acid incorporation into DHHC6 constructs. Quantified values were
normalized to protein expression level. The calculated value of *H-palmitic acid incorporation into WT DHHC6 was set to 100%
and all mutants were expressed relative to this (n=4, error bars represent standard deviation).
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5.2 Results

5.2.1 Palmitoylation of the DHHC6 SH3 domain

DHHC6 KO cells were generated using the CRISPR-cas9 system in the near haploid
cell line HAPI. Using the Acyl-RAC capture method to isolate palmitoylated proteins,
we verified that the ER chaperone calnexin [58], the E3 ligase gp78 [121], the IP3
receptor [122] and the transferrin receptor [123] are indeed DHHC6 targets (Figure
5.1B). Interestingly calnexin and the transferrin receptor were no longer palmitoylated
in the HAPI DHHC6 KO cells, confirming that they are exclusively modified by
DHHC6, while palmitoylation of the IP3 receptor and gp78 was reduced but not
abolished indicating that they can also be modified by other palmitoyltransferases
(Figure 5.1B) consistent with previous findings [121,122]. As negative controls, we
tested flotilin2, a known target of DHHC5 [125] and the anthrax toxin receptor 1

modified by a yet to be determined DHHC enzymes [46].

The acyl-RAC analysis indicated that DHHC6 itself might be palmitoylated (Figure
5.1B) in HAPI cells, as also found upon acyl-RAC analysis of different mouse tissues
(shown for lung tissue in Figure 5.1C). Calnexin and the ER shaping protein climp63
[126] were used as positive controls and the cysteine-less protein Trapa as negative
control. A large scale proteomics analysis also reported palmitoylation of DHHC6 on
Cys-328, Cys-329 and Cys-343, which all localize to the SH3 domain [127] and are
conserved in vertebrates (Figure S5.7). We generated single, double and triple
cysteine-to-alanine mutants and monitored the incorporation of *H-palmitate during
2hrs. Palmitoylation of WT DHHC6 was readily detected (Figure 5.1D). The signal was
reduced upon mutation of any of the cysteines, and especially Cys-328 (Figure 5.1E).
The triple AAA mutant showed only background levels of >H-palmitate labeling. Thus

the SH3 domain of DHHCG6 can undergo palmitoylation on all three cysteines.
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5.2.2 The DHHC16-DHHC6 palmitoylation cascade

We next investigated whether DHHC6 was undergoing auto-palmitoylation, in cis or
trans. We generated a construct to express an inactive enzyme by deleting the DHHC
motif (ADHHC) as well as a stable cell line expressing an shRNA against DHHC6
(Figure S5.8). WT and ADHHC DHHC6 both underwent palmitoylation when
transiently expressed in control or shRNA DHHC6 cells (Figure S5.8), showing that
DHHC6 does not undergo autopalmitoylation but must be modified by another
enzyme. To identify this enzyme, we performed *H-palmitate DHHC6 labeling
experiments upon siRNA silencing of each of the 23 DHHC enzymes. Only silencing of
DHHCI6 led to a major, 60%, drop in signal intensity (Figure 5.2A). 3H—palmitate
incorporation was also reduced for the AAC and CCA mutants (Figure S5.8A), showing
that all three sites are modified by the same enzyme. A screen by over-expression of
DHHC enzymes also pointed to DHHCI6 as the responsible enzyme (Figure 5.2B and
Figure S5.8B).

The final confirmation was obtained using CRISPR-Cas9-generated DHHC16 KO HAPI
cells. WT and ADHHC DHHC6 incorporated *H-palmitate when expressed in the
control and the DHHC6 KO cells, but not in DHHC16 KO cells (Figure 5.2C).
Consistent with these findings, co-immunoprecipitation experiments following
transient over-expression of myc-tagged DHHC6 and FLAG-tagged DHHCI6 confirm

that the two enzymes can interact (Figure S5.9A).

Altogether these experiments show that DHHC6 can be palmitoylated on all three of
its SH3 cysteine residues by DHHC16. DHHCIG6 itself is not palmitoylated as shown
both by *H-palmitate incorporation and Acyl-RAC (Figure S5.9BC).
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Figure 5.2. DHHCG6 is palmitoylated by DHHC16. A. Identification of the DHHC6 palmitoyltransferase by siRNA screening of
DHHC enzymes. Hela cells were transfected with siRNA silencing indicated DHHC for 72h and with WT myc-tagged DHHC6
construct for the last 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted,
immunoprecipitated with myc antibodies and subjected to SDS-PAGE and analyzed by autoradiography, quantified using the
Typhoon Imager or by immunoblotting with myc antibodies. 3H-palmitic acid incorporation into DHHC6 constructs were
quantified and normalized to protein expression level. The calculated value of 3H-palmitic acid incorporation into DHHC6 was
set to 100% for a non relevant siRNA (Ctrl) and all siRNA were expressed relative to this (n=6). B. Identification of the DHHC6
palmitoyltransferase by DHHC over-expression. Hela cells were transfected with indicated DHHC constructs and with WT myc-
tagged DHHC6 construct for 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were
extracted, immunoprecipitated with myc antibodies and subjected to SDS-PAGE and analyzed by autoradiography (3H-palm) or
by immunoblotting with myc antibodies. C. Analysis of DHHC6 acylation in HAP WT control cells (Ctrl) versus HAP KO for
DHHC6 (KO) or KO for DHHC16. HAP cells were transfected with WT myc-tagged DHHC6 construct for 24h. Cells were then
metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted, immunoprecipitated with myc antibodies
and subjected to SDS-PAGE and analyzed by autoradiography (3H-palm) or by immunoblotting with myc antibodies. D.
Palmitoylation decay of WT or mutant DHHC6.Hela cells were transfected with plasmids encoding WT or the indicated mutant
MYC-tagged DHHC6 constructs for 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid, washed and
incubated with complete medium for different hours. Proteins were extracted, immunoprecipitated with myc antibodies and
subjected to SDS-PAGE and analyzed by autoradiography, quantified using the Typhoon Imager or by immunoblotting with anti-
myc antibodies. 3H-palmitic acid incorporation into different DHHC6 constructs were quantified for each times, normalized to
protein expression level. The calculated value of 3H-palmitic acid incorporation into DHHC6 was set to 100% for t=0 after the 2
hours pulse and all different times of chase with complete medium were expressed relative to this. N=3. E. DHHC6 palmitoylation
in presence of APT overexpressed.Hela cells were transfected with plasmids encoding WT myc-DHHC6 and the indicated mutant
citrin-tagged of APT1 or APT2 constructs for 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid.
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Proteins were extracted, immunoprecipitated with myc antibodies and subjected to SDS-PAGE and analyzed by autoradiography
(3H-palm), quantified using the Typhoon Imager or by immunoblotting with anti-myc antibodies. F. Quantification of 3H-
palmitic acid incorporation into DHHC6 constructs.Quantified values were normalized to protein expression level. The calculated
values of 3H-palmitic acid incorporation into WT DHHC6 were set to 100% when cells were cotransfected with control plasmid
(Ctrl) and all APT mutants were expressed relative to this. N=6.

5.2.3 Rapid APT2-mediated DHHC6 depalmitoylation

Palmitoylation is a reversible modification and thus has the potential to be dynamic.
To analyze palmitate turnover on DHHC6, we performed *H-palmitate pulse-chase
experiments. Following a 2hr pulse, 50% of the palmitate was released from DHHC6
in less than one hour, indicating rapid turnover of the acyl chains (Figure 5.2D). We
performed similar experiments on the various single and double cysteine mutants and
found that rapid turnover required the presence of Cys-328. In its absence, palmitate
release rates were drastically reduced, the half-life of DHHC6-bound palmitate

increasing to more than 4 hrs (Figure 5.2D).
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Figure 5.3. A. Degradation kinetics of DHHC6. Hela cells were transfected with plasmids encoding WT flag-DHHC16, or WT
myc-DHHC6 or cysteine mutants myc-DHHC6 constructs for 24h after 48h transfection with siRNA APT2 or with control siRNA.
Hela cells were incubated 20min pulse with 35S-methionin/cysteine at 37°C, washed and further incubated for different times at
37°C in complete medium. DHHC6 were immunoprecipitated and subjected to SDS-PAGE and analyzed by autoradiography,
quantified using the Typhoon Imager, and western blotting with anti-myc antibodies. 35S-methionin/cysteine incorporation into
different DHHC6 constructs were quantified for each times, normalized to protein expression level. The calculated value of 35S-
methionin/cysteine incorporation into DHHC6 was set to 100% for t=0 after the 20min pulse and all different times of chase with
complete medium were expressed relative to this. N=3. B. Ubiquitin dependent degradation of DHHC6. Hela cells were
transfected with plasmids encoding WT myc-DHHC6 constructs for 24h after 48h transfection with control (Ctrl) or APT2
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siRNA. Proteins were extracted; DHHC6 was immunoprecipitated, subjected to SDS-PAGE and then analyzed by immunoblotting
with anti-ubiquitin or anti-myc antibodies. C. Proteosomal degradation of DHHC6. Hela cells were transfected with plasmids
encoding WT myc-DHHCG6 constructs for 24h after 48h transfection with control or APT2 siRNA. Cells were treated 4 hours with
10uM MGI32 or with 100 nM Bafilomycin A before proteins were extracted; 40ug of total extract were subjected to SDS-PAGE and
then analyzed by immunoblotting with anti-actin as equal loading or with anti-myc antibodies.

Depalmitoylation is an enzymatic reaction that is mediated by poorly characterized
Acyl Protein Thioesterases (APT). We tested the involvement of APT1 and APT2 [47],
which are themselves palmitoylated on Cys-2 [109]. We generated palmitoylation
deficient variants of APT1 and 2 as well as catalytically inactive versions (APT1 S119A
and APT2 SI21A). Overexpression of WT or mutant APT1 had no detectable effect on
DHHC6 palmitoylation (Figure 5.3BC). In contrast, overexpression of WT, but not
palmitoylation deficient, APT2 led to a significant decrease in DHHC6 palmitoylation.
APT?2 SI2IA had an intermediate effect, possibly due to the formation of heterodimers

between mutant and endogenous APT2.

Altogether these observations show that DHHC6 palmitoylation is dynamic, in

particular on Cys-328, and that depalmitoylation is mediated by APT2.

5.2.4 Palmitoylation of Cys-328 destabilizes DHHC6

We next determined whether palmitoylation has an influence on DHHC6 stability
since palmitoylation was found to stabilize proteins such calnexin [39] and the death
receptor Fas [128] and destabilize gp78 [121]. Stability was monitored using >°S-
Cys/Met metabolic pulse-chase. Myc-DHHC6 was transiently expressed in Hela cells,
which were submitted to a 20 min metabolic pulse followed by different times of
chase before anti-myc immunoprecipitation, SDS-PAGE and auto-radiography. Decay
of newly synthesized DHHC6 was biphasic, with 40% undergoing gradual degradation
during the first 5 hrs, and the remaining 60% undergoing degradation at a greatly
reduced rate (Figure 5.3A). Globally, degradation of 50 % of DHHC6 was observed at
~16hrs. We repeated the experiments upon over expression of DHHCI6, as well as

upon silencing of APT2 expression, with the aim of increasing DHHC6 palmitoylation.
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Both genetic manipulations led to a dramatic acceleration of DHHC6 decay, 50%
being degraded by 2 and 3hrs in DHHCI16 over expressing and APT2 silenced cells
respectively (Figure 5.3A). To address the importance of the different palmitoylation
sites, similar experiments were performed on single and double cysteine mutants
(Figure 53A & S4). Remarkably, mutation of Cys-328 to alanine abolished the
sensitivity to DHHC16 overexpression or APT2 silencing (Figure 5.3A & S4B), whereas
the CAA and the CCA mutants showed the same sensitivity to over-palmitoylation as
WT (Figure 5.3A & S4A). Together these observations indicate that palmitoylation of
Cys-328 renders DHHC6 susceptible to degradation. This is mediated by ERAD since
DHHC6 underwent ubiquitination in APT2 silenced cells (Figure 5.3B) and could be
rescued by the proteasome inhibitor MGI132 (Figure 5.3C).

5.2.5 Palmitoylation-dependent DHHC6 localization

Palmitoylation may affect the association of proteins with specific membranes or
membrane domains [47]. We therefore investigated whether palmitoylation would
affect DHHC6 localization. Whereas WT DHHC6 showed a typical ER staining with
strong co-localization with BIP, a lumenal ER chaperone, and BAP3l, a
transmembrane ER protein, DHHC6 AAA, although clearly present in the ER tended
to accumulate in dot-like structures which stained positive for BAP31 but not BIP

(Figure 5.4A).
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Figure 5.4. A. Inmunofluorescence staining of HeLa cells transfected with PAT6-WT or PAT6-AAA mutant. B. HeLa cells
were transfected with either PAT6-WT, PAT6-AAA or PAT6-RQ myc-tagged mutants and stained by immunofluorescence. The
presence of dots (small or big) was reported for each cell and quantified. C. Co-immunoprecipitation of DHHC6 with mutant
DHHC6. Hela cells were transfected with plasmids encoding WT myc-DHHC6 and the indicated mutant DHHC6 gfp-tagged
constructs for 24h. Proteins were extracted, a total cell extract was analyzed (TCE) and proteins were immunoprecipitated with
myc antibodies and subjected to SDS-PAGE, then analyzed by immunoblotting with anti-myc or anti-GFP antibodies.
Quantification of co-immunoprecipitation of WT DHHC6 with mutants DHHC6 constructs and of R361Q DHHC6 with mutants
DHHCG6 constructs. The calculated value of co-immunoprecipitation with WT DHHC6 or with R361Q DHHC6 mutant was set to
100% all DHHC6 mutants were expressed relative to this. N=4 for WT and N=3 for RQ361. D. DHHC6 complexes. Hela cells were
transfected with plasmids encoding WT myc-DHHC6 and the indicated mutant DHHC6 myc-tagged, or myc-tagged DHHC7 or
DHHC20 constructs for 24h. Proteins were extracted, 40ug of a total cell extract was analyzed by SDS-PAGE or on blue native
gels then analyzed by immunoblotting with anti-myc antibodies. E. Analysis of endogenous calnexin acylation in HAP WT
control cells (Ctrl) versus HAP KO for DHHC6 (KO-6) or for DHHC16 (KO-16). Hap cell membranes were recovered by
centrifugation and incubated with MMTS and then with hydroxylamine (+HA) or with TRIS (-HA) together with free thiol group
binding beads. Eluted fractions were analyzed by immunoblotting with anti-calnexin antibodies. The input fraction (PNS) was
loaded as 1/10 of this amount. F. Analysis of endogenous calnexin palmitoylation in Hela cells overexpressing DHHC6 or
DHHCI6. Hela cells were transfected with plasmids encoding WT myc-DHHC6 or WT myc-DHHCI6 constructs for 24h. Cells
were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted and immunoprecipitated with
anti-calnexin antibodies, subjected to SDS-PAGE and analyzed by autoradiography (3H-palm) or by immunoblotting with anti-
calnexin antibodies. G. Analysis of endogenous Calnexin palmitoylation in Hela cells overexpressing DHHC6 mutants. Hela cells
were transfected with control plasmid (Ctrl) or plasmids encoding WT or mutants myc-DHHC6 constructs for 24h. Cells were
then metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted and immunoprecipitated with anti-
calnexin antibodies, subjected to SDS-PAGE and analyzed by autoradiography (3H-palm), quantified using the Typhoon Imager
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or by immunoblotting with anti-calnexin or anti-myc antibodies. H. Quantification of 3H-palmitic acid incorporation into
endogenous calnexin. The calculated value of 3H-palmitic acid incorporation into calnexin was set to 100% for control plasmid
and all DHHC6 mutants were expressed relative to this. N=4.

