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0.1 Zusammenfassung

In der hier prasentierten Arbeit behandeln wir die Zusammenfiihrung von pradiktiven mathematischen
Modellen und experimentellen Daten zu EGF Rezeptor Endozytose. Dieser Rezeptor ist vor allem
fiir die Weiterleitung von Wachstumssignalen verantwortlich. In der Arbeit wurde insbesondere die
Internalisierung selbst, sowie die Sortierung in Clathrin-abhéngige wie -unabhéngige Pathways unter-
sucht. Das genaue Verstdndnis der Mechanismen von EGF Rezeptor Endozytose ist aus mehrfacher
Hinsicht erstrebenswert: Endozytose, d.h. die Verlagerung des aktivierten Rezeptors von der Zel-
loberfliche in intrazellulire Kompartimente, dient dazu, die Signalweiterleitung (Spezifitat, Stéarke,
Dauer) zu kontrollieren. Entsprechend kénnen abnorme Verdnderungen des Endozytoseapparats z.B.
durch Mutationen oder virale Infektion schwerwiegende Folgen fiir den zelluldren Haushalt (Krebs)
haben.

Im ersten Teil der Arbeit préasentieren wir eine Kombination aus mathematischer Modellierung,
konfokaler Mikroskopie und Mehrfarben-Flow Cytometry, um die Internalisierung in einzelnen Zellen
quantitativ zu erfassen. Das Modell wird benutzt, um die Wirkung von Rezeptoriiberexpression auf
den Internalisierungsvorgang zu untersuchen (H.S-G et al, zur Publikation akzeptiert in JBC).

Im zweiten Teil der Arbeit legen wir ein mathematisches Modell vor, welches die Sortierung von ak-
tivierten Rezeptoren in unterschiedliche Endozytosewege beschreibt. Dies ist nicht nur aus biologisch-
medizinischen Griinden, sondern auch aus Sicht der mathematischen Modellierung und Systembiologie
interessant, da sie als Beispiel fiir einen allgemeinen zellularen Entscheidungsprozess aufgefasst werden
kann. Das hier vorgelegte Modell beinhaltet den Mechanismus eines Schalterverhaltens, welches kon-
tinuerliche Signale in ein ’Alles-oder-Nichts’ Outputverhalten umwandelt (H.S-G et al, BMC Systems
Biology, 2008). Die mathematische Struktur und die Relevanz fiir zellbiologische Prozesse dieser Art
von Modellen wird in der Einleitung ausfiihrlich besprochen.

Schliefllich, um das erarbeitete Modell experimentell zu testen, wurden quantitative Vorhersagen
abgeleitet, die vor allem mit Hilfe von konfokaler Mikroskopie untersucht wurden. Um die Bilddaten

auszuwerten, wurde im Rahmen dieser Arbeit eine Bildverarbeitungssoftware entwickelt, mit der sich
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Vesikelstrukturen automatisch detektieren und quantifizieren lassen (Manuskript zur Veroffentlichung
eingereicht). Diese experimentellen Untersuchungen werden im dritten Ergebnisteil vorgestellt. Hier-
bei wurde insbesondere selektive Hemmung von Clathrin- oder Caveolin-abhéngigen pathways auf das
Endozytoseverhalten des EGF Rezeptors untersucht. Das Hauptergebnis dieses Teils der Arbeit ist,
dass aktivierte Rezeptoren vorrangig iiber Clathrin-abhéngige Mechanismen internalisieren. Caveolin
hingegen ist fiir den intrazelluldren Transport und die Inaktivierung des internalisierten Rezeptors
wichtig (Manuskript in Vorbereitung).

Insgesamt stellt die Arbeit einen biomathematischen Ansatz zur Beschreibung von Wachstums-
faktoren auf zelluldre Prozesse dar und liefert damit einen Beitrag zu dem sich im Entstehenden

befindenden Gebiet der Systembiologie.
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0.2 Summary

In the here presented thesis we attempt the integration of experimental measurements with mathemat-
ical models of EGF Receptor endocytosis. Hereby we sought to describe both the internalization itself
as well as subsequent endosomal sorting into clathrin-dependent or -independent pathways by quanti-
tative experimental techniques and mathematical modeling. The EGF Receptor is mainly responsible
for the transmission of growth factor signals.

EGF Receptor endocytosis is interesting both from a biomedical as well as from a biomathematical
viewpoint: The receptor as well as its associated signaling partners are powerful proto-oncogenes,
associated with a variety of different cancers. Endocytosis and endocytic mis-sorting has emerged
as a source of cellular transformation. One open problem is the uncertainty regarding existence of
alternative endocytosis pathways and which adaptor molecules are involved in these. We describe
a framework based on flow cytometry, confocal microscopy and mathematical modeling, to assess
EGFR internalization in a high-precision, single-cell manner and discuss its application in screening
for unknown components in the internalization machinery. In particular, we employed the hereby
developed model to assess the effect of EGF receptor overexpression on the internalization process
(H.S-G et al, accepted in JBC).

Also from a biomathematical, systems-biology point of view the question of how the decision
between different pathways is achieved is interesting. In the second part we present a mathematical
model based on ordinary differential equations, which describes a switching mechanism’ through which
a continuous input signal is translated into an ’all or nothing’ output ((H.S-G et al, BMC Systems
Biology, 2008). The mathematical structure as well as the relevance for cell-biological processes is
discussed in detail in the introduction.

From the model we derive experimentally testable predictions, which we present in the third part
of the thesis: Confocal microscopy was chosen as the principal tool to assess EGFR sorting into
clathrin- or caveolin-dependent pathways. In order to evaluate the images in an objective manner, an

imaging software was developed which allows the automated detection of vesicle features such as size,
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intensity and shape as well as the quantification of colocalization with endocytic proteins (manuscript
submitted for publication). The main result of these experimental investigations is that the EGF
receptor mainly internalizes via clathrin-dependent pathways. Caveolin instead is required for proper
endocytic trafficking and inactivation of the receptor. Thus it plays an important role in signal control
(manuscript in preparation).

Taken together this work presents a biomathematical approach for the investigation of cell-biological
processes, in particular the transduction of growth signals, and with this forms a contribution to the

emerging field of systems biology.
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0.3 List of Abbreviations

AAK1

AP-2

CDE

CIE

DER

DUSP

EGF

EGFR

EPS15

HPV

MAPK

MVB

PTB

SH-2

TiR

TGF

UIB

Ub

Adaptor-associated kinase 1
Adaptor Protein 2
Clathrin-dependent endocytosis
Clathrin-independent endocytosis
Drosophila EGF Receptor
Dual-specificity Phosphatase
Epidermal Growth Factor
Epidermal Growth Factor Receptor
EGFR Pathway Substrate 15
Human Papilloma Virus
Mitogen-activated Protein Kinase
Multi-vesicula body
Phosphotyrosine-binding
Src-homology domain 2
Transferrin Receptor
Transforming Growth Factor
Ubiquitin-interaction domain

Ubiquitin
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The topic of this thesis is the synchronization of quantitative experimental techniques with math-
ematical modeling of Epidermal Growth Factor (EGF) receptor (EGFR) endocytosis, in particular
the question of sorting into alternative endocytic pathways.

The thesis is organized as follows: In the first Introduction part we describe the relevance of EGFR
signaling and the role of endocytosis (chapter 1). The main focus lies on the mechanisms of clathrin-
or caveolin mediated endocytosis and their role in EGFR signaling.

The second part of the introduction is devoted to mathematical modeling of cell biological pro-
cesses by ordinary differential equations (chapter 2). In particular, models are considered which
have the property of translating a continuous input signal into an all-or-nothing output (’switches’ or
ultrasensitivity), as the model we present in chapter 4 falls into this class.

In the first Results chapter (chapter 3) we describe detection of EGFR internalization by Flow
Cytometry. The experimental measurements are accompanied by a mathematical model which relates
internalization kinetics to receptor expression level.

In the second Results chapter (chapter 4) we address the problem of ligand-induced sorting of
EGF receptors into clathrin-dependent vs clathrin-independent/caveolae pathways. We present a
model based on ordinary differential equations which proposes how sorting could be achieved as a
function of EGF-stimulation.

In the last Results chapter (chapter 5) we investigate by confocal microscopy combined with
automated image analysis as well as flow cytometry the distribution of internalized receptors into
clathrin- vs caveolae pathways.

Chapters 4 and 3 are published or submitted for publication, respectively. Chapter 5 is currently

in preparation for publication.
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Chapter 1

Introduction to EGF receptor

signaling and endocytosis

1.1 Receptor signaling and downstream events

Cells respond to their environment through cytoplasmic transmembrane receptors which bind ligands
such as hormones and growth factors. Binding of a specific ligand can induce a series of intracelluar
events which dictates cell behaviour. The epidermal growth factor receptor (EGFR) is a cell-surface
receptor which is found in epithelial cells and tumors arising from epithelial tissue [83].

The EGFR, a 170-kDa glycoprotein, belongs to the ErbB family of receptors, a subfamily of four
closely related receptor tyrosine kinases: EGFR (ErbB-1), HER2 (ErbB-2), Her 3 (ErbB-3) and Her
4 (ErbB-4).

ErbB receptors are made up of an extracellular region which contains approximately 620 amino
acids, a single transmembrane spanning region and a cytoplasmic tyrosine kinase domain.

EGFR binds to ligands EGF, Transforming Growth Factor (TGF)-«, amphiregulin and betacellulin
[83]. Upon activation by its growth factor ligands, EGFR undergoes a transition from an inactive

monomeric form to an active homodimer. In addition to forming homodimers after ligand binding,
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Figure 1.1: EGFR Endocytosis Cartoon of Epidermal Growth Factor Receptor (EGFR) signal
transduction. Ligand-binding induces dimerization and transphosphorylation of receptor monomers.
Phosphorylated tyrosine residues serve as binding sites for cytosolic adaptor proteins which initiates
a signaling casacade via several pathways, eventually targeting nuclear proteins. EGFR signaling is
involved in many cellular progams such as cell motility, growth and angiogenesis. See main text.
Figure from [83]

EGFR may pair with another member of the ErbB receptor family, such as ErbB2/Her2, to create an
activated heterodimer (see section 1.2).

Ligand binding induces dimerization and trans-phosphorylation of the monomers at specific tyro-
sine residues [168]. This phosphorylation creates binding sites for cytosolic adaptor proteins contain-
ining Src-Homology (SH) 2 or Phosphotyrosine-binding (PTB) domains [93, 143, 168]. Through the
combinatorial binding to these transitional interaction interfaces, a signaling network is created which
allows the translation of external stimuli into actions carried out inside the cell by initiation of several
signal transduction cascades, principally the MAPK, Akt and JNK pathways. EGFR mediated sig-
naling leads to altered gene expression patterns, as measured by, e.g., microarrays [6] and, depending
on the gene module activated, to different phenotypes such as cell proliferation, migration, adhesion,

and proliferation [6, 83] (Figure 1.1).
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Knockout studies of the ErbB1 gene in mice showed that ERBBI1 (as the EGFR is referred to in
mice) has an important role during epithelial-cell development in several organs. Along with brain
defects, most of the observed abnormalities involve aberrant proliferation, migration or differentiation
of specific epithelial cells (for example, skin, lung, intestine and placenta). Mutant mice that survive
after birth develop a strain-independent progressive neurodegeneration [29].

Nematodes and insects express a single ERBB orthologue. A single epidermal-growth factor
(EGF)-like ligand is found in worms, whereas four stimulatory ligands and one inhibitory ligand,
Argos, bind to the fly orthologue of EGF receptor (DER). In worms, EGFR controls vulva devel-
opment, hermaphrodite sterility, differentiation of the male tail and posterior-ectoderm development
[29].

Attenuation of ligand-induced signaling occurs on several levels. First, as a result of ligand-binding,
receptors are routed for lysosomal degradation [200], which is mediated through poly-ubiquitination of
the receptor ([43], see below). The removal of receptors results in a refractory period during which cells
are insensitive to recurring stimulation. Secondly, inhibitory processes act upon the molecules that
are activated in the early phase of signaling, such as the Mitogen-activated protein kinase (MAPK)
pathways and immediate-early-genes expressed in the first wave of signal response [6]. Signal attenua-
tion involves activation of Dual-Specificity Phosphatases (DUSPs), a family of phosphatases where the
individual members show different specificity for different MAPK modules [6] as well as production
of transcriptional repressors [203, 6].

Besides phosphorylation, receptor ubiquitination is an important modification induced by receptor
activation [84, 85, 124]. The protein Cbl is a ubiquitin E3-ligase which transfers ubiquitin (Ub) moieties
onto the EGFR upon EGF stimulation [43]. The EGFR is mono-ubiquitinated at multiple sites
(multi-mono-ubiquitination) as well as poly-ubiquitinated (chains of ubiquitin) upon EGF stimulation
[75]. The importance of ubiquitination is two-fold: first, poly-ubiquitination serves to route activated
receptors for lysosomal degradation [43, 72]. Secondly, mono-Ub serves as a recognition site for

proteins carrying a ubiquitin-interaction modules (UIM), a collection of modular protein domains
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that non-covalently bind to ubiquitin [85]. Proteins that participate in EGFR endocytosis carrying a
UIM include EGFR-Pathway Substrate 15 (Eps15), epsins and Hrs [152, 172, 38].

As expected from their role in cell proliferation, abnormalities in the ErbB receptor family are
associated with cancer. Overexpression of HER2, which occurs in 25% to 30% of breast cancers, is
associated with a poor prognosis and shorter survival [174, 201]. In normal cells, the expression of
EGFR ranges from 40,000 to 100,000 receptors per cell [83]. In contrast, EGFR is overexpressed
in the majority of solid tumors, including breast cancer, head-and-neck cancer, nonsmall-cell lung
cancer (NSCLC), renal cancer, ovarian cancer, and colon cancer [124, 77]. For example, some breast
cancers may express up to 2-105 EGFR molecules per cell [54]. Such overexpression produces intense
signal generation and activation of downstream signaling path- ways, resulting in cells that have more
aggressive growth and invasiveness characteristics [83].

A process which has emerged as an important regulator of EGF receptor signaling is receptor

endocytosis which is reviewed in the following.

1.2 Receptor endocytosis

Endocytosis of the Epidermal Grwoth Factor Receptor (EGFR) describes the process of translocation
of the transmembrane receptor to the cell interior. The importance of this process lies in the diverse
nature of its function: continuous internalization and recycling back to the membrane vs targeting
for lysosomal degradation serves to keep receptor numbers at an appropriate level, thereby defining
the cell’s sensitivity to a presented stimulus. Stimulation with EGF induces lysosomal degradation
of the majority of receptors within two hours, resulting in a refractory period during which cells are
non-responsive to EGF stimulation. Misbalance of degradation and synthesis of the EGFR results in
cellular defects as indicated by EGFR gene amplification and overexpression in various human cancers
(previous section, [124]) or the transforming character of non-internalizing EGFR mutants [195].
The notion of endocytosis as a modulator of signal transduction appeared in [188] where it was

found that preventing internalization not only inhibited signal attenuation, i.e. receptor degradation,
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but also prevented activation of certain downstream targets. This discovery gave rise to the more
recently developed notion of internalized receptors as active signaling compartments (’signalosome’)
[88, 130, 27], which, along the endocytic routes, associate with and selectively activate downstream
signaling targets.

Internalization of the receptor begins immediately after ligand binding ([198, 189] and chapter
3). Dimerization, which induces trans-phosphorylation of the monomers, seems to be the crucial
internalization signal, as pharmacologic inhibition of EGF-induced receptor phosphorylation or the use
of a kinase-dead receptor mutant (K721A) had no effect on the rate of internalization [189]. Prevention
of dimerization by deleting the dimerization loop of EGFR [64], however, abolished internalization,
whereas the construction of an artificial EGFR-dimer using cross-linking reagents drove endocytosis
in the absence of ligand [189].

Another important signal in receptor internalization is ubiquitin, whose role, however, is somewhat
controversially discussed. As shown through the use of a chimaera EGFR where the cytosolic part
was replaced by a single ubiquitin moieity [75], ubiquitin is sufficient to drive internalization. The rate
of internalization, however, was reduced, which might mean that there exist internalization pathways
which do not accept ubiquitinated cargo, as was discussed in another study ([172], see sections 4 and
1.2.2).

Regarding the necessity of EGFR ubiquitination for internalization, there exist conflicting reports,
but it seems that ubiquitination is not strictly required for this initial step of endocytosis [91], again
pointing at the possibility of internalization pathways for non-ubiquitinated cargo. Experimentally,
it is not trivial to prevent ubiquitination of the receptors alltogether. Some studies made use of the
Y1045F mutant, which lacks the tyrosine residue at position 1045 whose phosphorylation is necessary
for interaction with the E3-ligase Cbl [43] and thus decreases, but does not fully prevent receptor
ubiquitination [193, 60]. Studies employing the Y1045F mutant report a slowed down kinetics of
internalization [193], while other studies employing site-directed mutagenesis of lysine residues, thus

preventing ubiquitination, report that this had no effect on internalization rate as long as kinase
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activity was unaffected [91]. The role of ubiquitin is most clearly associated with intracellular sorting

or internalized receptors to degradative compartments (see below).

1.2.1 Endosomal compartmens and intracellular routes

Receptor internalization and endosomal trafficking constitute an important mechanism of signal reg-
ulation through compartmentalization. Temporal and Spatial control of active receptors determine
signal specificity, as has arisen in many different contexts by now, reviewed in [88].

It has been appreciated for some time that upon internalization, different fates await the receptors,
most easily observed in different fractions that are routed either for recycling and re-integration in
the membrane or lysosomal degradation [200]. For EGFR, the relative fractions of receptors destined
for different fates depend on the degree of homo- vs heterodimerization of EGFR with itself or ErbB2
[114] as well as the type of ligand: EGF binding directs the majority of EGF receptors to degradation
within 2 hours, whereas stimulation with TGF-« results mostly in receptor recycling. A higher fraction
of recycling receptors is accompanied by a stronger proliferative signaling effect [27, 191].

The question of how this sorting into distinct endocytosis pathways is regulated is now a major
focus of research on receptor signaling.

Three major endosomal compartments are generally distinguished: early and late endosomes, as
well as multivesicular bodies (MVBs) which are thought of as a sorting organelle, an intermediate com-
partment between early endosomes, from which on cargo can be sent to recycling, and late endosomes
which mature into or fuse with lysosomes [192; 72], see Figure 1.2.

An important question both from a theoretical point of view as well as its biomedical relevance is
how sorting of internalized cargo into distinct fates is regulated.

The sorting into degradative vs recycling pathways seems to be partly directed by the endoso-
mal pH and its effect on dissociation of the ligand-receptor complex. Internalized vesicles acidify
along the endocytic route through an ATP-dependent proton-pump [27]. This consecutive decrease of

endosomal pH functions as an intrinsic clock which indicates the endosomal stage and forces ligand-
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Figure 1.2: Endosomal compartments reached upon internalization Upon internaliztion, re-
ceptors are found in early endosomes, from which they can be routed for recycling and re-integration
into the membrane. Other receptors are routed to multi-vesicular bodies where they are found in the
internal vesicles as a function of ubiquitin-modification [97]. From MVBs cargo is transported to late
endosomes which lead to lysosomal degradation. Figure from [72]

receptor dissociation at a certain point. The distinct pH dependence of binding seems to explain the
different trafficking properties of different ligand-receptor pairs: A receptor mutation of the Low den-
sity lipoprotein receptor stabilizing receptor-ligand binding at low pH results in accelerated receptor
degradation, indicating that the receptor binding state is an important regulator of endosomal sorting
[36]. Indeed, TGF-a dissociates from EGFR at higher pH-values than EGF [191], and treatment of
cells with the ionophor monensin, which increases endosomal pH forces an elevated fraction of recep-
tors to degradation upon TGF-a stimulation, supporting the idea that ligand-receptor binding is an
important signal for endocytic routing (see Figure 1.3) [191, 27].

Viral proteins have evolved to modify the endosomal acidification apparatus in order to prevent
receptor degradation and enhance signaling. This way, mis-sorting of internalized receptors qualifies
as a mechanism of cell transformation, which is an important, new concept in cancer research. The
E5 protein of Human Papilloma Virus (HPV) results in cell transformation by inhibiting ligand-
induced receptor degradation, despite a normal initial internalization of ligand-receptor complexes
[182, 181]. However, the E5 proteins associates with the endosomal protone pump and prevents

endosomal acidification, which re-directs endosomes into the recycling pathway. The result is enhanced
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EGFR signaling and an enhanced mitogenic effect.

The discovery of the existence of not only different intracellular endosomal routes but different
internalization mechanisms -clathrin-dependent vs -independent pathways - led to the quest to identify
which internalization pathway is associated with which endosomal route. Along with this question
comes the question whether these different pathways interact, and how sorting into the different
routes is regulated. In the following, we review the processes of clathrin-mediated endocytosis and

clathrin-independent, caveolae-mediated endocytosis.

1.2.2 Clathrin- vs Caveolae-mediated internalization pathways

Clathrin-dependent endocytosis (CDE) of EGFR was the first to be discovered [104] and is considered
the dominant pathway, responsible for most of internalized EGFR. Clathrin is a triskeleton protein
which spontaneously forms cage-like structures in solution [144]. The different steps of CDE, with
formation of clathrin-coated membrane regions which eventually pinch off are well described and con-

sidered the best understood pathway of internalization of transmembrane receptors [26, 192]. Vesicles
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emanating from coated-pits regions give rise to early endosomes from which on cargo can either be

routed to recycling or subcellular distribution such as location to MVBs and late endosomes.