Certain DHHC enzymes were reported to dimerize [129]. We therefore tested whether
DHHC6 also dimerizes, and if so in a palmitoylation dependent manner.
Immunoprecipitation experiments using DHHC6 constructs with two different tags
showed that WT DHHCG6 can associate with itself as well as with the ADHHC variant
but not with the AAA mutant, or a single point mutant R361Q (Figure 5.4C) which
also showed a dotted ER staining. AAA and R361Q however retained the ability to
interact with themselves and with one another (Figure 5.4C). Blue native gel analysis
confirmed that DHHCG6 can associate into higher order structures, possibly dimers but
also higher order complexes, as opposed to DHHC 7 and 20 which appeared largely
monomeric (Figure 5.4D). The AAA mutant also formed higher order complexes but
these were clearly different from those formed by WT protein (Figure 5.4D). Thus
palmitoylation affects higher order assembly of DHHC6 and possibly thereby

localization of the protein in the ER.

5.2.6 Palmitoylation dependent activity of DHHC6

Finally, we tested whether DHHC6 activity was modulated by palmitoylation.
Calnexin palmitoylation was used as a readout for DHHC6 activity. Acyl-RAC analysis
of DHHCI6 KO cells indicated that palmitoylation of calnexin was significantly
reduced (Figure 5.4E) and reversely that over-expression of DHHCI6 led to an increase
of calnexin palmitoylation (Figure 5.4F), together indicating that palmitoylation
affects DHHCG6 activity. Over-expression of WT DHHC6 itself led to 2.6 fold increase
in calnexin palmitoylation (Figure 5.4GH), the background level being due to
endogenous DHHC6 (Figure 5.4GH). Again this was palmitoylation dependent since

all mutants had a lower activity than WT, the AAA mutant showing no activity at all
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(Figure 5.4GH). Interestingly the presence of Cys-328 alone was sufficient to confer

significant activity.

5.2.7 Model of the DHHC6 palmitoylation system

The above data shows that DHHC6 can be palmitoylated on 3 sites, that
palmitoylation is dynamic and that it strongly influences localization, stability and
function of the enzyme. The presence of 3 sites leads to the potential existence of 8

species: from fully unoccupied sites, termed C°%, to full occupancy, C™" (Figure 5.5A).

A B Calibration (o]

100 100
g3 ggeo cood ——
a & s0 cocner, B 5 60
sio\ A sl croft
SE FreE S C11OE|-
20
101
%2 & C EI"
T Time (h) C1 1
- - - & Validation o Cm d
\ AN 100" T WT+DHHG18 Ov. Sim. =
—2 011 T
coo == C 3 a o cnormcieon = coml
b 40 0 20 40 60 80 100
%5 20 Half-life (hrs)
L
0 4 8 12 16 20
Time (h)
D : E F w_ . G
oy o o Bu| detmputon
> I O so| . distribution o @
ol e pwer. | Median of the | Median E PNS h o
Species patsagéa time spent per | cumulative n ' -
C(m_n) cote /molecule | Passage (h) | time (h) - Myc-
Coe coo 1 [ 3.4 63 224 = tokel e
h c 27 07 2.2 w
Bk 0.7 19 4.1 ° .
g Coor | = Py » o 2 N i ﬁ Calnexin
G0 oo | che 07 <0.1 0.1 <)
= (et 0.1 <01 <01 b3
0128456 78 [0 os 08 21 W e S | 0P
Palmitate (&2 <01 01 0.1

incorporation/loss (10°[C)/h)

Figure 5.5. A. Network topology of the DHHC6 palmitoylation model. First we have a phase of synthesis of the unfolded
peptide (U). The protein goes through a process of folding and membrane embedding, ending in the fully folded form of DHHC6
(C000). The three sites can then be palmitoylated by DHHCI6, the first palmitoylation can occur on each site, C100 C010 and
C0O01 denote palmitoylation on the first, second or third site respectively. DHHC6 can then undergo another palmitoylation step
acquiring two palmitates; C110, C101 and COll denote the double palmitoylated enzyme. From each of the three double
palmitoylated states, DHHC6 can be modified one last time becoming fully palmitoylated (Clll). We consider that DHHC6
degradation can happen in each of this states. Red circles indicate the most abundant species in steady state. B. Part of the
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calibration and validation sets used for parameter estimation. In the top graphs we show 3 curves that were used during
parameter estimation with genetic algorithm to evaluate the goodness of fit of the parameters generated. The four curves in the
bottom graphs were used to verify the accuracy of model predictions on experiments that were not used for parameter
calibration. Circles represent experimental data while the solid lines are the output of the model after optimization. Since we have
152 different sets of optimal parameters, the shadows behind the lines represent the I* and 3" quartile of the 152 model outputs.
The remaining part of the curves used for parameter estimation can be found in the supplementary material. C. Half-life of the
different DHHC6 palmitoylation states estimated from the decay rate constants of the model after optimization. The half-life was
calculated as: In(2)/kd;, Where kd; is the decay rate constant of the ith palmitoylation state. D. Palmitoylation and
depalmitoylation fluxes for the three steps of single palmitoylation in steady state. Here measured the fluxes of palmitate
incorporation and loss on the first, second and third site during the first palmitoylation event. Model fluxes in steady state for
each reaction occurring in are available in the supplementary material. E. Results of single molecule tracking with stochastic
simulations in control conditions. The table shows the average number of passage per molecule in each state of the model, along
with the median and the cumulative median of the time spent in each state. This data were obtained from the analysis of 10000
stochastic simulations. The number reported here are the median of the model output of the 10000 stochastic simulations. F.
Model prediction about DHHC6 WT steady state distribution in the different palmitoylation states. G. Stoichiometries of DHHC6
palmitoylation in Hela cells.Hela cells were transfected with plasmids encoding WT myc-DHHC6 constructs for 24h. Protein
lysates were processed for the APEGS assay. PEG-5k were used for labeling of transfected myc-DHHC6 and endogenous protein
(PEG+), PEG- lanes indicate the negative controls. The samples were analyzed by western blotting with anti-myc , anti,calnexin,
anti-TRAPalpha antibodies.

To understand the dynamics of the inter-conversion between the 8 palmitoylation
species, we developed a mathematical model (Figure 5.5A). Modelling was performed
as an open system, including protein synthesis, and degradation of all species (Figure
5.5A). Synthesis of DHHC6 first leads to an unfolded species (U). Folding

subsequently leads to the C°%

species, which can undergo palmitoylation on any of
the 3 sites. Single palmitoylated species can undergo a second and a third
palmitoylation event. Each palmitoylation reaction is reversible. Since DHHCI16
catalyses palmitoylation of all sites, a competition term between the sites was
implemented in the enzymatic kinetics as we have previously done when modelling
palmitoylation of the ER chaperone calnexin [39]. A similar competition term was
introduced for depalmitoylation by APT2. The model also includes degradation rates
for each species, with different first-order rate constants. The description of the rate

expressions, the definition of the parameters, and the assumptions used in the

development of the model are described in detail in the Supplementary Information.

To calibrate and subsequently validate the model, we performed the following set of
kinetic experiments: 1) metabolic >SCys/Met pulse-chase experiments, with pulses of
either 20 min or 2 hrs, to monitor the stability of newly synthesized proteins, for WT
and the different single, double and triple cysteine mutants; 2) *H palmitate

incorporation into WT and cysteine mutants; 3) palmitate loss, monitored by °H
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palmitate pulse-chase experiments, from WT and mutants. Some of these experiments

were in addition performed upon over expression of DHHCI6 or siRNA of APT2.

During calibration all these data were fitted simultaneously, transforming this process
in a multi-objective optimization problem. These generally do not have a unique
solution, but a population of sets of parameters that may fit different objectives
differently, but are optimal for the entire set. We therefore employed a stochastic
optimization method to generate a population of models consistent with the
calibration experiments. From a population of 10°'000 models, we selected 152 that
based on an objective function fitted the experimental data most accurately (Suppl.
Info.). The pool of selected models was subsequently used for the simulations and
analyses. Importantly, all predictions were obtained by simulating each model
independently. Outputs of all models were averaged and standard deviations with
respect to the mean were calculated (Figure 5.5B). Importantly, the model reliably
predicts the set of experiments that were used for the validation, indicating that it

accurately captures the DHHC6 palmitoylation system (Figure 5.5B).

5.2.8 Dynamics of DHHC6 palmitoylation and effect on stability

The model was first used to estimate the half-lives of the difference species. C°% is
predicted to have a half-life of approx. 40 hrs (Figure 5.5C and Table S5.1). The
presence of palmitate on site 1 is predicted to strongly reduce the half-life of the
species, irrespective of the occupancy of the two other sites, with a ¢;,, of 5 and 0.3
hrs for C'%° and C" respectively. In contrast, the presence of palmitate on site 2, in the
absence of palmitate on site 1, is predicted to have a stabilizing effect with ¢, ,,of o
being over 100 hrs. Palmitoylation on site 3 is predicted to have a destabilizing effect
with a t;/, of C%" of 18 hrs (Figure 5.5C). Thus, consistent with the experimental
observations, the model indicates that palmitoylation strongly affects DHHC6 stability

in a site dependent manner.
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We next analysed the dynamics of the system. We first determined the palmitoylation
and depalmitoylation fluxes. The major fluxes through the system are from C%°°* C'%°,
backwards from C'%° ' C°° and to a lesser extend from C%° * C°° (Figure 5.5D). We
then derived a stochastic formulation of the model, and performed 10’000 simulations
to track single proteins in the system. DHHC6 molecules are predicted to spend most
of their time, by far, in the CY9 gtate (Figure 5.5E). Consistent with the flux analysis,
each DHHC6 molecules on average was in the C'°° state 2.7 times (Figure 5.5E), and
remained in that state for 42 min. Seven out of 10 molecules also explored the C*"°

state for almost 2 hrs and more briefly the C*" state.

Consistent with this stochastic modelling, estimation of the steady state distribution
of species under our experimental setting indicate that about 60% of the DHHC6

molecules in the cell are in the C°%°

state and only 25 % are palmitoylated, the most
abundant species being C”° and C° (Figure 5.5F). We tested this prediction
experimentally by performing a PEGylation assay. This is a mass-tag labeling method
that allows replacing palmitate with PEG through disruption of the thioester bond
with hydroxylamine resulting in a mass change detectable by Western blotting [130].
As a control we analyzed calnexin, which has 2 palmitoylation sites and migrated as
expected as 3 bands, corresponding to the non-, single and dual palmitoylated forms
(Figure 5.5G). Only the non-palmitoylated form of DHHC6 was detected DHHCS,
consistent with the prediction (Figure 5.5GF). Given the dynamic range and sensitivity

of Western blots, a band with a 5 fold lower intensity than the C°°° DHHC6 band

would not be detectable.

Altogether, the model of DHHC6 palmitoylation predicts that under our experimental
conditions, DHHC6 is mostly non-palmitoylated -which could be confirmed
experimentally-, but that during their life cycle each molecule undergoes multiple
rounds of palmitoylation-depalmitolyation on site 1, and for a subset of molecules also

on site 2 and/or on site 3.
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5.2.9 Importance of multiple palmitoylation sites for the

regulation of DHHC6 activity

Figure 5.4H shows the relative activity of the various DHHC6 cysteine mutants. The
most active variants are those that retain palmitoylation on site 1, suggesting that
palmitoylation on site 1 most strongly promotes activity. Palmitoylation on site 1
however also has the strongest destabilizing effect (Figure 5.5C). This raises the
question as to how cells could increase their DHHC6 activity, when needed, if increase
in activity simultaneously leads to targeting of the enzyme to degradation. We
hypothesized that sites 2 and 3 might be there to allow cells to increase the overall

DHHC6 activity without significant loss of enzyme amounts.
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Figure 5.6. A. Results of single molecule tracking with stochastic simulations when DHHCI6 is overexpressed.
The table shows the average number of passage per molecule in each state of the model, along with the median and the
cumulative median of the time spent in each state. As for control experiments this numbers were obtained by
averaging the results of 10000 independent stochastic simulations. B. Steady state distribution of DHHC6 WT in the
different palmitoylation states under different conditions (control, DHHC16 Overexpression, APT2 silencing and APT2
at 10% level of expression with respect to WT condition). All the data are scaled with respect to the total abundance of
DHHC6 WT in normal condition. C. steady state distribution of DHHC6 CAA mutant under control condition or
DHHCI6 overexpression. All the data are scaled with respect to the total abundance of DHHC6 WT in normal
condition. D. Calnexin palmitoylation level with DHHC6 and DHHCI16 overexpressed. Hela cells were transfected with
control plasmid (Ctrl) or plasmids encoding WT or mutants myc-DHHC6 in the presence or not of flag-DHHC16
constructs for 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted,
TCE isolated, and immunoprecipitated with anti-calnexin antibodies, subjected to SDS-PAGE and analyzed by
autoradiography (3H-palm), quantified using the Typhoon Imager or by immunoblotting with anti-calnexin, anti-myc
or anti-flag antibodies. E. Quantification of DHHC6 levels in total cell extracts with or without DHHC16. The calculated
value of WT DHHC6 in absence of overexpressed DHHCI6 was set to 100%. All DHHC6 mutant with or without
DHHCI6 were expressed relative to this. N=3 F.G. Quantifiation of 3H-palmitic acid incorporation into endogenous

135



—— Chapter 5: DHHC16-mediated control of DHHCG6 activity: dynamics of a palmitoylation cascade —

calnexin with DHHC6 in absence (F) or presence of DHHCI6 (G). The calculated value of 3H-palmitic acid
incorporation into calnexin was set to 100% for control plasmid (Ctrl) and all DHHC6 mutants were expressed relative
to this. N=3. H. Stoichiometries of DHHC6 palmitoylation in Hela cells with DHHC16 overexpressed or APTS silenced.
Hela cells were transfected with plasmids encoding WT myc-DHHC6 with Flag-DHHC16 constructs for 24h or after 48h
silencing APT2. Protein lysates were processed for the APEGS assay. PEG-5k were used for labeling of transfected myc-
DHHC6 (PEG+), PEG- lanes indicate the negative controls. The samples were analyzed by western blotting with anti-
myc. I. Adult mouse tissues were processed for the APEGS assay. PEG-5k were used for labeling of endogenous DHHC6
(PEG+), PEG- lanes indicate the negative controls. The samples were analyzed by western blotting with anti-DHHC6.

To test this, we first estimated the steady state species distribution of WT DHHC6
under conditions of hyperpalmitoylation, i.e. either when overexpressing DHHCI6 or
silencing APT2. Stochastic simulations indicate that overexpression of DHHCI6
drastically changes the dynamics of the network (Figure 5.6A). Under these
conditions, all molecules appear on average to explore all the palmitoylation states,
with extremely short residence times in each. In terms of cumulative time, each
DHHC6 molecules then spends 3.7 hrs in the C%"state, 1.4 hr in the C'°° state, 1.1 hr in
the C%° state and 30 mins or less in all the others (Figure 5.6A). These changes are
also apparent from the steady state distribution, which shows that upon DHHCI6
overexpression some 60% of the molecules are now in the most stable C" state
(Figure 5.6B). Interestingly, flux analysis indicates that the paths leading from C°* to
C”" involve 4 steps (Figure 5.6C). Under DHHCI6 overexpression conditions, C"
appears to be the hub of the system. During 10°'000 simulations, 22’000 events of
palmitoylation-depalmitoylation emanated from C° whereas only 4000 events
occurred between C°® and C'®. In terms of overall protein level, DHHCI6
overexpression was predicted to decrease the cellular amounts of DHHC6 by 15%
(Table S5.2). APT2 siRNA also led to a species redistribution to the benefit of the dual
and triple palmitoylated state (Figure 5.6B). The effect on protein abundance was
however drastic, with only 30% expression when compared to control conditions
(Table S5.2). Since the absence of APT2 is expected to freeze the dynamics Table S5.3,
we estimated the situation under conditions where the APT2 activity would be
reduced to 10% of control conditions. This mimicked the distribution obtained by

DHHCI6 overexpression (Figure 5.6B).

We next determined the steady state distribution of the CAA mutant, which can only
adopt the %99 and C'%° states. Under control conditions, the CAA species distribution

was similar to that of WT, with the majority of the protein in the C°° state (Figure
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5.6BC). DHHC16 overexpression however led to a drastic drop of the C°%°

population
and an only mild increase in Cloo (Figure 5.6B), the total protein concentration

decreasing by 70% (Table S5.2).

We next tested the prediction that the presence of sites 2 and 3 renders DHHC6
resistant, in terms of concentration, to fluctuations in the DHHCI6 and APT2
activities. As seen in Figure 5.64B, SiRNA of APT2 indeed leads to a drastic decrease in
DHHC6 expression. DHHC16 overexpression barely affected WT levels, as predicted,
and did not change AAA levels, as expected (Figure 5.6DE). The levels of CAA however
dropped by 60% (Figure 5.6DE). Consistently DHHCI6 expression also led to an
increase in WT DHHC6 activity (Figure 5.6F), as monitored by calnexin
palmitoylation, but there was not increase in activity in cells expressing CAA vs.
untransfected (Figure 5.6G). Note that the “background” calnexin palmitoylation level
was increased due to the activation of endogenous DHHC6 by DHHCI6 over
expression. PEGylation experiments confirmed that DHHCI6 overexpression leads to

an increase of the palmitoylated species (Figure 5.6H).

5.3 Discussion

S-palmitoylation consists in the covalent attachment of a palmitate molecule to a
cysteine residue of a protein. This reversible post-translational modification has
shown to possess an important role in regulation of the fate of different proteins, and
as consequence on the regulation of different cellular functions. In fact, palmitoylation
allow interaction of soluble protein with membranes, affects protein conformation,

trafficking, stability and function.

While the pool of palmitoylated proteins is constantly increasing, little is known about
the regulation of this modification. In this work we focused on one of the 23 human
palmitoyltransferase, DHHC6, with the aim of investigating the mechanisms that

regulate this post-translational modification. DHHCG6 is a membrane protein resident
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in the ER, where it controls the modification of a variety of proteins being on of the
major responsible in regulation of their stability, localization trafficking and function.
In this work we have shown that DHHCG is itself palmitoylated by DHHCI6 on three
different cysteines (Cys-328, Cys-329, Cys-343). °H labelling experiments show that all
the three cysteines are palmitoylated, with Cys-328 being the most responsible for
signal loss in case of mutation, suggesting that this cysteine is preferentially

palmitoylated.

Since palmitoylation is a dynamic modification, we investigate this possibility on
DHHC6 with °H pulse-chase experiments. Results indicate a rapid turnover of DHHC6
palmitoylation, with a loss of 50% of the signal after only lhr chase. Interestingly
palmitate turnover slow down considerably in the absence of Cys-328, suggesting that
palmitoylation of this site is more dynamic with respect to the others sites. The
reaction of palmitate removal is catalysed by a class of enzymes called Acyl protein
thioesterase, we therefore investigated their effects on DHHC6 depalmitoylation.
While overexpression of APTl didn't have any detectable effect on DHHC6
palmitoylation, overexpression of APT2 led to a significant decrease in DHHC6
palmitoylation. Altogether these observations show that DHHC6 palmitoylation is

dynamic, in particular on Cys-328, and that depalmitoylation is mediated by APT2.

Next we investigated the effects of palmitoylation of each site on DHHC®6. Since in a
previous work we observed that palmitoylation stabilize the ER chaperone calnexin,
we investigated if palmitoylation was affecting DHHC6 stability as well. Stability was
monitored using S35-Cys/Met metabolic pulse chase, similarly to calnexin DHHC6
decay was biphasic, with fast degradation of 40% of the pool of tagged protein within
the first 5 hours of chase while the remaining 60% underwent degradation at greatly
reduce rate. Unexpectedly overexpression of DHHC16, or APT2 silencing, led to a
considerable increase in DHHC6 decay, with 50% of the pool of protein degraded in
the first 2-3hrs, suggesting that palmitoylation would actually destabilize the enzyme.
To verify if each individual site had the same effect on stability, similar experiments

were performed on single or double cysteine mutants. Remarkably, mutation of Cys-
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328 to alanine abolished the sensitivity to DHHC16 overexpression or APT2 silencing,
indicating that Cys-328 is responsible for rapid degradation of DHHC6. All together
these observations indicate that DHHCG6 stability is dependent on the palmitoylation
pattern of the enzyme, with Cys-328 being responsible for a considerable drop of half-
life. These results uncover a very interesting regulatory mechanism that allows the

control of DHHC®6 half-life depending on its palmitoylation state.

Since palmitoylation affects other proteins localization we investigated if this was the
case for DHHC6 as well. While DHHC6 show ER staining and co-localization with
BIP, a luminal ER chaperone, and the ER chaperone BAP3l, a mutant version of
DHHC6 which couldn’t be palmitoylated show that the enzyme tends to accumulate
on dot-like structures. These results show that palmitoylation strongly influence the

localization of DHHC6 in the ER.

We next tested if the activity of DHHC6 was modulated by palmitoylation. Activity
was measured by checking palmitate incorporation in calnexin. Remarkably
palmitoylation of calnexin in DHHC16 KO cells was greatly reduced, and the opposite
effect was observed upon DHHCI16 overexpression. These results clearly indicate a
strong correlation between DHHC6 activity and its palmitoylation state.
Overexpression of DHHC6 and mutants shows that the presence of the three sites is
required for proper activity of the enzyme, in fact all the mutants had a lower activity
than WT, with AAA mutant showing no activity at all. Notably the CAA mutant shows
an amount of activity comparable to WT, suggesting that this site is the main

responsible in regulation of DHHC6 activity.

In the second part of this work, results from experimental analysis were used to build
a kinetic model of DHHC6 palmitoylation. The model was used to study the
properties and the dynamics of inter-conversion between the 8 palmitoylation states
of DHHC6. We first investigated the half-life of each palmitoylation pattern, to get
more insight on the effect of each palmitoylation site on the stability of DHHC®6.
While the non palmitoylated form of DHHC®6 is very stable, with an estimate of 40hrs,

the presence of palmitate on site 1 lead to a huge drop in half-life, in agreement with
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what was found experimentally. In addition, the model suggest that the
destabilization effect of site 1 is irrespective of the occupancy of the two other sites,
since all the palmitoylation pattern in which site 1 is modified have an half-life in
between 5 and 0.3 hrs. In contrast, palmitoylation of site 2 and 3 in absence of
modification of site 1 have a huge stabilizing effect, increasing the half-life of the
protein to more than 100 hours. Palmitoylation on site 3 alone show a moderate
destabilizing effect, decreasing the half-life of the protein to 18hrs. These results show
that palmitoylation of DHHC6 can positively or negatively regulate the stability of the
enzyme based on the palmitoylation pattern, demonstrating the primary role of

palmitoylation in regulating the fate of the protein.

Analysis of the model dynamics show that there are consistent

000 100
C C

palmitoylation/depalmitoylation fluxes between and , and to a lesser extent
between C°° and C%°. In agreement with the experiments the model suggested
consistent cycles of palmitoylation on site 1, highlighting the role of this site as

primary way to regulate stability and activity of the enzymes.

To better investigate the dynamics between the different palmitoylation states we
developed a stochastic version of the model that allowed us to follow single DHHC6
proteins through the model. 10000 simulations of the model steady state allowed us
to estimate some dynamic properties characteristic of DHHC6 proteins. Unexpectedly
the enzyme shows to spend most part of its time in the unpalmitoylated form, which
is also the inactive one. Many palmitoylation cycles were observed between C°® and

' confirming the results of the previous analysis. In normal conditions we

measured that on average a single molecule of DHHC6 cycles 3 times between C°%°
and C'°°) with a short resident time on C°° of less than 1 hour, in order to avoid
depletion of the enzyme. DHHC6 also populated the C° state, but less frequently
than C'°° and for shorter periods. Analysis of states population in normal condition
reveal that the enzyme is mainly palmitoylated on site 1, with very low time spent in

other single palmitoylated states. Little to no events of double palmitoylation are

observed in normal conditions. Results to suggest that in normal conditions
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palmitoylation happens almost exclusively on site 1, which is the major contributor in

DHHC6 activity and stability.

Stochastic simulations were repeated also in condition of DHHCI16 overexpression or
APT2 silencing, causing overpalmitoylation of DHHC6. As consequence the enzyme
undergoes dramatic changes in both its palmitoylation distribution and dynamics. The
bulk of the protein shifted from a non palmitoylated state to C°", one of the most
stable state, replacing C°°° as hub of the network dynamics. While DHHC6 in normal
condition cycle mainly between C°°° and C'°°, now the enzyme cycle most between
C” and C°, but an increased number of cycles is observed also for all the other
states. Increasing the palmitate incorporation rates of DHHC6 by DHHCI6
overexpression or APT2 silencing decreased the total cellular amount of DHHC6 by
15%. Notably some degree of APT2 activity is needed to avoid complete depletion of
the enzyme, which in case of total APT2 silencing lose 70% of its pool. We estimated
that an amount of APT2 activity of at least 10% of control conditions is needed to

contain the drop in concentration caused by hyperpalmitoylation of DHHC6.

The same analysis was repeated on the CAA mutant of DHHCG6, to investigate the
contribution of site 2 and 3 on the effect of DHHC6 concentration. Remarkably the
model predicts that since CAA can’t reorganize itself in the C®" state DHHCI6
overexpression led to a 70% drop in in steady state concentration. All together this
results suggest the interesting possibility that sites 2 and 3 might be there to allow
cells to increase the overall DHHC6 activity without significant loss of enzyme
amounts. Activity of DHHC6 depend mainly on the amount of palmitoylation, but
since palmitoylation of site 1 decrease the stability of the enzyme, the enzyme can
reorganize its distribution into more stable palmitoylation states, which allow to
increase the palmitoylation level of the enzyme, and therefore its activity, without
decreasing significantly its stability.The analysis performed in this work have
demonstrated the huge impact that palmitoylation have on the regulation of DHHC6

activity and concentration.
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5.4 Material and methods

5.4.11 Celllines

Hela cells (ATCC) were grown in complete modified Eagle’s medium (MEM, Sigma) at
37°C supplemented with 10% fetal bovine serum (FBS), 2mM L-Glutamine, penicillin
and streptomycin. For the DHHC6 knockdown cell lines, Hela cells were transfected
with shRNA against DHHC6 gene (target sequence in 3'UTR: 5-
CCTAGTGCCATGATTTAAA-3’) or with shRNA control against firefly luciferase gene
(target sequence : 5-CGTACGCGGAATACTTCGA-3’) .The transfected cells were
selected by treatment with 3ug/ml puromycin. HAP1 Wild type WT and knockout cell
lines were purchased from Horizon Genomics (Vienna, Austria). The DHHC6 clone
(13474-01) contains a 5bp deletion in exon 2 (NM_022494) and the DHHCI16 clone
(36523-06) contains a 2bp insertion in exon 2 (NM_198043). HAPI cells were grown in
complete Dulbecco’s MEM (DMEM, Sigma) at 37°C supplemented with 10% fetal

bovine serum (FBS), 2mM L-Glutamine, penicillin and streptomycin.