Adaptor proteins involved in clathrin-mediated endocytosis

A series of adaptor proteins are involved in CDE, though not all are essential and it could be that
different subsets of these adaptors define different 'sub-pathways’ of CDE. AP-2 is a hetero-tetrameric
protein, whose (-subunit interacts with clathrin and whose p2-subunit is capable of binding specific
tyrosine-based motifs in membrane proteins [137] thereby meditating the recruitment of cargo to the
vesicles [192, 104, 26, 176].. Despite its important role during cargo recognition, several studies confirm
that CDE can still occur in the absence of functional AP-2; as seen from normal internalization of
the Transferrin Receptor (TfR) [32, 132, 135]. Transferrin Receptor is a recycling receptor which
strictly depends on CME and is often used as a marker for it. RNAi-mediated depletion of AP-
2 [132] or specific disruption of its p2 subunit, which mediates cargo recognition, abolished TfR
internaliztion, while still allowing efficient clathrin vesicle formation and EGF internalization [132,
135]. The same result was obtained from overexpression studies of Adaptor-associated kinase (AAK1),
an AP-2 binding partner, which modulates AP-2 function by phosphorylating its u2 subunit. AAK1
overexpression decreased the phosphorylation of the adaptin subunits of AP-2 and disrupted AP-2
distribution, selectively blocking transferrin receptor endocytosis but leaving EGF uptake unaffected
[32]. These results suggest that AP-2 is more involved in the cargo-selecting step than actually required
for clathrin vesicle formation. The question remains, however, whether these AP-2 dependent or -
independent CDE-pathways have different functional roles.

The pinching off of clathrin vesicles is dependent on the small GTP-ase dynamin [34, 27]. Dynamin
is also required for caveolae-mediated endocytosis (see next section) and consequently dominant neg-
ative dynamin mutants are able to inhibit EGFR uptake, where the stage of inhibition depends on
the type of mutation [34, 92].

For clathrin vesicle formation and receptor internalization to occur signaling downstream of EGFR
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is necessary. EGF-induced EGFR activation results in phosphorylation of clathrin at tyrosine 1477,
which lies in a domain controlling clathrin assembly [196]. Clathrin redistribution to the cell periphery
upon EGF stimulation requires EGFR-mediated activation of SRC kinase as treatment with a specific

SRC family kinase inhibitor, reduces EGF-induced clathrin phosphorylation and redistribution [196].

Caveolin and cellular signaling

Besides clathrin-mediated pathways receptor endocytosis can occur through clathrin-independent
pathways [159]. One important non-clathrin endocytic route involves the raft-resident protein Cave-
olin, which induces the formation of caveolae at the cell surface membrane. Caveolae are special
membrane regions hat are enriched in sphingolipids and cholesterol and are defined by their sensitiv-
ity to cholesterol-depletion such as by nystatin-treatment [153, 172, 98]. They can take on different
forms and are described as 50-100nm size membrane invaginations or tunnels which are involved in
membrane transport processes such as transcytosis and receptor endocytosis. Caveolin-1, now the
defining member of caveolae regions, was first discovered as a protein which was tyrosine phospho-
rylated upon infection of cells by the Rous Sarcoma Virus [158]. Immunogold electron microscopy
revealed a striking colocalization of caveolae regions with this new protein which was consequently
named caveolin [158]. Overexpression of caveolin leads to the formation of new caveolae, whereas
downregulation of caveolin results in loss of these membrane regions [153], highlighting its principle
role in caveolae’s biogenesis. The Caveolin gene family consists of three members, Caveolin-1 (the
original), -2 and -3, which have different behaviour and function with respect to their effect on cellular
signaling [33]. We here focus on the biology of caveolin-1, to which we will simply refer as caveolin.
Caveolin plays a directive role in the inhibition of growth signals. Caveolin is able to bind through
a 20 amino acid long domain, termed the caveolin scaffolding domain, to a number signaling proteins
including EGFR [33] on which it has a negative effect. For example, it was found that caveolin
binding to EGFR inhibits EGFR’s autophosphorylation activity in vitro [33]. One model of caveolae

functioining in EGFR signaling is that caveolae hold receptors in an inactive state in the membrane
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and that receptors migrate from caveolae to clathrin-coated regions upon stimulation [131, 192].

This notion of caveolin-containing signaling platforms termed caveosomes, which keep signaling
molecules in an inactive state [33, 53] also extends to G-protein Ras or the kinase ¢-Src whose enzymatic
activities are inhibited by binding to caveolin [165].

Celluar regulation of caveolin expression levels strongly correlates with growth inhibition [105, 62].
Cells grown to confluency as well cells deprived of growth factors upregulate caveolin expression, with
lowest caveolin levels found during exponential growth phase [62]. In fact, it could also be shown
that RNAi mediated inhibition of caveolin expression is sufficient to transform NIH 3T3 cells, as
indicated by the loss of contact inhibition, as well as to form tumors upon injection in immunodeficient
mice [62]. Further, transformation of NIH 3T3 cells by overexpression of a constitutively active
mutant H-Ras(G12V) results in downregulation of Caveolin-1 transcription and protein expression
[63, 105]. This downregulation is directly regulated by the Ras-p42/44 kinase cascade and can be
restored by inhibition of this kinase [53]. A further link to the role of caveolin in cellular oncogenesis
is the observation that MTLn3 cells, a metastatic rat mammary adenocarcinoma cell line fails to
express caveolin. In these cells, EGF stimulation induces lamellipod extension and cell migration
while restoring caveolin expression inhibits these processes [206] .

Together, this data led to the model of EGFR endocytosis shown in Figure 1.4, according to which
caveolae regions in the membrane function to retain receptors in an inactive state from which they

migrate to the clathrin-regions upon stimulation.

Caveolae-mediated endocytosis

Caveolae-mediated endocytosis is defined as a clathrin-independent, but dynamin-dependent internal-
ization pathway of membrane cargo and marked by the presence of a member of the caveolin protein
family [125, 73, 148, 153] (see Figure 1.5).

The characteristics of caveolae endocytosis have been well described during cell-invasion by viruses,

which hijack the pathway to enter cells. Simian Virus 40 enters cells by first associating with caveo-
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Figure 1.4: One model of Caveolae-association and Clathrin-mediated EGFR internaliza-
tion According to one model of EGFR internalization, non-stimulated receptors locate to caveolae
regions from which they translocate to clathrin-coated regions upon activation. Indicated are the
timeline and major players of clathrin-mediated endocytosis and sorting into distinct endosomal pop-
ulations. According to this model, caveolae do not pose an independent internalization mechanisms
but function to retain receptors in an inactive state. Figure from [192]
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Figure 1.5: Caveolae endocytosis Caveolae-mediated endocytosis is a clathrin-independent, but
dynamin-dependent internalization pathway of membrane cargo. Upon internalization Figure from
[153]

lae at the plasma membrane and inducing the detachment of caveolin-containing vesicles which fuse
with caveosomes [7, 179, 145]. This detachment and initial vesicle formation depends on a transient
association of dynamin and actin rearrangement around the forming vesicle. From the caveosome,
virus-containing vesicles then pinch off and are targeted to the endoplasmic reticulum (ER), whereas
caveolin itself does not fuse with the ER, but travels back to the plasma membrane [145]. Pelkmans
and coworkers who investigated caveolae endocytosis in a series of studies [145, 146, 149] point out
that this SV40 trafficking route defines the principal characteristics of caveolae endocytosis: First, it
is not constitutive as the clathrin-pathway, but is strictly ligand-triggered [185, 148]. During caveolae
trafficking, the endosomal pH remains neutral [145], which is different from clathrin-mediated traf-
ficking. Further, clathrin-mediated endocytosis does not strictly depend on a functional cytoskeleton
[61, 27], whereas the temporary depolymerization of actin and assembly of actin monomers around

caveolae-vesicles is important for this initial vesicle formation.
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The role of caveolae-mediated endocytosis in EGFR signaling is controversially discussed. Some
reports claim it to be an independent internalization mechanism which may occur in addition to
clathrin-dependent endocytosis upon EGF stimulation [172] or oxidative stress [99]. This conclusion
was drawn from microscopy studies where co-localization of EGFR with Caveolin was observed. In
addition, some reports claim that downregulation of clathrin itself does not fully abrogate EGF in-
ternaliztion [87], suggesting the existence of clathrin-independent EGFR internalization, which has,
however, been challenged by other reports [132, 92]. Similarly, while some groups report that nys-
tatin treatment, which disrupts caveolae, decreases EGF uptake [172], other groups challenge this
observation [98], arguing against its role as an independent internalization mechanism.

In [73] it was investigated whether clathrin- vs caveolae pathways (indicated by the markers EEA1
or caveolin, respecitively) could be distinguished in their functional role for signaling, and specifically
their role in signaling vs receptor degradation.

Based on a series of mutant/disruption experiments, using nystatin treatement to inhibit caveolae
formation and overexpression of a dominant negative EPS15 mutant to inhibit clathrin-dependent
internalization, the authors concluded that clathrin-dependent pathways are mainly responsible for
proper signal distribution whereas caveolae-mediated receptor trafficking is necessary for receptor
degradation (Figure 77).

In a different study the effect of different types of stimuli on EGF receptor distribution into
clathrin vs caveolae-mediated pathways was investigated [99]. The authors found that caveolin-1
phosphorylation, which is required for its activation, is observed only under stimulation by reactive
oxygen species and not by EGF. The study concluded that receptor internalization and signaling
induced by reactive oxygen species leads primarily to a caveolin-dependent trafficking, whereas EGF
stimulation directs the receptor to clathrin-pathways leading to the model shown in Figure 1.7.

Finally, another hypothesis regarding the sorting of EGFR into clathrin-dependent or -independent
endcoytosis was proposed in [172] where it was observed that (i) at low EGF concentrations (1.5

ng/ml) receptors primarily internalized via a clathrin-dependent pathways, whereas at high EGF
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and effect on receptor signaling proposed in [73] DiGuglielmo et al propose a model according
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and induction of signaling pathways. Caveolae-mediated endocytosis leads to receptor degradation.
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for details. Figure from [73].
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concentrations (20 ng/ml), a clathrin-independent pathways was employed and (ii) that at high EGF
stimulations receptors were ubiquitinated. These results led the authors to propose that in an EGF-
concentration dependent manner, the activated receptors are sorted between the pathways, with mono-
Ub as a sorting signal for clathrin-independent endocytois ([172, 2], see Figure 1.8).

The main interest of this work lies in the question of how sorting into distinct endocytosis pathways
of the EGFR is regulated. We present a model addressing the question of how this sorting is achieved
in Results section 4 on page 97 [166]. Considering the very different models proposed in Figures 1.6,
1.7 and 1.8, however, it is obvious, that the role of caveolae is EGFR signaling and in particular
during endocytosis is still controversial. In chapter 5 we present our experimental investigations of of
clathrin- or caveolae-mediated EGFR endocytosis.

While the EGFR system has been subject to modeling for a long time, to our knowledge the model
we presented was the first attempt to address the question of endocytic sorting theoretically. It falls
into the broader class of model that describe the translation of continuous input signals into binary
output. For this class of model we give a detailed introduction in the next chapter 2, page 41.

In the following, we give a brief review of models of EGFR signaling which address the internal-

ization process itself as well as downstream signaling (reviewed in [200, 29, 101, 110]).