5.4.1.2 Antibodies and Reagents

The following primary antibodies are used: Mouse anti-Actin (Millipore, MAB 1510),
Mouse anti-Myc 9E10 (Covance, MMs-150R), Mouse anti-Ubiquitin (Santa Cruz, sc-
8017), Mouse anti-GFP (Roche, 11814460001), Rabbit anti-DHHC6 (Sigma,
SABI304457), Mouse anti-Transferrin Receptor (Thermo Scientific, 136800), Mouse
anti-Flag M2 (Sigma, F3165), Rabbit anti-ANTXRI (Sigma, SAB2501028), Rabbit anti-
TRAPalpha (Abcam, ab133238), Rabbit anti-Flotillinl were produced in our laboratory,
Mouse anti-CLIMP63 (Enzo, ALX-804-604), Mouse anti-Calnexin (MAB3126), Rabbit
anti-GP78 AMFR(Abnova, PAB1684), Rabbit anti-IP3R (Cell signaling, 85685). The
following beads were used for immunoprecipitation: Protein G Sepharose 4 Fast flow
(GE Healthcare, 17-0618-01), anti-Myc affinity gel (Thermo Scientific, 20169), anti-Flag
affinity gel EZview M2 (Sigma, F2426). Drugs were used as follows: Bafilomycin Al at
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100 nM (Sigma, B1793), MGI32 at 10 uM (Sigma, C2211), Hydroxylamine at 0.5 M
(Sigma, 55459), mPEG-5k at 20mM (Sigma, 63187), N-ethylmaleimide NEM at 20mM
(Thermo Scientific, 23030), Tris-2- carboxyethyl-phosphine hydrochloride TCEP at 10
mM (Thermo Scientific, 23225), Methyl methanethiosulfonate MMTS at 1.5% (Sigma,
208795), Puromycin at 3ug/ml (Sigma, P9620).

5.4.1.3 Transfection and siRNA experiments:
Human Myc -DHHC6, Myc-DHHC6- C328A (ACC), Myc-DHHC6-C329A (CAC), Myc-
DHHC6-C343A (CCA), Myc-DHHC6-C328A-C329A (AAC), Myc-DHHC6-C326A-
C343A (ACA), Myc-DHHC6-C329A-C343A (CAA), Myc-DHHC6-C328A-C329A-
C343A, Myc-DHHC6-R361Q, Myc-DHHC6-R361A, Myc-DHHC6-Del-K410-K411-N412-
R413, Myc-DHHC6-Del-D126-H127-H128-C129 were cloned in pcDNA3. Human GFP-
DHHC6 and all cyteine mutants mentioned above were also cloned in peGFP. Human
FLAG-DHHCI6 was cloned in pCE-puro-3xFLAG, human Myc-DHHC16 was cloned in
pCE puro-his-myc. All other human Myc-DHHCs were cloned in pcDNA3.1 (provided
by the Fukata lab). mCitrine fusions of APTs were inserted into pcDNA3.1-NI
(provided by Bastiaens lab, [108]). mCitrine APTI-SI19A, mCitrine APT2-SI21A,
mCitrine-APT1-C2S, mCitrine-APT2-C2S were cloned in pcDNA3.1-NI. For control
transfection, we used an empty pcDNA3 plasmid. Plasmids were transfected into HeLa

cells for 24h (2ug cDNA/9.6cm?) plate using Fugene (Promega).

For gene silencing, Hela cells were transfected for 72 h with 100pmol/9.2cm2 dish of
siRNA using interferin (Polyplus) transfection reagent. As control siRNA we used the
following target sequence of  the viral glycoprotein VSV-G:
ATTGAACAAACGAAACAAGGA. siRNA against human genes were purchased from
Qiagen (DHHC6 target sequences : 1-GAGGTTTACGATACTGGTTAT, 2-
TAGAAGGTGTTTCAAGAATAA, DHHCl6 target sequences: 1-
CTCGGGTGCTCTTACCTTCTA, 2-TAGCATCGAAAGGCACATCAA; APTI target
sequence: AACAAACTTATGGGTAATAAA; APT2 target sequence:
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AAGCTGCTGCCTCCTGTCTAA, all other DHHC target sequences were previously
tested [58]).

5.4.1.4 Real-time PCR
For Hela cells, RNA was extracted from a six-well dish using the RNeasy kit (Qiagen). 1
mg of the total RNA extracted was used for the reverse transcription using random
hexamers and superscript II (Thermo Scientific). A 1:40 dilution of the cDNA was used
to perform the real-time PCR using SyBr green reagent (Roche). mRNA levels were
normalized using three housekeeping genes: TATA-binding protein, B-microglobulin
and B-glucoronidase. Total RNA of different mouse tissues were extracted using the

RNeasy kit (Qiagen) after solubilization with TissueLyser II (Qiagen).

5.4.1.5 Radiolabelling experiments

For the *>S-metabolic labeling, the cells were starved in DMEM HG devoid of Cys/Met
for 30 minutes at 37°C, pulsed with the same medium supplemented with 140 pCi of
g Cys/Met (American Radiolabeled Chemicals, Inc.) for the indicated time, washed
and incubated in DMEM complete medium for the indicated time of chase [42] before
immunoprecipitation. To detect palmitoylation, Hela cells were transfected or not
with different constructs, incubated for 2 hours in IM (Glasgow minimal essential
medium buffered with 10mM Hepes, pH 7.4) with 200 pCi/ml 3H palmitic acid (9,10-
*H(N)) (American Radiolabeled Chemicals, Inc.). The cells were washed, incubated in
DMEM complete medium for the indicated time of chase, or directly lysed for

immunoprecipitation with the indicated antibodies.

For all radiolabelling experiments, after immunoprecipitation, washes beads were
incubated for 5 min at 90°C in reducing sample buffer prior to 4-12% gradient SDS-
PAGE. After SDS-PAGE, the gel are incubated in a fixative solution (25% isopropanol,

65% H20, 10% acetic acid), followed by a 30 min incubation with signal enhancer
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Amplify NAMP100 (GE Healthcare). The radiolabeled products were revealed using
Typhoon phosphoimager and quantified using the Typhoon Imager (ImageQuanTool,
GE Healthcare).

5.4.1.6 Immunoprecipitation
For immunoprecipitation, cells were washed 3 times PBS, lysed 30min at 4°C in the
following Buffer (0.5% Nonidet P-40, 500 mM Tris pH 7.4, 20 mM EDTA, 10 mM
NaF, 2 mM benzamidin and protease inhibitor cocktail (Roche)), and centrifuged
3min at 5000 rpm. Supernatants were subjected to preclearing with G sepharose
beads prior immunoprecipitation reaction. Supernatants were incubated overnight

with the appropriate antibodies and G Sepharose beads.

5.4.1.7 Post nuclear supernatants and ACYL-RAC
HelLa cells were harvested, washed with PBS, and homogenized by passage through a
22G injection needle in HB (HB: 2.9 mM imidazole and 250 mM sucrose, pH 7.4)
containing a mini tablet protease inhibitor mixture (Roche). After centrifugation, the

supernatant was collected as PNS (Post Nuclear Supernatant).

Protein S-palmitoylation was assessed by the Acyl-RAC assay as described [131], with
some modifications. A fraction of the PNS was saved as the input. Hela PNS were lysed
in buffer (0.5% Triton-X100, 25 mM HEPES, 25 mM NaCl, ImM EDTA, pH 7.4 and
protease inhibitor cocktail). In order to block free SH groups with S-methyl
methanethiosulfonate (MMTS), 200 ul of blocking buffer (100 mM HEPES, 1mM
EDTA, 87.5mM SDS and 1.5% (v/v) MMTS) was added to cell lysate and incubated for
4h at 40°C. Subsequently, 3 volumes of ice-cold 100% acetone was added to the
blocking protein mixture and incubated for 20 minutes at -20 °C and then centrifuged
at 5,000 x g for 10 minutes at 4°C to pellet precipitated proteins. The pellet was

washed five times in 1ml of 70% (v/v) acetone and resuspended in buffer (100 mM
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HEPES, 1mM EDTA, 35mM SDS). For treatment with hydroxylamine (HA) and
capture by Thiopropyl Sepharose® beads, 2 M hydroxylamine was added together with
the beads (previously activated for 15 min with water) to a final concentration of 0.5 M
hydroxylamine and 10% (w/v) beads. As a negative control, 2 M Tris was used instead
of hydroxylamine. These samples were then incubated overnight at room temperature
on a rotate wheel. The beads were washed, the proteins were eluted from the beads by
incubations in 40 pl SDS sample buffer with beta-mercapto-ethanol for 5 minutes at
95°C. Finally, samples were submitted to SDS-PAGE and analyzed by

immunoblotting.

5.4.1.8 APEGS assay

The level of protein S-palmitoylation was assessed as described [115], with minor
modifications. Hela cells were lysed with the following buffer (4% SDS, 5 mM EDTA,
in PBS with complete inhibitor (Roche)). After centrifugation at 100,000 x g for 15
min, supernatant proteins were reduced with 25 mM TCEP for 1 h at 55°C or at room
temperature (RT), and free cysteine residues were alkylated with 20 mM NEM for 3 h
at RT to be blocked. After chloroform/methanol precipitation, resuspended proteins
in PBS with 4% SDS and 5 mM EDTA were incubated in buffer (1% SDS, 5 mM EDTA,
1 M NH,OH, pH 7.0) for 1 h at 37°C to cleave palmitoylation thioester bonds. As a
negative control, 1 M Tris-HCl, pH7.0, was used. After precipitation, resuspended
proteins in PBS with 4% SDS were PEGylated with 20 mM mPEGs for 1 h at RT to label
newly exposed cysteinyl thiols. As a negative control, 20 mM NEM was used instead of
mPEG (-PEG). After precipitation, proteins were resuspended with SDS-sample buffer
and boiled at 95°C for 5 min. Protein concentration was measured by BCA protein

assay.
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5.4.1.9 BLUE Native PAGE

The PNS of Hela cells were extracted. The proteins were lysed in 1% Digitonin and
passed through a 26g needle, incubated on ice 30 minutes, spin 16 000g for 30
minutes and run following the manufacturer instructions on the Novex Native PAGE

Bis-tris gel system (ThermoFisher).

5.4.1.10 Immunofluorescence staining and fluorescence microscope
HeLa cells were seeded on 12mm glass coverslips (Marienfeld GmbH, Germany) 24hr
prior to transfection. PAT6-myc plasmids were transfected using Fugene
(Promega,USA) for 48hrs. Cells were then fixed using 3% paraformaldehyde for 20min
at 37°C, quenched 10min with 50mM NH4Cl at RT and permeabilized with 0.1%
TX100 for 5min at RT and finally blocked overnight with 0.5% BSA in PBS. Cells were
washed 3x with PBS in between all the steps. Cells were then stained with anti-myc
and anti-BiP antibodies for 30min at RT, washed and incubated again 30min with
their corresponding fluorescent secondary antibodies. Finally cells were mounted on
glass slide using mowiol. Imaging was performed using a confocal microscope

(LSM710, Zeiss, Germany) with a 63x oil immersion objective (NA 1.4).

5.4.1.11 Core model of DHHC6 palmitoylation

The DHHC6 palmitoylation model (Figure 5.5A) was designed following the approach
elaborated previously for calnexin [39], a substrate of DHHC6. The core model is
based on a previously described protein phosphorylation model used in [132]. The set
of reaction described by Goldbeter was used to model a single palmitoylation event.
Multiple palmitoylation events were modeled replicating this subunit for each

reaction.

In Goldbeter work the model was mathematically described using mass action terms.

Here, due to the presence of multiple modification events, which require the
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definition of a consistent number of parameters, we described model reactions using
what is called “total quasi-steady state approximation ” (tQSSA) [133,134]. With respect
to the standard quasi-steady state approximation (QSSA), tQSSA is valid also when
the enzyme substrate concentrations are comparable [135]. Since DHHC6 is
palmitoylated by another palmitoyltranseferases, namely DHHC16, the use of tQSSA is
justified by the fact that different proteome studies suggest that DHHCs enzymes have
similar concentrations. The step-by-step application of the tQSSA approximation to a

palmitoylation model is described in [39].

The model can be divided in two parts; we first have a phase of synthesis of the
unfolded peptide of DHHC6 (U in Figure 5.5A). The unfolded peptide goes through a
process of folding and membrane embedding, ending in the fully folded form of
DHHC6 (C°%), which shows the three sites available for palmitoylation on the
cytosolic side of the ER membrane. The three sites can then be palmitoylated by
DHHCIS6, the first palmitoylation can occur on each of the sites, C'°° C”® and €%
These species can then undergo a second palmitoylation step, C'°, C'* and C”", which
can then undergo a third leading to C". Since palmitoylation is reversible the

palmitate can be removed from each of the sites.

DHHC6 model is based on the following assumption:

1. DHHC6 can be degraded in each of its states.

2. DHHCG6 is present in similar concentrations with respect to the modifying
enzyme DHHCI6 [127,136-139].

3. Acyl protein thioesterases (APTs) are more abundant than DHHC6 [127,136-
139].The three palmitoylation sites may have different affinities with respect to
the palmitoylation/depalmitoylation enzymes, so we adopted separated Kms
and Vs for the different sites.

4. All the palmitoylation steps are reversible. APT catalyses the depalmitoylation
steps.

5. Palmitate was considered to be available in excess inside the cell.
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6. A detailed account of all reactions and differential equations in the model is

given in Table S5.4-7.