1.2.3 Mathematical modeling of EGFR endocytosis

In the earliest studies, models of EGFR were mainly used to describe the temporal evolution of
receptor internalization [198, 140, 141, 197], which was feasible because it was experimentally possible
to determine the internalized receptor fraction. Using these models, important concepts such as the
saturability of the EGFR internalization pathway (in contrast to, for example, internalization of the
transferrin receptor) were developed [198, 197]. Comparison of model predictions to experiments
of binding afiinities using Scatchard-analysis also revealed the existence of different internaliztion
pathways which are entered with distinct affinities [197, 180, 120]. This discovery has laid a fruitful

foundation for the current ongoing investigations on the mechanisms and role of endocytic sorting (see
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treatment results in transient Erk activation and proliferation, NGF treatment in sustained Erk acti-
vation and differentiation. Figure from [101]

previous section).

From these early studies on using models to describe EGFR endocytosis, interest shifted to the
question how information is transmitted to cellular signaling proteins, most prominently the MAPK
pathway, and in particular how signaling specificity is achieved. Since the modeling of downstream
events is not the focus of this thesis, we here only briefly mention the key ideas and refer to other
work for extensive reviews [101, 200].

In [163] Santos et al investigate by which means two different receptors (EGFR vs TrKA), respec-
tively stimulated by their two cognate ligands EGF vs neuronal growth factor (NGF), can lead to
different types of MAPK activation: If PC-12 cells, a model for neuronal differentiation, are treated

with EGF, MAPK is phosphorylated only transiently, with a peak at ca 5 minutes, followed by a rapid
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decline to basal levels. To this stimulation, cells react with proliferation, cell division. If, however,
cells are treated with NGF, Erk activation shows a sustained pattern and the stimulus induces cell
differentiation (see Figure 1.9). The NGF-induced sustained Erk activation had previously been pro-
posed to result from a Protein Kinase C (PKC) mediated positive feedbackk from Erk (the MAPK) to
Raf (the MAPKKK) [20] (Figure 1.9). Indeed, it turned out that a pharmacologic inhibitor of PKC
changed the Erk-activation pattern as induced by NGF from a sustained to a transient one. Even
more astounding, the phenotypic response of cell was altered as well, in that through the disruption
of the feedback, cells responded to NGF treatment with proliferation instead of differentiation. This
study thus showed that network topology determines cellular response.

Other models addressed the question of how EGFR dimerization partner affects signal outcome
[80, 81, 82]. HER2 is a member of the EGFR family whose overexpression is frequently observed in
cancer. HER2 overexpression decreases its own as well as EGFR’s degradation rate [201] and het-
erodimerization of EGFR with HER2 enhances signaling potency [114]. Hendriks et al used ordinary
differential models to compare different mechanisms of how HER2 competes with EGFR.

When work on this thesis began, evidence had appeared that the sorting of EGFR into clathrin-
dependent vs -independent endocytosis was a function of strength of EGF stimulation presented to
cells. This observation led us to propose a model of ultrasensitivity for the sorting process. In the
following chapters we give a broad review to mathematical models of this type. Particular attention is

paid to discussing the mathematical structure of the models, rather than just describing simulations.
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Chapter 2

General Mathematical Models of

Cellular Decision Making

2.1 Bistability in signaling : Switches between steady-states

as cellular decisions

In this chapter, we introduce what is termed a ’switching mechanism’: mathematical models where
initial situations are sorted into two distinct outcomes. These bistable models have a particular
underlying structure and serve as decriptions for cellular decision processes, in which gradually varying
inputs are translated into qualitatively distinct responses. These types of models contain positive
feedback circuits [40]. We begin with a simple model of positive feedback with which we illustrate
the principle of switching between steady-states (section 2.1.1). We then discuss a more detailed
model of a positive feedback (mutual inhibition, section 2.1.3), which can exhibit four qualitatively
different types of behaviour depending on the parameter-regimes. The chapter is concluded with in

vivo applications of the presented mechanisms.
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2.1.1 A model of Positive Autoregulation

In this section we derive a basic mechanism of how a continuous input signal can be translated into two
distinct outcomes. The underlying mathematical model describes a dynamical system which possesses
one or two stable steady-states, depending on the strength of the input signal. The arisal or disruption
of a steady-state upon some parameter variation is called bifurcation [76].

This example model originally arose in the context of morphogens directed embryonic patterning
[115]. T introduce the model in its original context and then proceed to point out applications in the
current literature of cellular signaling.

Morphogens are diffusible proteins that are secreted from a restricted source and provide spatial
information via a concentration gradient along a matrix of cells [94, 44, 127]. The interpretation of
a continuous morphogen gradient to lead to qualitatively different behaviour is a classic example of
mathematical modeling of cellular all-or-nothing decisions [46, 127].

Consider a matrix of cells. Originally, the cells are identical. During the process of differentiation
two different 'types’ of cells are being established, for example pigmented vs unpigmented cells (see
Figure 7?7). We will consider a simple mathematical model of this process.

It is thinkable that the nature of the differentiation into different cell types is manifested in distinct
abundance levels of some protein G that is produced upon the cell’s encounter with a signal S, which
in our case plays the role of the morphogen. We assume that S stimulates the production of G (either
by acting on the DNA or by enhancing protein production).

Further, we will use the model to analyze the consequences of G stimulating its own production
(positive feedback). Finally, we will take into account the degradation of G. The level of G could then

be described by the equation:

Kg2

dg _ _Kg”
kn + g?

o = f(g9) = kis — kag + (2.1.1)

The last term reflects the positive feedback G is assumed to excert on itself: it is sigmoid in shape,
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its effect on the rate of change being very small for small levels of G and reaching the threshold of K
for high levels of G. In section 2.2.1 we derive how this term arises from the assumption of multiple
binding events. Note that although this model is motivated from an example of transcriptional control,
the form of the equation very generally describes the effect of a protein on itself.

To understand the implications of 2.1.1, we study the graph of f(g) = dg/dt vs g, i.e. the rate of
change as a function of the level of G. First, observe that whenever the graph intersects the g-axis,
i.e. f(g) = 0 the rate of change is zero, that is, the system has reached a steady-state.

For our purpose, it is sufficient to distinguish two types of steady-states: if the graph f(g) intersects
the g-axis at a point g while it is decreasing (f'(g) < 0), the steady-state is stable, meaning that
the system will come back to this steady-state for small perturbations. If f(g) is increasing at the
intersection g (f'(g) > 0) the steady-state is unstable. This follows from the fact that g is increasing
with positive f(g) and decreasing if f(g) is negative (for proofs on the stability of steady-states see
[46, 76]). Figure 2.2 illustrates this, with black arrows indicating whether g in- or decreases. It can be

seen that the first and third steady-states are stable steady-states (solid circle), the second one (open
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circle) is unstable.

We will study the form of the graph f(g) vs g for different signal strengths s and derive how small
differences in s cause the system to tend towards the first vs the third stable steady-state.

First note that independently of the values for the parameters k1, ko, K and k,,, f(g = 0) = kys,
since all other terms are zero. This means that cells which possess no G at all, will initially respond
with a production rate of kys.

Secondly, for very high levels of g, the degradative term in 2.1.1 (—kog) predominates and the
rate of change is negative: lim;_,o f(g) = —oo. Thus, the graph of dg/dt vs g will always have a
qualitative behaviour as shown in figure 2.2. The number and positions of intersections with the g-azis,
the steady-states, however, do depend on the precise parameter values of k1, ko, K and k,, as well as
on the strength of signal S.

Figure 2.3 illustrates how this bears an explanation for how small differences in level of S may
account for drastic differences in level of G.

In Figure 2.3A we see different graphs of f(g) vs g for gradually increasing signal strength S (from
left to right in both rows, with lowest s in the upper left and highest s in the lower right panel). As
noted before, f(0) = k1s and thus the strength of S determines where the graph starts (indicated
by a black bar in the upper left panel in Figure 2.3A). For S lower than a critical threshold (whose
exact value depends on the other parameters in equation (2.1.1)), the graph intersects the g-axis three
times, resembling the graph in Figure 2.2. This is the case in the upper row of Figure 2.3A.

What does this mean for the steady-state value of G?

If we consider a cellular situation in which, prior to encounter with the stimulus S, cells possess no
or very little of the protein G (g(time=0)= 0), as production of G starts and g increases, it will hit the
first stable steady-state (cf Figure 2.2). This means that for signal strength s lower than the critical
value S*, the production of G will reach a steady-state precisely at that low value of g corresponding
to the first intersection of the g-axis.

If on the other hand, the signal strength s is higher than S* (lower row in Figure 2.3A), the graph
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f(g) will intersect the g-axis only once, the system exhibits only one steady-state. This means that
production of g will not come to a rest before it reaches this second, "higher’ steady-state.
In Figure 2.3B the steady-state value of G is plotted against signal S, for the same parameters as

in A. We see that when S passes a threshold the steady-state level of G ’switches’ from low to high.

A different interpretation of the model

We saw how varying a parameter of equation (2.1.1), in our case the signal s, can lead to the arisal
of a new steady-state: a bifurcation occured. For signal strengths for which f(g) intersects the g-axis
three times, G remains at a low level, assuming that initially, as the cells start to encounter signal S,
protein G is absent in the cells, i.e. g(0) = 0.

The same model, however, can be interpreted as a switching mechanism without a bifurcation but
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Figure 2.5: Architecture of an autocatalytic positive feedback of the rtTA system. rtTA binds and
activates its own promoter as well as that of a reporter GFP gene (tetreg).

by means of different initial values of g.

If we assume that the signal strength is such that the graph f(g) intersects the g-axis three times,
then which one of the two stable steady-states will be reached depends on the initial value of g. With
each steady-state a so called basin of attraction is associated [1] which denotes the subspace for which
the motion of the system tends towards this steady-state. In our case, these are the intervals I; and
I3, as shown in Figure 2.2.

As explained before and indicated by the black arrows, g increases if f(g) is positive and decreases
if f(g) is negative. It follows that if g(0) lies in the interval Iy g will approach the lower steady-state,
whereas if g(0) lies in I it will approach the higher steady-state. This is shown in Figure 2.4.

We have thus derived two different mechanisms by which the model (2.1.1) could explain a switch-
like behaviour: the first is by variation of the signal strength and the occurrence of a bifurcation
(Figure 2.3). The second mechanism gives rise to a switch for constant signal strength, but for cells

possessing different initial values of the protein under consideration (Figure 2.4).

2.1.2 Applications of the model

Becskei and Serrano [13] implemented a transcriptional positive feedback mechanism in Saccharomyces

cerevisiae using a plasmid-encoded tetracycline-responsive transactivator (rtTA). In the presence of
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inducer doxycycline rtTA is activated and binds DNA containing appropriate binding sites. Figure
2.5 illustrates the architecture of an autocatalytic positive feedback of the rtTA system used in [13].
GFP expression was used to assess activity. Indeed, upon induction, the population of cells split into
two distinct subpopulations with cells either fully expressing GFP or not at all (cf. Figures 3,4A in
[13]) indicating the existence of two distinct steady-states as predicted by equation (2.1.1)

An important property of bistable systems is a memory-effect: By reaching a new stable state
upon encounter of a signal, this state is retained even if the stimulus is taken away.