5.4.1.12 Parameterization of the model

Since no kinetic data on DHHC6 palmitoylation is available, all the parameters of the
model were estimated using a genetic algorithm. For the parameter optimization,
multiple datasets coming from experimental results were considered. Time course
labeling experiments were performed in order to characterize the dynamics of DHHC6

synthesis/degradation and incorporation/loss of palmitate.

The types of data used, the description of the genetic algorithm and the step-by-step
application of the optimization algorithm used to find values for the parameters are

described in detail in [39]. In this paper we use the exact same procedure.

For the parameter estimation we used a calibration set that correspond to the data
visible in (Figure 5.5B and Figure S5.11). The remaining part of the data (Figure 5.5B
and Figure S5.12) was used to validate the output of the model and to verify the

accuracy of its prediction capabilities.

Because of the presence of multiple objectives there does not exist a single solution
that simultaneously optimizes each objective, so the algorithm provides as output a
local Pareto set of solutions, which are equally optimal with respect to the fitness
function we defined. From the Pareto set provided by the GA and in order to be more
accurate and to reduce the variability in the output of the model, we selected the set
of parameters that best fitted the calibration data. The procedure for the selection of
the subset is described in [39], 152 different sets of parameter were selected at the end

of the optimization.

The results of the optimization can be found in Table S5.5
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5.4.1.13 Simulating the labeling experiments
Since the goodness of each set of parameters is evaluated computing the distance
between the output of the model and different experiments present in the calibration
dataset, we made use of a previously established method to reproduce the different

type of experiment in-silico [39].

5.4.1.14 Stochastic simulations

In order to measure the average palmitoylation time of DHHC6, we made use of a

previously established method to perform in-silico single molecule tracking [39].

5.4.1.15 Conversion of deterministic parameters to stochastic:
Parameter conversion from deterministic to stochastic model is needed to perform
stochastic simulations [39]. This transformation involves a change of units, from
concentration to number of molecules. A single assumption was added to those
previsouly defines [39] namely that the number of DHHC6 molecules per HeLa cell is
around 1600 molecules [127,136-139] Table S5.7 shows the parameters obtained
through the conversion. The model design is shown through the stoichiometry matrix

and the propensity function in Table S5.8-10.
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Figure S5.8. A. DHHC6 is not autopalmitoylated. Hela cells silenced with control lentiviruses or with shDHHC6
lentiviruses were transfected with plasmids encoding WT myc-DHHC6 or mutant myc-DHHC6. Cells were then
metabolically labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted and immunoprecipitated with
anti-myc antibodies, subjected to SDS-PAGE and analyzed by autoradiography (3H-palm), quantified using the
Typhoon Imager or by immunoblotting with anti-myc antibodies. 3H-palmitic acid incorporation into DHHC6 values
were calculated and were set to 100% for WT DHHC6 constructs and all DHHC6 mutants were expressed relative to
this. N=4. B. Palmitoylation of WT DHHC6 after human DHHC overexpression. Hela cells were transfected with
indicated DHHC constructs for 24h with WT myc-tagged DHHC6 construct. Cells were then metabolically labeled 2
hours at 37°C with 3H-palmitic acid. Proteins were extracted, immunoprecipitated with myc antibodies and subjected
to SDS-PAGE and analyzed by autoradiography, quantified using the Typhoon Imager or by immunoblotting with myc
antibodies. 3H-palmitic acid incorporation into WIT DHHC6 constructs were quantified and normalized to protein
expression level. The calculated value of 3H-palmitic acid incorporation into WT DHHC6 was set to 100% for a non
relevant plasmid (Ctrl) and all DHHC were expressed relative to this. N=5. C. All DHHC6 cysteine are palmitoylated by
DHHCI6. Hela cells were transfected with siRNA silencing indicated DHHC for 72h and with WT and cysteine mutants
myc-tagged DHHC6 construct for the last 24h. Cells were then metabolically labeled 2 hours at 37°C with 3H-palmitic
acid. Proteins were extracted, immunoprecipitated with myc antibodies and subjected to SDS-PAGE and analyzed by
autoradiography, quantified using the Typhoon Imager or by immunoblotting with myc antibodies. 3H-palmitic acid
incorporation into WT and mutants DHHC6 constructs were quantified and normalized to protein expression level.
The calculated value of 3H-palmitic acid incorporation into WT or mutants DHHC6 was set to 100% for a non relevant
siRNA (Ctrl) and all siRNA were expressed relative to this. N=3. D. Immunofluorescence staining of HeLa cells
transfected with PAT16-WT-myc and imaged at high (top lane) or lower expression levels (bottom lane).
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Figure S5.9. A. Co-immunoprecipitation of DHHC6 with DHHCI16. Hela cells were transfected with plasmids encoding
WT myc-DHHC6 and flag-tagged DHHC16 constructs for 24h. Proteins were extracted, a total cell extract was analyzed
(TCE) and proteins were immunoprecipitated with myc or flag antibodies and subjected to SDS-PAGE, then analyzed by
immunoblotting with anti-myc or anti-flag antibodies. B.DHHC6 is palmitoylated but not DHHC16. Hela cells were
transfected with WT myc-tagged DHHC6 or flag-tagged DHHCI16 construct for 24h. Cells were then metabolically
labeled 2 hours at 37°C with 3H-palmitic acid. Proteins were extracted, immunoprecipitated with myc or flag antibodies
and subjected to SDS-PAGE and analyzed by autoradiography, quantified using the Typhoon Imager or by
immunoblotting with myc or flag antibodies. C. Analysis of protein acylation in Hela cells (Ctrl). Hela were transfected
24h with WT myc-DHHC6 or WT flag-DHHCI6 constructs. Cell membranes were recovered by centrifugation and
incubated with MMTS and then with hydroxylamine (+HA) or with TRIS (-HA) together with free thiol group binding
beads. Eluted fractions were analyzed by immunoblotting with the indicated antibodies. The input fraction (PNS) was
loaded as 1/10 this amount. D. Silencing of DHHC6 and DHHCIS6 is efficient. Hela cells were transfected for 72h with
either 2 control siRNA or different DHHC siRNA. DHHC6, DHHCI6, Calnexin RNA levels were analyzed by quantitative
RT-PCR. The histogram shows that silencing was efficient for all DHHC enzymes. N=4. E. DHHCI6 RNA is increased in
DHHC6 KO cells. Annotated RNA levels were analyzed by quantitative RT-PCR in HAPI cells control or KO for DHHC6.
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Figure 5.10. A. Level of mutant DHHC6 palmitoylation. Hela cells were transfected with plasmids encoding WT or the
indicated mutant MYC-tagged DHHC6 constructs for 24h. Cells were then metabolically labeled 2 hours at 37°C with
3H-palmitic acid. Proteins were extracted, immunoprecipitated with myc antibodies and subjected to SDS-PAGE and
analyzed by autoradiography and quantified using the Typhoon Imager. Quantified values were normalized to protein
expression level. The calculated value of 3H-palmitic acid incorporation into WT DHHC6 was set to 100% and all
mutants were expressed relative to this. N=5. B. SH3 Mutant DHHC6 expression induces dots formation. Hela cells
were transfected with plasmids encoding WT or the indicated mutant MYC-tagged DHHC6 constructs for 24h. C.
Degradation kinetics of DHHC6. Hela cells were transfected with plasmids encoding WT flag-DHHC16, or WT myc-
DHHC6 or cysteine mutants myc-DHHC6 constructs for 24h after 48h transfection with siRNA APT2 or with control
siRNA. Hela cells were incubated 20min pulse with 35S-methionin/cysteine at 37°C, washed and further incubated for
different times at 37°C in complete medium. DHHC6 were immunoprecipitated and subjected to SDS-PAGE and
analyzed by autoradiography, quantified using the Typhoon Imager, and western blotting with anti-myc antibodies.
35S-methionin/cysteine incorporation into different DHHC6 constructs were quantified for each times, normalized to
protein expression level. The calculated value of 35S-methionin/cysteine incorporation into DHHC6 was set to 100%
for t=0 after the 20min pulse and all different times of chase with complete medium were expressed relative to this.
N=3.
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Figure S5.11. Calibration. Calibration data Results of the GA optimization are plotted on top of the experimental data

used as objectives.
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Table S5.1Half-life of DHHC6 in different palmitoylation states. The half-life was estimated from the decay rate
constant obtained through parameter estimation. The half-life is calculate as: In(2)/kd.

Species | Half-Life (h) Range (I** and 3rd)

quartiles

[ 39.5 25.71-51.27

clo° 5.22 3.47-7.63

o >100 -

o 17.82 10.78-31.50

o 6.21 2.75-22.69

o 8.26 2.76-19.62

o >100 -

" 0.26 0.09-0.94

Table S5.2. Total amount of protein in steady state relative to WT for WT and CAA mutant in different conditions. The
table shows the total protein in steady state in the model relative to the abundance of DHHC6 observed in steady state
in WT conditions. Simulations are performed for WT and CAA mutant under control conditions, after overexpression
of DHHCI6 and after silencing of APT2.

Amount | Range [2nd
Protein Condition | (relative to 3rd] lower error [upper error
WT control) [ quartiles

WT Control 100% [70-112] 30 12
WT OE DHHC16 84% [27-104] 47 20

wT siRNA APT2 28% [14-34.54] 14 6.52
Control 73% [43-91] 30 18

OE DHHC16 31% [19.60-41.50] 12 10.5
siRNAAPT2 31% [20-38] 11 7
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Table S5.3 Results of stochastic simulation when APT2 is silenced. The table shows the average number of passages of a
DHHC6 molecule in the different palmitoylation states when APT2 is silenced. The time spent in each state is also

reported.
siRNA APT
Median of
ﬁ&’,’f{g the time | Median
Species "« | spent per | cumulative
assages I
/?nolec%le passage | time (h)
(h)
;= 1 0.9 0.9 ) -
S 1 1.2 1.2 N WY
. g oo — Cmo
Coto <0.1 0.7 0.7 ﬂ N \ )
P o h
Coor <0.1 <0.1 <0.1 —’U—"\COOO —>\CO10 \C”T \C101
C110 05 27 27
col 0.2 0.2 0.2 a H “ u /
CO11 <0.1 99 9.9 COO] — CO'”
C111 05 03 03

Table S5.4. Model reactions. The model of DHHC6 palmitoylation contains 35 different reactions, describing synthesis,
folding, degradation, and the enzymatic reactions of DHHC6 palmitoylation/depalmitoylation. In the following table
we describe in detail how the rates for those reactions are calculated.

—

@%
2
N0t
®

@&
@Q @Q

\C111 \C101

e

@

0

Reaction

Forward rate Reverse rate

7. Synthesis and folding

—U
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Table S5.5. Model parameters. The output of GA is a set of optimal solutions, where a solution is a complete set of
parameter needed to perform model simulations. From this set we extracted a sub-set of 152 solutions that obtained a
GA score better than a set threshold for each objective. During the analysis the model was simulated for each set of
parameters of the sub-set. We then reported in this paper the mean of the outputs along with the 1* and 3" quartile of
their distribution.

Parameter = Median Value Range
vs [CI/TI” | 300107 | [259:10°-331:107]
kf 1/[T] 4.20-10™ [2.98-10"-6.69-107']
v, (€T 6.03 [4.54-6.92]
Km,, [C] 2.02:10°  [162:107-2.48-107]
V., [CI/IT] 4.21-107 [118:107-9.89-107]
Km, [C] 1.33-10°° [9.40-10°-2.16-107]
V., [CI/[T] 8.07-107° [430-107°-1.49-10"]
Km,, [C] 1.06-107 [8.21107-1.22-107]
V., [CI/[T] 812-107 [5.07-107-113-107]
Km,, [C] 163107 [7.99:107-3.22:107]
V., [Cl/[T] 5.86-107 [4.52:107-7.44-107]
Km,, [C] 1.74-107 [118-107-2.29-107]
V., [Cl/[T] 118107 [9.04-107-1.42:107]
Km, [C] 3.71-107 [2.27:107-6.13-107]
kd,, 1/[T] 2.56:10" [2.16-10™-3.50-10™"]
kd ,, 1/[T] 1.80-107 (1.47-107-2.72-107]
kd o, 1/[T] 133:10™ (8.81:1072-1.97-107']
kd ., 1/[T] 4.82:10° [1.58:107-1.32:107]
kd 4, 1/[T] 3.89-107 [2.07:107-6.04-107]
kd .., 1/[T] 1.28-107 [3.66-107-2.50-10""]
kd ., 1/[T] 5.59-107 [2.74:107-2.41-107"]
kd ,, 1/[T] 3.42:10™ [6.46-107°-1.36-10""]
kd ., 1/[T] 232 [7.14-10"-7.31]
V., [CUIT] 6.43-107 [3.36-107-1.07-10"']
V., [Cl/[T] |~ 604107 [1.54-107'-1.36]
V., [CU/IT] 2.89 [1.58-4.74]
V.1 [CU/IT] 5.61-10™ [1.37-107"-2.43]
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Vb12 [C]/[T]
Vblg [C]/[T]
Vs [CI/[T]

Vb123 [C]/[T]
DHHC,,, [C]

APT,, [C]

1.83
1.40
9.49-107
9.35-10™
1.73-10™
1.85-10™"
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Table S5.6. Mass balance equations. The following table describes the mass balance for each of the species of DHHC6
model. The rates of the mass balance of each state are described in detail in S1 Table.

Mass balance

Mass balance

d—U=v1—v2—v27
dt

110

=v9+v17+v22-v10-v18-v21-v32

000

=v2+v4+v6+v8—-v3—-v5—-v7-v28

101

=v11+v13+v24—-v12-v14-v23-v33

dt
dClOO dCOll

i =y3+v10+v12-v4—-v9-v11-v29 0 =v15+v19+v26-v16-v20-v25-v34
dCOlO dClll

0 =v7+v18+v20-v8—-v17-v19-v30 " =v21+v23+v25-v22-v26-v24—-v35

001

=v5+v14+v16-v6-v13-v15-v31
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Table S5.7.. Parameters used for stochastic simulations. The following parameters were obtained through the
conversion of the deterministic parameters estimated by the GA (see [39]).