In an interesting study by Santos et al [164] positive feedback was shown to result in sustained
activation of Erk upon Neuronal Growth Factor (NGF)-stimulation in PC-12 cells. Very interestingly,
the existence of a positive feedback (implemented in the MAPK cascade) and bistability is dependent
on the type of growth factor used to stimulated the cells: Epidermal Growth Factor (EGF) stimulation
does not invoke a positive feedback. This difference between the two ligands is manifested in the
different nature of Erk-activation: NGF-stimulation leads to sustained Erk-activiation even after
addition of NGF-neutralizing antibodies (cf. Figure 3 [164]) and a switch-like response of Erk on
the population level (cf. Figure 2 in [164]). This observation are in accord with two steady-states
caused by the existence of the positive feedback. In contrast, EGF stimulation acitivates Erk in a
graded manner and loses its effect upon the addition of EGF-neutralizing antibodies. The existence
of a positive feeback upon NGF- but no feedback upon EGF-stimulation was also postulated by a
reverse-engineering approach called Modular Response Analysis [102, 164].

In [202] a study was presented in which the role of positive feedback in cellular differentiation of
Xenopus oocytes was investigated. Immature oocytes remain in a ’G2-like phase’ of the cell cycle.
Upon stimulation with steroids, they undergo germinal vesicles breakdown (GVDB), complete meiosis
I and then again are arrested in meiosis II [202, 58]. Mediators of this process are the kinases Mos,
Mek, p42 MAPK and the cell-division cycle kinase Cdc2 (see Figure 2.6).

The objective of the study was to find out whether the positive feedback operating between the

kinases MAPK and Mos was the critical element in allowing the cells to irreversibly commit to differ-
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Figure 2.6: Upon stimulation with steroids such as Progesterone, oocytes undergo maturation. This
is mediated by the kinases Mos, Mek and p42MAPK. A positive feedback from MAPK results in
activation and accumulation of Mos [69]. Figure from [202]
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entiation once a threshold of stimulation is exceeded: even if the stimulus (Progesterone) is removed
from the cells, the key kinases p42MAPK and Cdc2 remain phosphorylated and differentiation is
completed (cf. Figure 2 in [202]).

To find out, whether the positive feedback from MAPK to Mos was responsible for this memory-
effect, the authors blocked protein synthesis using cycloheximide. It is claimed that protein synthesis
is not essential for differentiation [204], but that it is necessary for the positive feedback from MAPK
to Mos [69, 160].

Both cycloheximide, as well as the introduction of a Mos antisense oligonucleotide (inhibiting the
synthesis of Mos) abrogated the ability of the system to remain in the activated state: after the
stimulus progesterone was removed by washing, both p42MAPK- and Cdc2-activation were abolished
(cf. Figure 2 in [202]).

The authors proposed equation (2.1.1) as a model for their observation (cf. Box 1 in [202]). Indeed,
similar to how the variation of signal strength s in Figure 2.3 leads to disruption of a steady-state,
so does variation of K, the strength of the feedback, allowing for the conclusion that a sufficiently

positive feedback is necessary to obtain bistability.
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Figure 2.7: Mutual inhibition of two molecules on the gene (A) or protein level (B)

2.1.3 Mutual Repression can lead to Bistability

In the previous section we saw that positive feedback can lead to bistability. We saw that for different
values of parameters such as signal strength, or the magnitude of the effect of the feedback, equation
(2.1.1) exhibited one or three steady-states. In this section we’ll see how negative interaction of two
molecules can give rise to a bistable system. This motif of mutual inhibition is in fact a positive
feedback circuit too and can be viewed as a more detailed description of the processes giving rise
to the dynamics of the earlier example. We start out by explaining the mathematical basis of this
phenomenon and will then discuss examples in different signaling contexts, where mutual repression
has been identified as a plausible mechanism to underlie the cellular decision process.

Consider two molecules X and Y which directly or indirectly repress each other. 'Repress’ is a
rather vagues expression and indeed could include different scenarios. For example, X and Y could
be transcription factors which bind and block each other’s promoters, thus preventing transcription
(Figure 2.7A). This negative effect does not need to be direct: protein X for example could be involved
in the activation of a repressor Z of Y’s promoter, and vice versa. We will introduce an example of a
switch on the gene level in section 2.1.3.

On the protein level, the inhibition could be envisioned as, for example, part of a signaling cascade
where X and Y stand for the activated form of two proteins and where the repression takes place at
the level of the conversion from precursor to active state (Figure 2.7B). An example of this is discussed
in section 2.1.3.

Generally, the interaction between X and Y is described by the system of equations

o1



dzr

i = fly) —mz
W= )~ (2.1.2)

where the first term in each equation describes the effect of the opposing molecule and the last
part describes degradation; pq and ps are positive constants. Since we consider mutual inhibition, f
and g are decreasing functions.

What could their specific form be? As described, we want to explore the case that Y represses the
formation of (the active form of) X. To avoid confusion, we will derive f(y); g(x) has the analogous
form. Assume that Y directly binds to the promoter region of gene X (or the inactive precursor of

protein X). The binding kinetics could then be described as

ka
Px+Y —= PxY,
ka

where Px is the fraction of unblocked precursor/promoter of X, which we expect our production
function f(y) to be proportional to. We thus need to derive its specific form.

In steady-state we have

kq Y - Px
— =K, =
ke T PyY
and hence
K- PxY
Py = % (2.1.3)

The conservation equation of Px, Px,,, = Px+ PxY, which we may set equal to 1, tells us that

PxY =1 — Px. Equation 2.1.4 becomes
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Px-Y Kq-(1- Px)
Px(Y+Kd) Ky
Ky
P 2.1.4
X Y + Ky (2.14)

which, measuring the amount of y in units of K; and setting y = KLH we may write as

for some positive kj.

Performing the same for g(x), equations (2.1.2) become

e ko

i 11y M

dy k‘g

Y - 2.1.5
dt 1+az 1% (2.1.5)

This system describes two interacting genes mutually repressing each other by binding each other’s
promoter/precursor on a single binding site.
Mutual inhibition is a positive feedback loop: X (Y) represses its own repressor. Intuitively, we

can see that the system can potentially have two different steady states: Either X is synthesized and
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represses the formation of Y, or vice versa (Figure 2.8).
Nevertheless, we will derive that with the dynamics of equations (2.1.5) it is impossible to obtain

these two steady-states. We can show that

(i) independently of the parameters repression strengths (k;) or degradation rate (p;), the system

of equations (2.1.5) is monostable.

(ii) in order to obtain bistability, cooperative reaction kinetics of the binding of repressor to its

target are needed.

(iii) by extending equations (2.1.5) for cooperativity, we obtain a system which can have four distinct
types of steady-state behaviour. Varying the strength of the repressor-target interactions or

degradation rates, allows for transition between these four types.

To show that simple binding kinetics as in (2.1.5) describe a monostable system, we follow the
method by Cherry and Adler [28].
. . : de _ dy __
Steady-states are the points (x,y) where both equations are equal to zero, i.e. 97 = %% = 0. Each
of these equations describes a curve in the (x,y)-plane, which are called the nullclines of the system.

Steady-states are intersections of these two curves, since in these both nullcline equations are fulfilled.

The nullclines are given by




We can identify intersections of these curves by composing the two functions

z = f(g(x))

k1 1
= T @)

k1 1

= T e

S s L
B M1(1+(k2/u2)+x)' h(w) (2.1.6)

The question of multiple intersections of the nullclines can now be restated to whether there exists
more than one value for x for which h(z) = z. A simple argument tells us that this is not possible.
Consider the left- and right-hand-sides of the last equation as two curves in the plane. The left-hand-
side, x, is simply the first diagonal. We ask whether the right-hand-side, h(x), can cross this diagonal

more than once. We find the first derivative to be

- E ko /o

W) = pr (1 +ka/p2 + )

5)#0 Yz (2.1.7)

Hence, h(x) has no maxima or minima and cannot cross the diagonal more than once. Thus, a
model of a single binding site, following simple mass-action kinetics can not account for a switching
mechanism.

What do we obtain if we extend equations (2.1.5) for cooperativity in repressor-binding? In section

2.2.1 on page 69 we demonstrate that in cooperative reactions equations take on the form

ek

a1y M

dy )

dy _ 2.1.8
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with n > 1.

In [28] it is proved that the nullclines of this system can cross three times for certain regions of
the parameters k; and p;, i.e. three steady-states can arise for values of n > 1.

The dynamical behaviour of as system described by equations (2.1.8) is exemplified in Figure 2.9.
Depending on the relative strengths of the two components degradation and mutual inhibition, four

different scenarios can occur [28, 46].

Case 1: X dominates over Y, independently of the initial values.

Case 2: Y dominates over X, independently of the initial values.

Case 3: X dominates over Y or Y over X, depending on the initial values.

e Case 4: X and Y are both being expressed and remain at a fixed ratio.

Figure 2.9 illustrates these scenarios. Depicted is the direction field of mutual inhibition (equations
2.1.8) for different parameter combinations. The direction field shows for which starting points which
steady-states will be reached, i.e. whether X or Y will dominate. Black circles indicate initial values
(Xo, Yo) and red circles are stable (solid) or unstable (open) steady-states. In all subgraphs, the initial
points are equal, yet the outcome is different: Depending on the parameters k; and p; the system
shows one or three steady-states.

(A) and (B): Parameters are chosen such that the nullclines of equations (2.1.8) cross only once
and hence only one steady-state exists( k1 = 0.5 (A) or 3 (B), k2 =3 (A) or 0.5 (B), 1 = 1,2 = 1).
Independently of the initial values this steady-state will be reached and the system can not show
switch-like behaviour. (A) corresponds to Case 1, (B) to Case 2. In (C) Parameters are chosen such
that nullclines cross three times (k1 = 1,ka = 1,41 = 0.1, ua = 0.1), two stable steady-states exist.
One lies on the y-axis, representing high Y-activity and low X, the other the opposite situation. Which
one of these two stable states is reached depends on the initial values: if Xy > Yy X will predominate,
and vice versa (cf. Figure 2.10). In (D) coexistence of X and Y is reached: only one steady-state

exists and X and Y remain at a fixed ratio.
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Figure 2.9: Tllustration of the four cases that can arise from equations (2.1.8

and parameter values used.

equation 2.1.8). Small differences in the

(

initial values (X, Yy) are sorted by the system into two distinct steady-states, with high or low value

time
of one of the variables. (Parameters used are k; =1,u; =0.1,n=3,1=1,2)
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Similar to the one-dimensional example in the previous section, we also see how bistability can
explain the translation from a graded signal into an all-or-nothing response, see Figure 2.10, where the
temporal evolution of X and Y is shown for three different initial situations. The parameter setting is
such that the behaviour of the system corresponds to Figure 2.9C and two stable steady-states exist.
In all three panels in Figure 2.10 X, is the same, but Yj is varied from a value smaller than (left),
equal to (middle) or larger than X, (right panel). We see that this slight change in initial values is

sorted into different steady-states.