Parameter =~ Value Units

vs 8.76-10" | molecules/h

kf 4.20-107" 1/h

Vfl 1.76.10° molecules/h
Km,, 5.91.10> | Molecules
sz 1.23.10* | molecules/h
Kmfz 3.89-10™ Molecules
V., 2.36-10° | molecules/h
Km 3.09.-10° = molecules

A 1.58.10> | molecules/h
Km,, 4.77-10" Molecules

v 1.71.10° | molecules/h
Km, 5.07-10> | Molecules

A 3.46.10° | molecules/h
Km, 1.08.102 | Molecules
kd,, 2.56-10"" 1/h
kd 1.80-10 1/h
kdcm 1.33.10™ 1/h
kdcm 4.82.10° 1/h
kdc001 3.89.107 1/h
kdcm 1.28.107" 1/h
kdcm 5.59:10° 1/h
kdco11 3.42.10° 1/h
kdcm 232 1/h

Vf12 1.88.10° | molecules/h
Vf13 1.76-10* | molecules/h
Vf23 8.45.10* | molecules/h
Vs 1.64-10*  molecules/h
V.., 5.35.10* | molecules/h
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v, 4.09-10* | molecules/h
13
A 2.77-10° | molecules/h
23
Vb . 2.73-10* | molecules/h
1
DHHCg, 5.06.103 molecules
APT,, 5.39.103 Molecules
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Table 5.9. Propensity function used for stochastic
simulations. In the first column of the table, each line
describes a reaction of the model. To each reaction is
associated a rate, in the second column, that describes
the probability of that reaction to happen at each time
step of the stochastic simulation.

Reaction Propensity
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Chapter 6 - Reconstruction of a

palmitoylation network

6.1 Introduction

In this chapter we show how we reconstructed the palmitoylation cascade of calnexin.
This model was created to study the consequences of palmitoylation at the system
level. In particular, we will first introduce the methods that we choose to design the
network and the tools that have been developed for its analysis. Then we show some
preliminary results that illustrate the capabilities of the model. The model and all the
methods presented in this chapter are particularly valuable since they were developed
thinking to a possible future expansion of the network, including more DHHCs and

palmitoylation substrates.

6.2 Network design

The choice of modelling the calnexin palmitoylation cascade to study the network of
palmitoylation seemed natural to us, due to the high availability of experimental data
and the fact that we had already modelled two of the main proteins participating in
this network. The network of palmitoylation, as we designed it, is composed of 5

proteins: DHHC16, DHHC6, calnexin, APT1 and APT2 (Figure 6.1).
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DHHC16
v
N

DHHC6%°  DHHC6'™

—F 4
APUTZ 7N

CAL% CAL"

il

APT® APT!

Figure 6.1. Representation of calnexin palmitoylation cascade. This network is composed of 5 proteins and describe the
palmitoylation cascade of calnexin, which is palmitoylated by DHHC6 and depalmitoylated by APT1. DHHCG6 is itself
palmitoylated by DHHC16 and depalmitoylated by APT2. Both APT1 and APT2 are palmitoylated but it is not known
who regulates their cycle of palmitoylation/depalmitoylation, therefore their modification cycle was described with
simple mass-action terms.

In this model calnexin (CAL) can be palmitoylated on 2 sites by DHHC6, while the
opposite reaction of depalmitoylation is catalysed by APTI1. Both APTl and DHHC6
needs to be palmitoylated to be active; while for APTI we don’t know the enzyme
responsible for its modification, in the case of DHHC6 it is DHHC16. DHHCI16 can
palmitoylate DHHC6 on three different sites, and the opposite reaction of palmitate
removal is performed by APT2. In this network we have terms that describe synthesis
of calnexin and DHHC6, as well as parameters that define the degradation rates of
DHHC6 and calnexin in each of their palmitoylation states. As stated above we don’t
have information on the palmitoylation/depalmitoylation cycles of APT1 and APT2.
The enzymes involved in those reactions are still unknown, as consequence, their
cycle of modification isn’t modelled as for DHHC6 or calnexin (see Chapter 3 - ).
Instead we decided to model palmitoylation and depalmitoylation of APTs with simple
mass-action kinetics. We decided to include the cycle of modification of APTs even if
we didn’t have all the kinetic information because the previous models have
highlighted activity of APT is an important parameter in the regulation of
palmitoylation cycles. Therefore, we thought that being able to tune APTs activity

based on their palmitoylation levels would help to better characterize the regulation of
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palmitoylation cycles. Similarly to APTs, very little information are available on
DHHCI6. It is not palmitoylated, and we don’t know if its activity is regulated.
Moreover, very little is known about regulation of its synthesis and degradation.
Therefore, in our model DHHCI6 is implemented with fixed concentration, and the
only reaction in which this enzyme participate is catalysis of DHHC6 palmitoylation.

The amount of activity of DHHCI6 can still be tuned by varying its concentration.

Once we defined all the participant in the network, the interaction between them and
the types of kinetics to adopt for each reaction, we had to deal with another major
challenge. Even if this is a small network, its complexity is very high. The complexity
of this model come from two main source, one being the number of palmitoylation
sites present on each protein in the network. Multiple palmitoylation sites implies that
a protein can exist in many states characterized by different palmitoylation patterns.
These different protein forms can interact with other proteins which can have
different states as well, exponentially increasing the number of possible interaction
and complex formation based on the number of sites of each protein. The second
source of complexity is due to the implementation of the in-silico labelling technique
used for model calibration and analysis. This is because in-silico labelling require the
definition of a new set of species (the labelled protein), which double the number of
species that can exist in the model. To make an example we analysed how the number
of species and interactions between calnexin and DHHC6 increase when we consider

multiple sites and labelling Figure 6.2.
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DHHC6 Calnexin DHHC6 Calnexin
3 palmitoylation 2 palmitoylation
sites (U/P) sites (U/P)
7 Species 3 Palmitoylable 21 different complexes
species

Including H3 and S*labelling:

DHHC6 Calnexin DHHC6 Calnexin
3 palmitoylation 2 palmltoylatlon
sites (U/P/PL) sites (U/P/PL)
26 Species 8 Palmitoylable 208 different complexes
species

All these states can exist in S* labelled form

52 Species 16 Species 832 different complexes

Figure 6.2. Illustration of the complexity rising from the presence of multiple modification sites on protein and the
implementation of in-silico labelling techniques.

Figure 6.2 show that the number of species increase exponentially with the number of
sites and the labelling techniques implemented. If we consider all the proteins
included in the model (Figure 6.1) in all the possible states, we will have to write 705
ODEs and 2818 reaction fluxes. Writing this kind of system by hand would be
extremely time consuming and it would also be difficult to ensure the correctness of
the model. Therefore, we had to find an automated and more efficient method
allowing us to generate the system of ODEs describing this model. For this purpose we
used a particular kind of modelling approach called “Rule-based modelling” [140,141].
This kind of modelling allows to specify a set of rules that define how reactions take
place, which species are involved, and which parameters define the kinetics of
reaction. The rule-set can then be translated into an ODEs model automatically. This
approach hugely simplifies the design of the model since the rule-set is simpler than
the model that it describes. This is especially true for modification cascades, which are

normally made of repeated reaction schemes, making possible to use the same set of
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rules to describe different parts of the model. Moreover, the modularity of this
approach made it particularly indicated in our case, since we aim to expand the
network in the future. The rules that we defined to describe the palmitoylation
cascade of calnexin, may be used to describe different part of the palmitoylation
network, like for example the modification other DHHC6 substrates, like for example
climp63, a transmembrane protein that work as receptor on the plasma membrane or

the E3 ubiquitin ligase gp78.

Since the network included two proteins that we already studied, we took advantage
of their models and use them as starting point for the reconstruction. The first protein
that has been implemented in the model was DHHC®6, this step was particularly easy
since we kept the structure of the model exactly as seen in Figure 5.5A. In this model
DHHCI6 can palmitoylate DHHC6 on three sites, and the reactions of palmitoylation

and depalmitoylation are described using tQSSA kinetics. DHHCI16 concentration is
fixed and defines the maximum speed of modification (since V. = kcat -[DHHC16]).

The only change made to the DHHC6 single protein model is the inclusion of a cycle

of palmitoylation for APT2 as shown in equation (1.3.44).

APT2° —L—= APT>' (1.3.44)

kb

In this model the concentration of APT2 is fixed, but the enzyme can undergo
palmitoylation and depalmitoylation reactions, defined by simple mass action kinetics.
Therefore, the amount of active APT2 can be tuned by changing the equilibrium

constant of the cycle of APT2 palmitoylation/depalmitoylation.

For what concern calnexin we kept the topology used for the single protein model
visible in Figure 4.1. The reaction mechanisms of calnexin modification required
heavier modifications than what was done for DHHC6. The equations describing the
model were modified to include explicitly the presence of DHHC6 in the model.
DHHC6 have 8 different differentially palmitoylated species that can catalyse
palmitoylation on calnexin, each one with different properties and efficiency. Each one

the DHHC6 species can bind calnexin on one of the two sites available for
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palmitoylation, catalyse the modification and release the protein. These steps of
binding unbinding and catalysis were designed like a classic enzyme-substrate
reaction in two steps, as visible in equation (1.3.45) for one DHHC6 configuration.
Therefore all the equations of the enzymatic steps of calnexin modification described
with tQSSA in the single protein model (see Table S4.2) were substituted by mass
action terms describing binding, unbinding and catalysis of calnexin palmitoylation by

DHHCe.

CAL” + DHHC™™ ﬁ; CAL” DHHC'® —‘= CAL® + DHHC™ (1.3.45)

APT1 is modelled in the same way as APT2. APT1 have constant concentration but can
undergo a cycle of palmitoylation/depalmitoylation that define the amount of active

enzyme.

6.3 Preliminary results

6.3.1 Model calibration

Due to the complexity of the model, resulting from the high number of species and
reactions, the procedure of parameter estimation (P.E.) resulted particularly
challenging. Due to the increase in computation time required to simulate the model,
we couldn’t perform global optimization using genetic algorithm. The amount of time
that is required to perform the optimization is prohibitive at the moment. Since we
believe that global optimization has proven to be very valuable for P.E. we are
currently working in different directions to speed up the computation and make the
algorithm faster. At the present we already achieved a discrete gain in computation
speed, but some more work needs to be done in order to reach the grade of efficiency

required.

181



Chapter 6: Reconstruction of a palmitoylation network

Even if a complete global P.E. has not yet been done, we managed to perform local
optimization. This allowed us to obtain some sets of parameters that were used to
check consistency with the previous models, and to perform some preliminary
analysis. Moreover, we were still able to run global sensitivity analysis, since it only

requires the specification of a parameter space in which to analyse the model.

After local optimization using least square fitting we obtained 20 different sets of
parameters that we could use to simulate the model. To perform this kind of
optimization in a reasonable amount many parameters were inherited from the
models of DHHC6 and calnexin developed before. This helped during P.E. by reducing
the number of parameters to estimate. Their value could be used as reference point
from which to start the optimization, consistently speeding up the process. In
particular, the values 44 parameters were taken from the sets of DHHC6 and calnexin
model could be fixed during parameter estimation, while the value of new 60
parameters had to be estimated de-novo. The bounds on the 60 new parameters were
define as done in section 3.3.3. Then we used the following procedure to generate their

values:

1. First we selected the 20 best sets of parameters from the calnexin and DHHC6
model based on the ranking obtained from global optimization

2. The 11 parameters from the calnexin model and the 33 parameters from
DHHC6 were then used to set the initial point for the local search, while the
values of the remaining parameters were randomly generated in between the
bound of each parameter. At the end we generated 20 starting points. Since the
parameters of single models may not be optimal for the network model, the
inherited parameter were allowed to vary +20% during the optimization. The
values of the remaining parameters were randomly generated in between the
bound of each parameter.

3. We then optimized the 20 sets of parameters with least square fitting. After the
optimization this set of parameters were used for model simulation and

analysis. When we simulate the model we always repeat simulation for each set
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of the 20 optimized sets, and we report as model output the median and the I**
and 3" Quartile as a measure of the variance among the pool. The resulting

parameters can be seen in Table 6.1.

This procedure allowed us to avoid estimation of all the parameters from scratch,
reducing the calculation time consistently. While we work on reducing the
computation time for global optimization we believe that the set estimated with
this technique can be useful to check the model consistency and to generate some

preliminary results

6.3.2 Global sensitivity analysis

To understand which parameters where more important in determining the different
dynamics of the network we performed global sensitivity analysis. We were mainly
interested in determine the important parameters on two main characteristics of the

model:

1. Total amount of DHHC6/calnexin in steady state

2. The rate of palmitate incorporation

Since the model have 104 parameters, for an easier interpretation of the results and to
reduce the computation time we grouped the parameters in 31 groups shown in. Table
6.2. For each analysis we used 128k samples and when we report the results we show
only the sensitivity of those parameters which sum of the first order effect and total
effect is bigger than 15% of the parameter with the highest sensitivity indexes. The
bounds on the parameter space in which to perform S.A. were obtained from the set of
optimized parameters. For each parameter we determined its maximum and
minimum value among the sets, then the maximum value was doubled while the

minimum was halved, obtaining the final values for the bounds on each parameter.
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We first started to analyse the total protein in steady state, results are shown in Figure

6.3.

DHHC6 total protein abundance Calnexin total protein abundance
22 I - order | 22 I 1 order g
I Total effect I Total effect
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Figure 6.3. Global sensitivity analysis results for total DHHC6/calnexin in steady state.