Mutual Inhibition in cellular signaling

In this section, we will discuss two examples of where the model of mutual inhibition has been identified
as a plausible mechanism to guide a cellular decision process. The first example is from the field of
synthetic biology: a toggle switch was designed using the very architecture of repressor-repressor
system just discussed [63].

The next example stems from MAPK signaling. Here the switch is used by the cell to reach

signaling specificity [126].

Implementation of a Genetic Switch in E.Coli

One of the first studies to show that the mechanism proposed by the abstract set of equations just
discussed can actually work in wvivo was presented in [63]. Gardner et al constructed a switching
mechanism of two genes that implements the architecture shown in Figure 2.8B. As mentioned, the
parameters in equations 2.1.8 are important for the existence of bistability. To account for this,
Gardner et al used different plasmids, with different strengths of promoter repression as well as
ribosome binding sites, to identify combinations for which bistability could be observed. The plasmids
used in the study contained multiple binding sites for their respective repressors. The repressors were
proteins that formed dimers or tetramers, giving rise to cooperative effects (personal communication
with T.Gardner).

The basic form of mutual inhibition are two promoters, each controlling the expression of a re-
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Figure 2.11: Design of Toggle Plasmid. Promoter 2 (Ptrc-2) controls Repressor 1 (+ GFP); Promoter
1 controls lacl (Repressor 2); IPTG (Inducer 2) blocks lacI-repression of Promoter 2; Temperature
shift (Inducer 2) blocks repression of Promoter 1. Modified from [63]

pressor of the opposing promoter. In addition, two inducers are needed which specifically block the
interaction of one repressor:promoter pair - inducers can then be added to the reaction to shift the
system between the two steady-states. Finally, in order to report which of the two promoters is cur-
rently active, one needs a reporter gene, i.e. GFP, under the control of one of the promoters (see
Figure 2.11).

In the current study, the authors used two types of plasmids: pTAK and pIKE plasmids, which
differ in the identity of one of the two promoters used, but not in the dynamic principles of the
experiment. For the sake of shortness, I will only describe pTAK plasmids.

The design of the switching plasmid is shown in Figure 2.11. IPTG (Inducer 1) can be used to
block repression of the Ptrc-2 Promoter (Promoter 2 in Figure 2.8B) by lacI (Repressor 2). A pulse of
IPTG thus can be used to induce transcription of the Promoter 2, which also controls the expression
of GFP to report promoter activity. The second part of the inhibition loop (Promoter 1, Repressor 1
in Figure 2.8B) is formed by the Ppslcon-promoter (Promoter 1) in conjunction with a temparature-
sensitive A repressor (Repressor 1): shift to 42°C' inactivates Repressor 1, allowing transcription of
lacl and hence repression of GFP expression.

Thus, IPTG switches the system into GFP-expression, whereas a temperature-shift induces tran-
scription of lacl, resulting in a repression of GFP-expression.

With this design, knowing of the cooperative nature of the promoter binding events, we thus

recognize the architecture described in equations 2.1.8.
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How does it work in practice?

As mentioned before, one property of bistability is that once a steady-state is reached, the inducer
does not need to remain present to maintain that state. Consequently, to test whether the synthetic
construction of mutual inhibition did indeed lead to bistability, the authors showed that transient
induction with IPTG (temperature shift) turned on (off) GFP-epxression, which remained high (low)

even in absence of inducer (cf. Figure [63]).

Decision Making in Signaling

The problem of cellular decision making arises in the context of overlapping signaling pathways: if
pathways which transmit signals of different nature, each with their own specific response, share
common components, we need to ask how signaling specificity is maintained [107, 11]. This problem
has been intensively studied in the the yeast Saccharomyces Cerevisiae, which has three MAPK
pathways, the pathways for invasive growth, pheromone/mating signaling and osmotic shock response.
What has caused many speculations is the fact that these pathways function via common components:
For example, between the pathways for pheromone signaling and osmotic shock, the MAPKKK Stell
is shared [169, 23], see Figure 2.12A.

This brings up the interesting question, how stimulation by pheromones exclusively result in ac-
tivation of the mating pathway, whereas stimulation with sorbitol activates osmotic shock response
[169, 126]. Further, when presented to both stimuli simultaneously, individual (wildtype) cells exclu-
sively show one of the two responses, never a mix (cf. Figure 3 in [126]). Figure 2.12B illustrates how
the mutual exclusivenes of the two pathways is demonstrated experimentally: yeast cells expressing
GFP under a Fus3- and RFP under a Hogl-controlled promoter, express only one of these reporter
genes upon costimulation with both Sorbitol and pheromone. The fraction of cells of the population
chosing one or the other response, however, varies with the strengths of the respective signals. This
means that each cell undergoes a decision process for one of the pathways.

Indeed, the authors showed that the decision process is history dependent (hysteresis), for which
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Figure 2.12: (A) In yeast, the two MAPK modules responsible for pheromone signaling or osmotic
shock share the first element of the cascade, Stell. One possibility to ensure signaling specificity is
mutual inhibition of the target MAPKs Fus3 and Hogl. (B) and (C) schematic depiction of cellular
response upon costimulation is wildtype (B) or mutant (C) cells, see main text.
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bistability is a prerequisite (cf. Figure 4 in [126]). They further provided strong evidence that mutual
inhbition of Fus3 and Hogl is the mechanism behind this observed bistability, by employing mutant
yeast cells in which the postulated mutual inhibition of the respective MAPK-elements of the two

pathways (cf. Figure 2.12) was disrupted. More specifically, they showed that

e Ahogl cells, i.e. cells with the hogl gene deleted, respond with mating pathway activation upon
sorbitol signaling (cf. [126] Fig.5a). This indicates that the inhibition by Hogl is needed to

repress mating pathway response upon Sorbitol stimulation.

o Afus3 cells, i.e. cells with the fus3 gene deleted, respond with osmotic shock pathway activation
upon pheromone stimulation (cf. [126] Fig.5b). This indicates that the inhibition by Fus3 is

needed to repress osmotoc shock response upon pheromone stimulation.

e cells expressing a Hogl-repression-resistant mutant of Fus3 (Fus3”%3%) respond with a mixed
activation of both the pheromone as well as the osmotic shock response upon co-stimulation

with Sorbitol and Pheromone(cf. [126] Fig.5, Figure 2.12C)

Thus, the model of mutual inhibition of the two opposing MAPKs and the bistability of the system

is a very plausible model to explain the exclusiveness of the two reponses in yeast cells.
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2.1.4 Numerical description of bistability - Models of Apoptosis

The study of Apoptosis, the phenomenon of how apoptotic stimuli are incorporated into a signaling
network and are translated into a cellular program to kill the cell in a 'programmed fashion’; has
inspired the development biologicallly plausible models of cellular decision making, a selected few of
which we want to discuss here [112, 10, 48, 194]. These models are also representative examples of how
a biological mechanism can be inferred from equations which, unlike the examples presented above,
are not amenable to an analytic treatment but instead are analyzed by computational means. In
sight of the limitedness of most mathematical techniques to small systems, classifying models based
on parameter scans is an important way to identify possible model behaviour [47].

The process of apoptosis seems to be suited for modeling by a bistable system because it seems
that at some level, cells 'decide’ whether or not to succumb to apoptosis: either the full cellular
program is activated or not at all. Obviously, cell death itself is -by definition- an ’all-or-nothing’
phenomenon: in the end the cell will be either dead or not. What we are interested in, however, is the
fact that already the cellular signaling newtork that communicates apoptosis stimuli acts in that ’all-
or-nothing’ manner: A recent study [134] showed that if a population of isogenetic cells is treated with
an apoptotic stimulus such as hydrogenperoxide, individual cells invoke either one of two opposing
cellular programs, favoring either cell death or cell survival by activation of cytoprotective proteins
such as Erk [89, 74]. This observation suggests that the signaling network responsible for detecting
the apoptotic stimulus, before passing on the signal, in some way ’evaluates and decides’ whether or
not the program of apoptosis is to be invoked or not. Further observations that support the idea of
a signal evaluation step prior to activation of an all-or-nothing response, are, for example, that the
apoptosis-protein p53, which is activated upon DNA-damage and takes important part in invoking
apoptosis, is activated in a switch-like manner [95]. Although transcription of p53 is increased in a
graded manner, activation of p53 in the form of phosphorylation is activated in a discrete fashion,
as shown by FACS-analysis [95]. Other studies have shown that the activation of caspases (cleavage

proteins that are generally considered the ’executioners’ of apoptosis) is a rapid process and their
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Figure 2.13: The full model of apoptosis considered in [10], from which this figure is taken . See text
for explanation.

degree of activation does not decrease with a decrease of apoptotic stimuli. Rather; with reducing the
stimuli, caspase-activation stays at the same level (apoptotic state) until at some minimal threshold
of stimuli, caspase-activation stays out altogether [156]. In this study caspase activity was detected
by measuring the loss of FRET signal of a protein chimera carrying caspase cleavage sites. The same
observation was made in [17], where it was demonstrated that below a certain threshold of apoptotic
stimulus (CD95L) invocation of cell death stays out, even though death receptors were still being
activated.

These observations have inspired the development of mathematical models that exhibit two main
features. First, the model should be consistent with the existence of two different states of the system,
one representing the non-apoptotic state in which the level of executioner caspases is low, and a second,
apoptotic state, which the system can reach upon encounter with an apoptotic stimulus. Secondly,
the model should hold an explanation for the ’signal evaluation step’: if the stimulus stays below a

threshold, the system should remain in the non-apoptotic state.
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Most theoretical studies of apoptosis concentrate on the establishment of bistability [10, 48, 194,
112], where the existence of several feedback loops from the endpoint of apotosis-invocation, i.e. exe-
cutioner Caspase-3, to upstream events stand at the core of the analysis, but there are also monostable
models which concentrate on the description of the critical threshold of apoptosis invocation [17].

After a brief summary of the main events leading to Caspase-3 activation, we will discuss the
results of the different modeling approaches.

Figure 2.13 shows the mitochondria-dependent (intrinsic) apoptotic pathway considered in the
study by Bagci et al [10] (for a review on apoptotic pathways see, e.g. [155, 133]).

Briefly, binding of a ligand induces oligomerization (trimerization) of the receptor Fas, plus subse-
quent recruitment of FADD adaptor molecules [133]. The resulting Death Inducing Signaling Complex
(DISC) recruits multiple procaspase-8 molecules, which leads to their cleavage and activation (induced
proximity model). In type I cells the amount of active caspase 8 generated at the DISC is sufficient
and can directly lead to apoptosis. In Type II cells, the number of caspase-8 is amplified via the mito-
chondria pathway (see Figure 2.13): caspase-8 molecules cleave Bid to generate truncated Bid (tBid),
which then translocates to the mitochondria to induce release of cytochrome c¢ into the cytoplasm
[205, 151]. This process depends on the opening of the mitochondrial permeability transition pores
(MPTPs).

An important component of the apoptotic pathway is p53, which represses Bcl-2 (an antiapoptotic
protein that inhibits the release of cytochrome c [9]) and activates Bax (a pro-apoptotic protein
which promotes mitochondrial permeability). Cytochrome C release supports the formation of an
apoptosome complex which leads (via Caspase-9) to the activation of Caspase-3, the endpoint of the
apoptosis invocation promoting DNA fragmentation [116, 52].