Sensitivity analysis on the total abundance of DHHC6 and calnexin in steady state
show interesting results. For what concern DHHC6 we can see that the 2 groups of
parameter with the highest sensitivity are the trivial ones. DHHC6 is mostly
influenced by the half-life of the DHHC6? state and the synthesis/folding group.
Since the bulk of DHHC6 lies in the unpalmitoylated state it seems logical that
variation of the stability of this pool can have drastic effects on the amount of protein
in the system. Similarly, it is reasonable that synthesis and folding play a major role in
determining the abundance of DHHC6. Groups 7, 29 and 22 instead show how
important is palmitoylation of DHHC6 to maintain its concentration. Group 7
represent the affinity towards DHHC16 and maximum speed of palmitoylation of the

I** site of DHHC6. In Chapter 5 - we have shown how differentially palmitoylated
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DHHCG6 can have very different stability, and that palmitoylation of the second and
third site seems to have a stabilizing effect on the enzyme, especially if both the sites
are modified at the same time. In fact, group 22, include parameters that define the
maximum speeds of palmitoylation of multiple modifications, confirming that
multiple palmitoylation events can greatly influence the abundance of the protein.
Finally, group 29, which include only the concentration of DHHCI6 in the model,
highlight the importance of this enzyme in determining the abundance of DHHC®6.
Since DHHCI6 is responsible for DHHC6 palmitoylation, which have drastic
consequence on the enzyme stability, it seems reasonable that variation in its

concentration can have dramatic effects on DHHC6 abundance.

For what concern calnexin, the first thing that we notice is that different parameters
that affect DHHC6 concentration have a relevant effect on calnexin as well. In
particular group 7, the parameters that determine the amount of palmitoylation on
site 1 of DHHC6, have a marked effect on the abundance of calnexin. Since site 1 of
DHHC6 confer the most activity when modified it is logical that group 7 have a
primary role in determining the amount of palmitoylated calnexin, and as
consequence its stability. The presence of group 22, the palmitoylation speeds of
multiple modifications, confirm that the palmitoylation pattern of DHHC6 is
fundamental in determining the abundance of calnexin. Interestingly one of the
groups that have the most effect on calnexin concentration is group 29, or the
concentration of DHHC16. The result is of particular interest because it correlates the
concentration of calnexin with the one of DHHCI6, suggesting that the palmitoylation
cascade have an important regulatory mechanism that determines the abundance of
palmitoylation substrates. Furthermore DHHCI6 concentration affect more the
abundance of calnexin than the one of DHHC6. This is in agreement with the results
of Chapter 5, where we have shown that DHHC6 can redistribute itself in stable
palmitoylation pattern, allowing the enzyme to mitigate the consequences of variation
in DHHC16/APT2 concentration. Since this mechanism is not present in calnexin, this
can explain why DHHCI16 concentration affects more calnexin than DHHC6. The

second most important group in determining calnexin concentration is group 16,
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which includes all the catalytic rates of DHHC6. Because palmitoylation have a high
stabilization effect on calnexin it is natural that the activity of DHHC6 plays a role in

determining its concentration.

In Chapter 4 - and Chapter 5 - we studied the effects of palmitoylation on calnexin
and DHHCG6 respectively. A common outcome from the analysis of the models was the
presence of a delay in palmitoylation of both proteins. In particular, we measured an
average time for acquiring a first palmitoylation of 6 hours for DHHC6, and 8 hours
for calnexin. Although we couldn’t find an explanation for these delays, the fact that
DHHC6 and calnexin belong to the same palmitoylation cascade and that the two
delays are similar, with calnexin having a slightly bigger delay, let us thought that the
two delays in palmitoylation are related. This suggest that these delays may be
regulate by some regulatory mechanism in the upstream part of the palmitoylation
cascade. Previous analysis indicates that the delay in palmitoylation observed is
related with the speed of palmitate incorporation rate. In fact, increasing or decreasing
the palmitate incorporation rate allow to tune the delay in palmitoylation. We
therefore analysed which parameters are most influential on the palmitate
incorporation rate of calnexin and DHHC®6, to see if we could find some hint that
could explain the delay observed in their modification. Results are shown in Figure

6.4.
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Figure 6.4. Global sensitivity analysis on palmitate incorporation rate of DHHC6 and calnexin.

Remarkably one of the first thing that we can notice is that the two incorporation
rates are somehow related. In fact 50% of the parameter groups that are most
influential for DHHC6 are the same as in calnexin. In particular, the concentration of
DHHCI6 in the model is the most influential parameter for DHHC6 and the second
one for calnexin, just after the synthesis and folding group. Therefore, the analysis
shows that the amount of available DHHCI6 is fundamental to determine the rate of
palmitate incorporation both in DHHC6 and calnexin. As consequence, by tuning
DHHCI6 concentration it is possible to increase or decrease the delay in
palmitoylation of both proteins. Of great importance for the palmitate rate
incorporation is also the speed of palmitoylation of C'°° and its affinity for DHHCI6,
for both DHHC6 and calnexin. This highlight the importance of the first site of

100
C

DHHC6, which is the most palmitoylated. Moreover, being the site that
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contribute most to DHHC6 activity, it is also fundamental in determining the

palmitate incorporation rate in calnexin.

6.4 Conclusion

In this chapter we developed a network model describing the palmitoylation cascade
of calnexin. Through the use of rule-based modelling we described a system of 5
proteins that ,although small, it was characterized by an elevated complexity. In fact,
the network is composed by 705 different species and 2500 reactions fluxes. The aim
of this model was to better characterize the regulatory effects of palmitoylation on

DHHC6 and its substrate calnexin.

We used global sensitivity to analyse two main features of this network. First we
determined which groups of parameters had the most impact on the concentration of
DHHC6 and calnexin in steady state. Results suggest that palmitoylation is of primary
importance in determining the concentration of both proteins. In fact, all the groups
composed by parameters defining the palmitoylation speed and affinity of DHHC6
and calnexin show a high impact on their concentrations. A remarkable result is that
DHHCI6 affect both concentration of DHHC6 and calnexin. Surprisingly, DHHC16
have a stronger effect on calnexin abundance than on DHHC6. This may be partly
explained by a mechanism observed for DHHC6 that allows the enzyme to
redistribute itself in stable palmitoylation patterns upon variation in concentration of
DHHCI6/APT2, allowing the enzyme to mitigate the consequences of their variations.
This mechanism was only observed in DHHC6 and this may explain why the effect of

DHHCI6 is stronger for calnexin.

We next investigated if there was correlation between the delay in palmitoylation
observed in calnexin and DHHC6. Sensitivity analysis show that the delays strictly
correlate with the abundance of DHHC16. Results suggest that the both delays can be

tuned by regulating the abundance of DHHC16 in the model.
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A part from the results presented in this chapter, we believe that a strong point of this
model is that it is easy to include other proteins that are part of the palmitoylation
network of DHHC6 or calnexin. Since rule-based representation is a very modular
approach, different parts of the network with similar topology can be described by the

same set of rules.
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Appendix C
Table 6.1. Results of parameter estimation. Since the estimation gave us 20 different sets of parameters, here we report
the median of the sets along with the 1* and 3" quartile of their distribution as measure of variance.
Parameters Median 1st quartile 3rd Quartile
ks_CAL 0.82 0.75 0.83
kf_CAL 2.32 2.28 2.53
kd_CAL_F 0.15 0.14 0.15
kd_CAL_C10 0.07 0.06 0.08
kd_CAL_C11 0.01 0.01 0.02
Vb_C 0.07 0.06 0.10
Kmb2c1_C 0.45 0.28 0.60
Kmb2c2_C 0.43 0.37 0.54
Kmbicl_C 40.46 40.09 40.75
Kmb1c2_C 54.38 49.56 60.00
ks_DHHC6 0.00 0.00 0.00
kf_DHHC6 0.55 0.31 1.06
Vvf_C100 41.20 20.60 67.24
Kmf1_C100 0.02 0.02 0.02
Vvf_Co010 0.00 0.00 0.01
Kmf2_C010 0.00 0.00 0.00
Vvf_C001 0.39 0.19 1.43
Kmf3_C001 0.01 0.01 0.01
Vb_Co001 0.01 0.00 0.01
Kmb3_C001 0.00 0.00 0.00
Vb_C010 0.06 0.04 0.08
Kmb2_C010 0.02 0.01 0.02
Vb_C100 0.10 0.06 0.13
Kmb1_C100 0.00 0.00 0.01
kd_DHHC6_C000 0.02 0.01 0.03
kd_DHHC6_C100 0.19 0.12 0.26
kd_DHHC6_C010 0.00 0.00 0.01
kd_DHHC6_C001 0.03 0.01 0.05
kd_DHHC6_C110 0.10 0.02 0.25
kd_DHHC6_C101 0.04 0.02 0.14
kd_DHHC6_C011 0.00 0.00 0.00
kd_DHHC6_C111 1.77 0.89 2.51
kdU_DHHC6 0.23 0.18 0.39
vf_C110 0.07 0.04 0.13
Vvf_C101 0.66 0.35 1.10
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vf_co11 2.78 1.23 4.43
Vf_C111 0.46 0.25 2.15
Vb_C110 10.47 2.67 39.28
Vb_C101 5.99 2.20 30.54
Vb_C011 0.54 0.31 1.06
Vb_C111 1.01 0.33 2.18
kb_F_C10_C100 574.12 444.09 2384.03
kb_F_C01_C100 1547.18 579.51 2382.11
kb_F_C10_C010 1772.97 454.68 2451.99
kb_F_C01_C010 1440.67 907.78 2116.88
kb_F_C10_C001 984.00 397.53 1975.93
kb_F_C01_C001 1565.76 701.71 2126.85
kb_F_C10_C110 1460.34 629.38 2040.15
kb_F_C01_C110 1461.17 716.10 1957.78
kb_F_C10_C101 1597.82 519.91 2016.46
kb_F_C01_C101 1610.47 994.28 2272.91
kb_F_C10_C011 1105.12 489.33 1753.46
kb_F_C01_C011 1273.73 677.72 2467.13
kb_F_C10_C111 1796.36 637.87 2372.16
kb_F_C01_C111 2090.47 1686.89 2675.30
kb_C10_C100 1796.06 511.35 2541.36
kb_C01_C100 1032.90 394.68 1617.20
kb_C10_C010 747.99 253.90 1514.79
kb_C01_C010 1186.21 374.62 1822.74
kb_C10_C001 1459.45 633.08 2114.70
kb_C01_C001 938.52 616.61 1919.97
kb_C10_C110 1609.10 746.71 2524.62
kb_C01_C110 1421.60 1283.14 1872.56
kb_C10_C101 1719.40 812.67 2299.10
kb_C01_C101 1450.46 546.37 2469.12
kb_C10_C011 1396.69 923.63 2158.86
kb_C01_cC011 1424.86 1056.51 2098.47
kb_C10_C111 1265.07 880.96 2217.02
kb_C01_C111 1214.31 673.56 2346.14
kub_C11_C10_C100 14557.10 = 8238.98 25328.83
kub_C11_C01_C100 18076.52 @ 10395.02 28162.32
kub_C11_C10_C010 18817.44  12353.80 23993.54
kub_C11_C01_C010 1486594  6338.80 30618.20
kub_C11_C10_C001 18729.23 = 8754.34 23715.85

kub_C11_C01_C001 | 16340.85 7524.98 27739.78
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kub_C11_C10 C110 1343851 @ 10602.11 21438.10
kub_C11_C01_C110  17659.27  10655.60 24615.26
kub_C11_C10_C101  16897.88 8878.68 19995.65
kub_C11_C01_C101  16461.87  11672.93 24252.05
kub_C11_C10_C011  15094.88 6705.71 27219.15
kub_C11_C01_C011  16779.43 6953.72 26753.14
kub_C11_C10_C111 | 16310.65 6765.18 24588.84
kub_C11_C01_C111 | 13333.91 7991.89 20640.97
kub_C10_C100 14259.61 9780.59 22849.53
kub_C01_C100 20286.20 6608.15 24526.87
kub_C10_C010 17267.99 9747.69 22459.91
kub_C01_C010 15282.03 8877.10 24046.52
kub_C10_c001 11568.80 7488.47 22912.61
kub_C01_c001 14028.39 7687.69 21388.72
kub_C10_C110 21101.87  12622.95 25774.21
kub_C01_C110 16747.18 9043.18 20764.60
kub_C10_c101 12832.81 9135.13 22773.56
kub_C01_c101 17838.67 8424.17 24212.11
kub_C10_c011 12016.82 5239.54 24600.16
kub_C01_c011 9684.21 5906.55 13916.32
kub_C10_C111 14342.10 = 10453.84 20385.06
kub_C01_c111 12614.34 7056.44 20884.17
kcat_C100 50.11 31.94 71.37
kcat_C010 22.86 9.40 64.79
kcat_C001 58.63 31.65 99.91
kcat_C110 106.53 66.23 235.60
kcat_C101 88.50 43.45 218.70
kcat_C011 158.25 66.04 309.79
kcat_C111 174.94 66.07 203.59
DHHC16Tot 0.15 0.09 0.25
APT1Tot 0.15 0.11 0.19

APT2Tot 0.67 0.61 0.89
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Chapter7- Future work

With this project we revealed new insights about palmitoylation and its regulation.
Despite this, there are still many questions about palmitoylation that are waiting to be
answered. We believe that the models and the tools developed during this project will
be very valuable in the future for the study of palmitoylation at the system level. In
particular, the palmitoylation cascade developed in this project is easily expandable
and will be useful for the analysis of other parts of the palmitoylation network,

allowing the study of palmitoylation in different directions.

In the near future we plan to terminate the setting up of the palmitoylation network
model. We believe that the model would greatly benefit from a global parameter
estimation approach. Until now many parameters of the palmitoylation cascade were
inherited from the models of calnexin and DHHC6, but some of them were estimated
using a local optimization approach. A global approach would allow to estimate more
parameter sets, increasing the ability of the model to reproduce the dynamics of the
palmitoylation cascade. What we propose is approach similar to what has been done
for calnexin and DHHC6, using genetic algorithm for parameter estimation. This task
is currently under development; but the complexity of the model makes this kind of
approach unfeasible for now, mainly because of the amount of time that this kind of
optimization requires. We are currently working to optimize the procedure and make
it faster. Global optimization would allow the network model to fit better the
palmitoylation dynamics, allowing us to perform more accurate and reliable analysis
improving the quality and precision of our findings. In particular, we would like to
better characterize the regulatory effect of palmitoylation on the cascade, studying the
effects of the different modifications of DHHC6 by DHHCI6 on the palmitoylation
dynamics of calnexin. It will also be interesting to observe how the system would
reacts, and compensate, to perturbations of DHHC16 and APTs concentration and
activity, since this components are fundamental in the regulation of the cycle of

palmitoylation/depalmitoylation of DHHC6 and calnexin.
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For what concern long term plans, we have set some goals from which we believe the
network palmitoylation model would greatly benefit. One of the best achievements of
this project was the development of a robust mechanism of reaction describing
palmitoylation, along with an efficient technique for palmitoylation network
reconstruction and the tools for its analysis. Despite the considerable number of
features implemented in the model, there are still different elements that can be
added to increase its accuracy and prediction capabilities. If we want to improve the
design of the model we think that it would be beneficial to start working in three main

directions.

The last model considered in this project represent only a very small subset of the
cellular palmitoylation networks. This model has been used to study the properties of
a palmitoylation cascade, a mechanism that seems to appear frequently in the
palmitoylation network. Although useful, we think that more proteins need to be
included in the model to start capturing the dynamics of palmitoylation at the cellular
level. An intuitive way to expand the model would be to include other DHHC6
substrates, focusing on those for which experimental results are available. A good
starting point would be for example Climp63, a type II transmembrane protein
resident in the ER, but also present on the plasma membrane. This protein is
palmitoylated on one site from DHHC6 and DHHC2, and it is not excluded that other
palmitoyltransferases may contribute to its modification. Although the effects of
palmitoylation are not fully understood it seems that this modification regulates the
shuttling of Climp63 from the ER to the plasma membrane and contribute also to the
formation of dimers. This protein would be ideal for the inclusion in the
palmitoylation network since it is being actively studied in our laboratory. Therefore,
different experiments useful for model calibration are already available. The addition
of other proteins to the network would allow to study the regulation of palmitoylation
of multiple substrates. It would be also interesting to investigate if the different
palmitoylation state of DHHC6 have the same activity across all its substrates.
Moreover expanding the model in this direction will probably help to understand how

a very low abundant protein like DHHC6 is able to palmitoylate different substrates
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that are very abundant in the cell, including some of the most abundant proteins in
the cell like calnexin. In fact, proteome studies have estimated that calnexin is at least

300 times more abundant than DHHC6.

Another fundamental direction in which to expand our network model would be to
start the modelling of other DHHC enzymes. There are 23 DHHC enzymes in human,
and the most part of them, 16 identified so far, are themselves palmitoylated. This
implies that DHHC enzymes are interacting with each other, forming a regulatory
network that can be understood/investigated only under a network which integrates
all DHHC enzymes and the interactions between them. An obvious choice from which
to start would be to add to the model those DHHCs that have already been proven to
be palmitoylated. Since these enzymes are being modified, it is probable that these
DHHCs and all their substrates follow a very similar palmitoylation cascade to what is
observed for DHHC6. This would allow to re-use parts of the network model that have
been already developed to describe other parts of the cellular palmitoylation network.
If this is the case, the work done until now would greatly facilitate and speed up the
reconstruction of the palmitoylation cascade of those enzymes along with their
substrates. The reason is that rule-based modelling, the approach that we have used to
design the network of calnexin palmitoylation, is highly modular and allows easy re-
utilization of reaction mechanics. We believe that expansion of the network in these
two directions would be too difficult from the point of view of modelling due to the
possibility of re-using what has been already done to describe new parts of the

network.

One aspect that need to be carefully considered is that the expansion of the model
that we are proposing would not be possible without experimental assays that would
fuel the model with data for its calibration and validation. Experiments would be
necessary to identify the actors in the palmitoylation cascade of palmitoylated
DHHCs, and data on the dynamics of their synthesis, palmitoylation and localization
would be necessary to correctly train the model. It is useful to remind that due to the

lack of information on the kinetics of DHHC enzymes and their substrates, a
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consistent part of this project implied the use of experiments to investigate the
palmitoylation network. Therefore, an even broader experimental approach would be
needed as the project advance. Of particular usefulness would be experiments to
identify palmitoylation and interactions among DHHCs, along with data on their
kinetics of synthesis, palmitoylation and localizations, as it has been done for DHHC6

and calnexin.

The reaction mechanism proposed by Goldbeter and Koshland, have proven to be able
to describe the enzymatic mechanism of protein palmitoylation. This reaction kinetic
has been used along with rule-based modelling to design the first network of
palmitoylation, which described the palmitoylation cascade of the ER chaperone
calnexin. These two techniques combined together allowed us to greatly improve our
knowledge of palmitoylation, but the model can still be improved, to increase its
accuracy, usefulness and prediction capabilities. One important improvement that we
want to propose would be to explicitly include the pool of palmitate in the dynamics
of the model. In this work we have always assumed that palmitate was present in
excess amount, and therefore it was never a rate-limiting substrate in the reactions of
palmitoylation. It is known that palmitate is available as palmitoyl-CoA at nanomolar
concentration in the cell. It is still not known if palmitate is enriched in specific
microdomains or if its concentration is more or less constant in the cell. Implementing
the palmitate pool in the model would help to understand in which condition
palmitate could become a rate-limiting step in the signalling network of
palmitoylation. Moreover, it would be possible to study the consequences of palmitate
starvation on the capabilities of the signalling network. The implementation of the
pool of palmitate in the model would require data from experimental techniques that
can measure the abundance of palmitate in the different compartments of the cell,
and which would be able to point out where the palmitate is enriched. These
experiments would be very beneficial to the model, allowing an increased level of

detail that may reveal additional information on palmitate dynamics.
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Another implementation that would be very valuable for the network model would be
the explicit inclusion of cellular compartments. This feature would be extremely useful
since different studies have shown that palmitoylation have a major role in regulation
of protein localization among the cell. Palmitoylation regulates the localization of
different soluble and membrane proteins, and this is valid also for DHHCs enzymes as
well. Implementing compartments would be useful to analyse the distribution of
differentially palmitoylated proteins, and how palmitoylation rearrange those proteins
in case of a stress event. Since most part of DHHCs are localized between the ER and
the Golgi apparatus, and many membrane proteins have been shown to shuttle
between the membranes of those compartments and the plasma membrane,
modelling these three compartments would be a good starting point. All the proteins
considered in this project, (including some proteins that are not present in this thesis)
reside in one of these three membranes, with some being able to shuttle between
them. Data about distribution of different palmitoylated proteins based on their
palmitoylation status would be valuable for an initial calibration of the model, which
would then be used to analyse the capabilities of the network on other palmitoylation

substrates.
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Chapter 8 - Conclusions

With this work we have contributed to increase the knowledge about palmitoylation
and its regulatory mechanisms and we have set up the basis for the reconstruction of
the different cellular palmitoylation networks. These goals are of primary importance
to uncover the role of palmitoylation as regulatory mechanism. This project required
the characterization of palmitoylation as enzymatic reaction, the development of
protein palmitoylation models for validation of the proposed reaction mechanism and
a reconstruction of a palmitoylation sub-network, also used for validation of the
proposed network topology. A considerable amount of time has been dedicated in the
development of tools that will speed up the computational time required for model

simulation and investigation.

In order to achieve the different objectives we have followed a bottom up approach.
The first step was to characterize the enzymatic reaction of palmitoylation, and then
to translate it into a reaction mechanism capable of capture and reproduce correctly
the dynamics of protein palmitoylation/depalmitoylation (Chapter 3 - ). The choice
has fallen on the well-established mechanism of reversible protein modification
described by Goldbeter and Koshland in [72]. This mechanism of reaction has been
successfully used to describe signalling networks in hundreds of publications, since it
works particularly well in the case of signalling cascades and pathways. The Goldbeter
and Koshland system describing MAPK protein cascade phosphorylation is modelled
with mass action terms. In the case of the palmitoylation systems studied here and
taking into account the fact how little these systems have been studied in the past we
decided to reduce the complexity by deriving Michaelian-type expressions for the
reaction rates of the network. The validity of the approximation for in-vivo reactions,

often characterized by the presence of equal amount of enzyme and substrate, was
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ensured by using a version of the approximation called tQSSA which overcomes the
inherent inability of the Michaelis-Menten (MM) assumption of capturing the

properties of such systems.

Once defined the reaction mechanisms the next challenge was to verify their
capabilities in describing reactions of palmitoylation of different substrates. In
Chapter 4 - we show the design and implementation of the first mathematical model
of protein palmitoylation, describing the modification process of the ER chaperone
calnexin. Results of model analysis clearly show that the chosen reaction mechanism
accurately describes palmitoylation/depalmitoylation dynamics, showing good
agreement with experimental data during model calibration and validation. Even more
convincing is the fact that a number of model predictions have been confirmed
through experiments, adding to the validation of the tQSSA mechanism. Both the
model and the experimental approach used in this project provided unprecedented
understanding of the palmitoylation process. With the calnexin model we manage to
characterize the steady state distribution of this protein, showing that calnexin is
mainly double palmitoylated. This is because the two sites show cooperativity and
therefore they are sequentially palmitoylated. Interestingly we were able to tune the
amount of palmitoylated calnexin from O to 100% just by modulating the activity of
DHHC6. The model helped to quantify the stabilization effect of palmitoylation on
calnexin that was first observed with experiments. Moreover, the model revealed
something that was never observed with experiments, in fact. we observed that
palmitoylation of calnexin doesn’t happen just after its synthesis, but in average it
takes 8hrs for a molecule of calnexin to get double palmitoylated All these results are

discussed in details in section 4.5.

To further validate our studies, the reaction mechanism of palmitoylation has been
tested on DHHC6 as well (Chapter 5 - ). DHHCG6 is a transmembrane enzyme that
catalyses palmitoylation of calnexin, its modification is essential for being active.
Following an approach similar to what was done for calnexin, we have built a kinetic

model of DHHC6 palmitoylation. As for calnexin, the model has been able to
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accurately describe DHHC6 synthesis and palmitoylation dynamics. First we predicted
the steady state distribution of DHHC6 in the different palmitoylation states.
Remarkably, we found a situation completely opposite to what was observed for
calnexin. In fact, DHHC6 is mainly non palmitoylated in steady state, suggesting that
the majority of the enzyme is not active. Analysis of the stability upon palmitoylation
of each site show two opposite effects. While palmitoylation of site 1 cause a huge drop
in half-life, modification of site 2 and 3 stabilize the enzyme increasing its half-life.
This suggest that the stability of DHHC6 is tightly regulated by palmitoylation.
Analysis of model fluxes revealed consistent palmitoylation/depalmitoylation cycles
between C°% and C'°°, suggesting that site 1 is preferentially palmitoylated with
respect to the other sites. Upon overexpression of DHHC16, or partial APT silencing,
we observed a redistribution of the majority of the enzyme in the C°" state, with the
majority of the cycles now happening between C'°° and C®". The same analysis was
repeated on CAA mutant showing that when site 2 and 3 are missing we lose 70% of
the enzyme due to the instability caused by over palmitoylation of site 1. Results
suggest that the role of site 2 and 3 is to allow DHHC6 to tolerate variation in the
concentration of DHHCI6 or APT2 avoiding enzyme depletion. Stochastic simulations
have shown that, as for calnexin, there is a delay between DHHC6 synthesis and
palmitoylation. We measured an average palmitoylation time of 6 hrs for DHHC6,
slightly shorter than what observed for calnexin. This suggests that the two delays are
related, with the delay in palmitoylation observed for calnexin being dependent by the
one of DHHC6. It is probable that the delays observed are caused by an upstream
regulatory mechanism in the palmitoylation cascade of calnexin. All the results about

DHHC6 analysis are described in detail in section 5.3.

In the last part of the thesis we studied palmitoylation at the system level with the aim
to get some insights in the regulatory mechanisms of cellular palmitoylation networks.
For this purpose we decided to reconstruct the palmitoylation cascade of calnexin
(Chapter 6 - ). A significant amount of time has been invested in the design of the sub-
network model. Due to the complexity of the model we had to find an automated

method to generate ordinary differential equations (ODEs). To solve the issue we used
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a particular kind of modelling technique called “Rule-based modelling” [140,141]. This
kind of modelling allowed to specify a set of rules that defined how reactions take
place and which species are involved in a particular reaction. The rule-set can then be
translated automatically into a set of ODEs. This approach hugely simplified the
design of the model since the rule-set is much simpler than the model that it
describes. This is especially true for palmitoylation cascades, which are normally made
of repeated reaction schemes. It was therefore possible to use the same set of rules to
describe different parts of the model, tremendously simplifying the workload. Because
of the complexity of this model, a considerable amount of time has also been invested
in optimizing the model and speeding up the computational time for the simulations.
At the time of writing of my thesis the optimization process is still ongoing, therefore
we were only able to generate preliminary results from a subset of model parameters
derived from our previous works. The time to execute a complete parameter
estimation with the network model requires still a considerable amount of time that is
prohibitive with the current equipment, but big reductions in computational time
have already been obtained. Even if we analysed only a subset of parameters, the
model proved to be useful to generate new hypotheses on the functioning of the
palmitoylation network that were not intuitive from single protein models. Results
from global sensitivity revealed that palmitoylation is the main determinant in
regulating the abundance of DHHC6 and calnexin in the cell. Moreover, the delay
observed in DHHC6 and calnexin palmitoylation depend mainly from the amount of
DHHCI6 available to palmitoylated DHHC6. By tuning DHHC16 concentration it is
possible to increase or decrease the delay in palmitoylation of both proteins. Results of

the study of the calnexin palmitoylation cascade are described in detail in section 6.4.

The computational approach used in this project has proven to be an extremely useful
tool for the study of palmitoylation networks. The power of this approach is that with
mathematical modelling we can organize experiments in a consistent mathematical
model. The model can then be analysed to gain further understanding that is hidden
in the complexity of the system. The modelling approach have also been useful to

drive experiments and to suggest modifications of the experimental protocols that led
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to an increased understanding of the experimental techniques and of palmitoylation.
But the usefulness of this approach becomes more evident when it is combined in
cycles of experiment/modelling. While the experiments fuel the model and allow its
calibration and validation, subsequent analysis of the model can generate new
hypotheses that can then be tested experimentally, allowing for further
comprehension of palmitoylation. The methods and the models developed in this
project have been designed keeping in mind the final objective of reconstruction of
the palmitoylation networks of the human cell. Therefore, the design of the network,
the tool for its analysis and the methods for model setting construction have the
potential to be applied to any part of the palmitoylation network, making them useful

for the future studies on palmitoylation.
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