There exist at least four positive feedback circuits from Caspase-3 to upstream events involved in

its activation (see Figure 2.14):

1. Cleavage of Bid by Caspase-3, producing tBid and leading to increased permeability of mitochn-

odria pores [121, 175]
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2. Cleavage (inhibition) of Bcl-2 by Caspase-3, suppressing its negative effect on the pro-apoptotic

protein Bax [103]
3. Cleavage (activation) of Caspase 9 by Caspase-3, presenting a direct positive feedback [208, 178]
4. Sequestration of IAPs away from Caspase 9 by activated Caspase-3 [112, 42, 41]

In theory, each of these mechanisms can cause bistability [112, 10, 48], but different sudies focus
on different subsets of the feedback circuits. The general procedure is to computationally define
parameter ranges for the specific models which lead to bistability. The principle of robustness of
biological pathways [4, 12] is then applied to reason that those mechanisms with the largest ’bistability
range’ of parameters are the most plausible ones.

Several interesting conclusions arise from these investigations:

Bagci find that cooperativity in apoptosome formation is required for robust bistablity. Again,
as we have seen earlier, cooperativity was modeled by applying a Hill-term with an exponent n
greater than one (cf. equation 2.1.2 on page 52, equation XX in [10]). They show that (at least in
the admittedly arbitrary parameter range of their search), one of the two positive feedbacks from
Caspase-3 via cleavage of Bid or Bcl-2 alone show bistability only in a small parameter range (cf.

Figure 3 in [10]). In their model, the action of TAPs does not lead to stability, which is in contrast to
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the results of Legewie et al [112].

Another study [194] focuses on the activation of p53 vs activation of cytoprotective response such
as Erk or Akt [35, 136], thereby following up on observations of the single cell bifurcation of these
two mutually exclusive responses upon presentation to apoptotic stimuli [134, 109]. Their focus is a
positive feedback between p53 and Akt, involving MDM2 and PTEN.

The biological interpretation of these largely numerical studies proves difficult, since the true range
of cellular parameter combinations is hard to assess.

One interesting result, however, is the interpretation of pathologic cell behaviour in the light of
disruption of the bistability property. As explained earlier (section 2.1.3; Figure 2.9 on page 57),
bistability is not statically encoded into a reaction system, but depends on the proper balance of
parameters such as synthesis, repression and degradation rates [46, 76]. A change of these, caused for
example by disrupted binding surfaces through oxidative damage (for example in aging [150, 170]),
can shift the balance of the system towards one state. In this view, pathological resistance to apoptosis
can be interpreted as a shift from the healthy bistable behaviour where different initial situation lead
to different outcomes (cf Figure 2.9C) to a state that independently of the input leads to the cell
survival state (cf Figure 2.9A or B).

A theoretical identification of those parameter changes that are able to cause this shift may give
hints to the cellular events that cause the resistance to apoptosis. In [10] the authors point out that,
e.g., increasing the rate of degradation for Bax (a pro-apoptotic protein) results in loss of bistability,

such that even for very high stimuli, Caspase-3 levels evolve towards zero.
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2.2 The monostable case: Models of Ultrasensitivity

In the first chaper we looked at competition between opposing cellular events: cell death vs cell
survival (section 2.1.4), mutually exclusive expression of a two-inhibitor system (section 2.1.3) or the
invocation of either one of two overlapping pathways: yeast mating signaling is stopped if the osmotic
shock response is on. We saw how positive feedback, for example by means of mutual inhibition can
generate a bistable system, in which one event will dominate over the other.

But there are other situations where we think of all-or-nothing behaviour, where the phrasing into
a competitive framework might not be appropriate. For example, this would be the case for events
of multiple subsequent reactions, where one state depends on its predecessor; another example are
enzymatic reactions, where the steady-state level of the product shows a sigmoidal dependence curve
on substrate level (Figure 2.15).

In this chapter, I introduce three mechanisms that are known to give rise to ultrasensitive responses
(cooperative binding (section 2.2.1), cascade arrangements (section 2.2.2) and zero-order ultrasensi-
tivity (section 2.2.3). In the next chapter I then discuss in detail a model of endocytic sorting of

EGFR, thereby explaining a different mechanism giving rise to ultrasensitivity.
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P P, P,

Figure 2.16: Illustration of consecutive binding. Py, P> and P, denote the unbound, single- or double-
bound protein, respectively. See text for explanation.

2.2.1 Multiple Binding and Cooperativity

We derive, how multiple binding events lead to sigmoidal response curves. Consider a situation as
illustrated in Figure 2.16: One protein P exhibits multiple binding sites (in this case two) for some
molecule Y. Y could be another protein, a protein modification such as phosphorylation or a substrate

for cell metabolism such as oxygen. The system in Figure 2.16 could be described by the equations:

dP,
70 = 72]{}+P0Y + k_Pl

dt

dP
dTl = 2k PY —k_P,—k,PY +2k_P,

dP;
—2 = k PY-2k_P

dt o ?

dy

= “2RY +h Pi— ki PY + 2k P (2.2.1)

where Py, P, and P> denote the unbound, single- or double-bound protein, respectively. We are
interested in how the steady-state value P of the double-bound protein responds to the signal Y. To
derive this, we set equations 2.2.1 equal to zero and express P, as a function of Y.

‘We obtain
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Py

Figure 2.17: Steady-state value of fractions of double-bound (%7 dark blue) or single-bound ( P
light blue) form as a function of modification substrate.

, with *= = K.
+

Further, setting ¥ = %7

Py

Ptot

_ ky o Yy
P = 2-tRY =2P—
1 k_ 0 OK
Y T
Py = LY =R(5)

we obtain the fraction of double-bound P, of total P = P,; as

P, PyY? y?2

Po+ P+ Py Py +2P)Y + P,Y2  (14Y)?

The last expression is a sigmoidal curve as a function of Y.

(2.2.2)

(2.2.3)

(2.2.4)

Figure 2.17 shows the fraction of P, (equation 2.2.4, blue) and P; (cyan) as a function of input Y.

It can be seen that P, but not P;, exhbits an ultrasensitive response. This behaviour of P, reflects

its quadratic dependence on input Y.

In section 2.1.3 we had described a system of two mutually inhibiting proteins X and Y. The

negative effect on each other’s synthesis (or activation), we had taken as
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, cf. equation 2.1.8 on page 55.

Appearing in the production term of the opposing molecule X (dz/dt = f(y) — px) f(y) denoted
the fraction of unbound (i.e. unblocked) promoter/precursor of X, Px, to which the production of
X is proportional (cf. page 55). In the scenario of the double bound protein P described here, this
‘unblocked’ form is represented by Py, whose fraction is given by

pO pO Py 1

Pt Po+ P+ P, Py+2RY + PY? (1+Y)2

It can be shown that for the reaction scheme in Figure 2.16, PIT 2- can be approximated by ﬁ,
if the second binding reaction occurs with a higher rate than the first one, that is, kL P,Y >> ky PBy)Y
[46]. Hence, if the affinity for further binding is increased with each bound monomer, the fraction of

unbound molecule P, is given by

P, 1

~

Piot T14v?

This effect is called positive cooperativity. If this dynamic effect can be assumed, the approximation

of multiple binding events by equations of the form 2.2.1 is valid.

2.2.2 Signaling Cascades

The sigmoidity of double-modified molecules can be enhanced by consecutive occurrence of this motif
in the form of signaling cascades. Instead of having just one layer of double-modification, in these
cascades the output of one layer is the input for the next one so that beginning from the second
layer, already the input function is sigmoid. This effect gets then enhanced in the subsequent double-
modification level [122, 56, 57, 21, 90].

Figure 2.18 illustrates the architecture (left) and the output behaviour (right) of such a cas-
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Figure 2.18: The sigmoidity of double-modified molecules can be enhanced by consecutive occurrence
of this motif in the form of signaling cascades. See text.
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Figure 2.19: Comparison of the steepness of the response of the double-phosphorylated form on each
cascade level.

cade arrangement. In this example, each horizontal level of the cascade consists of a kinase in its

¥’ denotes phosphorylation. The

un-phosphorylated, single- or double-phosphorylated form, where
double-phosphorylated form on one level activates the kinase on the subsequent level.

We thus recognize the architecture of double-modification which we just derived has having a
sigmoid input-output behvaiour (equation 2.2.4). We see this again in the graph showing output
behaviour of the first level of the cascade (Figure 2.18, top right). The effect of the casade arrangement
now is simply that this sigmoidal effect gets amplified in each level: clearly, if the input itself is already
sigmoid, the double-modification step enhances this effect.

Figure 2.19 indeed shows that with each level, the ultrasensitivity effect is increased. Note that

not only does a response get suppressed more strongly for low input levels, but the maximal response

is also reached faster.
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2.2.3 Zero-order Ultrasensitivity

Another mechanism to achieve highly sigmoidal response curves is the so called zero-order ultrasen-
sitvity [66, 65, 108, 186, 21].
Again, we consider the modification of some protein X by an enzyme E;, along with the demodi-

fication reaction by a second enzme Es.

kg kcaty

X+FE —] (7 —— Xp+E1
kb,
Ky kcato

Xp - CQ e X+E2

k’b2

Goldbeter and Koshland [65] derived, how a switching mechanism can arise if the two modifying

enzymes work in the 0-order regime, that is the substrates are much more abundant than the enzyme’s

Michaelis-Menten constant : X + X}, = Xy, >> K7, where

_ kb + kcat

K
M ks

To explain the mechanisms, we follow the description in [18].

Let f denote the level of modified protein X, and (1-f) the level of unmodified protein X. Then

Xtot = 1. The rate of conversion from X to X, is given by #{1{)}’)’ the rate of demodification

is K’Ei 7 Denoting the ratio of the maixmal rates of the converter enzymes, % by a we get in

steady-state [18]1:

k(1 f) _ kaof
Ky +(1-7f) Ku+f

N R
Ky+(1-f) Ky+ f

With this, the steady-state level f of modified protein X, is implicitly given as a function of a,

1The derivation of this equation is following simple Michaelin-Menten kinetics, similar to equation 2.1.5 on page 53
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Figure 2.20: Zero-order ultrasensitivity for different parameter values Kj; = Wy

where o denotes the relative strengths of the two opposing reactions.

It is interesting to study, how f changes if « is varied from small values to values larger than 1,
that is we vary k1 < ko to k1 > ko.

Figure 2.20 shows how the steady-state value of the modified form f depends on « for different
values of Kj;. We see that the smaller K, that is, the farer in the zero-order regime the enzymes
are working, the steeper is the switch-like response of f.

One interesting consequence of zero-order ultrasensitivity and the fact that the enzymes are work-
ing at saturation is that upon overexpression of substrate X the time to reach steady-state is extended.
This is not trivial and is not true for cooperativity or positive feedback mechanisms. Melen, Levy
et al used this characteristic to validate zero-order ultrasensitivity experimentally in the context of
Drosophila embryogenesis. During embryonic development, morphogens direct the formation of body
patterns in an initially homogenous cell. In Drosophila embryos degradation of the transcription factor

Yan is regulated by phosphorylation by MAPK, which in turn is activated upon EGFR stimulation

(0]



by its ligand Spitz [138]. Yan degradation, but not MAPK activation, occurs in tight boundaries,
opening up the question how the graded input is translated into all-or-nothing degradation of Yan.
As we have seen, several mechanisms exist that could lead to this behvaiour.

The following was observed upon Yan-overexpression [127]:

(i) the time to reach steady-state of Yan-degradation extended (cf Figure 6C in [127])

(ii) the border of Yan-degradation did not change (cf Figure 6E in [127])

These results agree with the prediction of zero-order ultrasensitivity (cf Figures 4 and 5 in [127])

and exclude other possibilies of ultrsensitivity in this context.

76



Part 11

Objectives
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The overall aim of this thesis was the synchronization of experimental measurements with mathe-
matical models of EGFR endocytosis, whereby both the internalization step itself (Project 1) as well
as subsequent endosomal sorting (Projects 2 and 3) should be described by quantitative experimental

techniques and mathematical modeling.

1. In the first Results section I describe a flow cytometry approach to measure internalization of
EGFR, which is accompanied by a mathematical model which relates internalization dynamics
to EGFR expression levels. The objectives were to, first, improve existing methods of measuring
internalization. In this sense, the mathematicl model was used to derive quantitative predic-
tions that could be tested experimentally and thus probe the quantitative preciseness of the
flow cytometry measurements. Secondly, by extending and refining a previous mathematical
description, the model constitutes a theoretical disquisition of the effect of receptor overexpres-
sion relative to internalization capacity. This is of interest, considering that (i) internalization is

necessary for signal attenuation and (ii) EGFR overexpression is frequently observed in cancer.

2. In the second Results section I describe a mathematical model based on ordinary differential
equations, in which we discuss a mechanism of how sorting of EGFR into clathrin- or caveolae-
mediated endocytosis might be regulated. The model was developed based on published data,
where it was reported, that the sorting of EGFR into these different pathways is a function
of the strength of EGF stimulation used, which suggested an ultrasensitive sorting mechanism.
The objective of this part of my work was to (i) define a mathematical structure with which the
question of pathway sorting could be addressed and in which previous knowledge about EGFR
endocytosis could be intergated (ii) test the plausibility of a given model with methods from the
theory of modeling (robustness analysis) (iii) derive theoretical predictions which could be tested
experimentally and which would allow interpretation of the obtained data in light of possible

alternative mechanisms of pathway sorting.

3. In the third Results section, I present a methodology and application of a combination of con-
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focal microscopy and flow cytometry to address the problem of endocytic sorting of EGFR into
clathrin- or caveolin-dependent pathways. The objective of this project was (i) to develop a
framework which would allow the quantitative description of employment of each of the endo-
cytosis pathways. For this I developed an imaging software (ColocalizationFinder.java) to allow
the automatic evaluation of colocalization of EGFR vesicles with endocytic proteins; (ii) to con-
duct experiments which allowed the selective inhibition of one of the pathways which could then
be used to derive the relationship of the different pathways and in particular test the model

predictions derived in the second part.
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Results
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Chapter 3

Quantification of EGFR
endocytosis by multiparametric

Flow Cytometry

3.1 Background on modeling and experimental quantification

of early endocytosis events

The first step of endocytosis is the disappearance of receptors from the membrane. As explained in
the introduction (22 ff.), internalization and subsequent intracellular routing are important events
in EGFR signal control. For the internalization step itself, there is still a controversy about the
existence of alternative pathways (cf. section 1.2 on page 25). To clarify this issue (that is, decide,
which proteins are involved in and necessary for internalization), but also to learn about the dynamics
of this process in order to compare to mathematical models, high precision methods are needed to
measure receptor internalization.

In this chapter we present detection of receptor internalization in a high-throughput manner using
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flow cytometry. Flow Cytometry to measure EGFR endocytosis has previously been used by utilizing
GFP-tagged EGF [189, 45, 24, 25]. GFP with a molecular weight of 30kDa is expected to exhibit a
more serious alteration on the true dynamics of EGF (6kDa)-binding and internalization than Rho-
damine (0.5kDa). The results presented here is the first study to use EGF fused to the low molecular
weight marker Rhodamine, which is widely applied in confocal micrscopy, to measure internalization.
The utilization of Rhodamine-EGF has been made possible by the use of a 561nm laser. DPSS lasers
emitting at 561 nm have recently emerged as excitation sources in flow cytometry [183, 96], holding the
promise of making a whole range of fluorophores emitting in the yellow-red range, such as the many
variants of DsRed, which range from mOrange (Ac,) = 548) to mCherry (\e;) = 587) (fruit basket
[171]), as well as Rhodamine and its derivatives such as tetramethylrhodamine (A.;) = 555), Cy3
(Aez) = 552) or Alexa Fluor 546 (A.;) = 561) and 555 (A.;) = 555), accessible for Flow Cytometry
[171, 183].

The detection of EGFR internalization by flow cytometry holds important advantages compared to
the traditional biochemical methods such as radioactively [198, 201, 209, 38, 16, 196] or biotin labeling
assays [114, 188, 14]. The most important disadvantage of these, besides being very laborious and
offering low reproducibility, is that they are not single-cell techniques and instead yield an integrated
signal over a whole population of cells.

As an application of the measurements, we develop a mathematical model which relates EGF
uptake dynamics to EGFR expression levels. We investigate the temporal evolution of the ratio of
internalized vs surface located ligand-receptor complexes r(t), a standard parameter used to estimate
the rate of internalization [198] and in particular to assess the effect of certain perturbations on in-
ternalization [98, 172, 177, 114]. In [198, 140, 141] it was shown mathematically that, under certain
assumptions this ratio describes a straight line with the slope corresponding to the rate of the internal-
ization step. These assumptions were (i) that the number of surface bound ligand-receptor complexes
RE; remains approximately constant during the measurements and (ii) that the internalization step

is a first-order process, i.e. that it is proportional to RE; and independent of a potentially limiting
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Figure 3.1: EGF binds membrane-located EGFR (1) to give rise to surface-bound EGF-EGFR com-
plex. Via lateral diffusion events, the activated receptor binds internalization adaptors (2), which
eventually leads to vesicle formation and internalization (3).

availability of internalization adaptors. A possible restriction of internalization by a limited capacity of
internalization adaptors, however, has been suggested for cells expressing abnormally high numbers of
EGF receptors [197]. In light of the signal-attenuating character of endocytosis and the oncogenicity of
EGFR overexpression, it is important to investigate what the effects of high receptor expression levels
relative to internalization pathway capacity on internalization dynamics are [200]. We here provide a
mathematically more precise derivation of the internalization process and in particular the temporal
evolution of r(t) than previously given [198, 140, 141, 197, 180, 120] by dropping assumptions (i) and
(ii) in the mathematical analysis and find that r(t) is not a straight line as previously derived, but a
convex or concave curve depending on whether receptors or internalization components are limiting
the reaction, respectively. This way, the shape of this curve can be used to determine which of these

cases is true for a given cell-type.

3.2 Flow Cytometric detection of Rhodamine-EGF to mea-

sure Endocytosis of EGFR

Experiments were performed in the cervical cancer Hela cell line, a cell culture model expressing
abundant EGFR and which is well established for studying the various modes of endocytosis and their

role in EGFR signaling [5, 130]. Initial experiments were aimed at quantifying the dynamics EGF
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interaction with EGFR using both high content (high-resolution laser scanning confocal microscopy)
and high sample size (flow cytometry) approaches.

We first observed Rhodamine-EGF internalization by confocal microscopy (Figure 3.2A). HeLa
cells were stimulated with 100ng/ml Rhodamine-EGF at 37 °C for various time periods and subjected
to life microscopy. Figure 3.2A shows Rhodamine-EGF as binding and internalization occurs. At 2
minutes, the majority of Rhodamine-EGF is still located at the cell surface, with few small vesicles
already internalized. As stimulation time increases, the level of surface-located Rhodamine-EGF
declines and instead more and larger vesicles can be seen which locate more towards the cell interior.
This increase in size is due to vesicle fusion processes along the endocytic route [130]. Cellular
Rhodamine-EGF was quantified from images (figure 3.2D, see below).

While microscopy is an excellent method to observe in detail the process of endocytosis, we sought
to test the suitability of flow cytometry as a high-throughtput single-cell method to detect Rhodamine-
EGF - EGFR interaction. Flow Cytometry has been used previously to study EGFR endocytosis using

GFP-fused EGF [189], labeled Quantum dots [117] or polyplexes [37] with a standard 488nm laser
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as excitation source. Rhodamine-EGF is widely used in confocal microscopy [161, 172, 184, 119] but
has not been applied in Flow Cytometry due to the unavailability of appropriate laser lines. To test
the ability of the 561nm laser to serve as an excitation for Rhodamine-EGF, we stimulated HeLa cells
with 100ng/ml Rhodamine-EGF and compared the fluorescence intensity obtained from exciting the
probes with a 488nm or 561nm laser. Cells were stimulated for 20 minutes at 37 °C, washed in PBS,
trypsinated and then returned in medium for measurements. Figure 3.2A shows that, as predicted
by the excitation spectra of Rhodamine, the signal-to-noise ratio improved with excitation at 561nm,
demonstrating its suitability for detecting EGF-EGFR complexes by flow cytometry.

Subsequently we stimulated HeLa cells with 100ng/ml Rhodamine-EGF for different time periods
as described above and measured the Rhodamine-EGF signal.

To determine the accuracy of using Rhodamine-EGF to quantify EGF binding to EGFR by flow
cytometry we compared the flow cytometric measurements to detection of Rhodamine-EGF inter-
nalization by confocal microscopy. To obtain quantitative information from microscopy images, we
fixed the cells at the indicated time points of EGF stimulation prior to imaging and for each time
point monitored 30 cells. The sum of pixel values of the Rhodamine-EGF channel was taken as the
fluorescence signal, which was normalized to its maximal value at 30 minutes. Plotting the normal-
ized Rhodamine-EGF signal revealed an excellent agreement between these two different single cell
techniques (Fig. 3.2D.

For Flow Cytometry, 10,000 cells were measured, whereas for microscopy, for each time point 30
cells were evaluated. Importantly, while the overall shape of the two curves match, the errorbars are
significantly reduced for flow cytometry, demonstrating the value of sampling higher numbers of cells.
These results demonstrate that 561-nm excitation of Rhodamine-EGF provides a sensitive tool for
detecting EGF-EGFR, complexes by flow cytometry.

The process of receptor endocytosis begins with a ligand binding event, and followed, on a slower
timescale, by binding of the ligand-receptor complex to internalization adaptors, vesicle formation and

the actual internalization of the vesicles (cf. Figure 3.1, [32, 192]).
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Figure 3.3: (A) HeLa cells were treated with 100ng/ml Rhodamine-EGF at 37C, then washed with
PBS (left) or low pH buffer (right) and returned into fresh medium at 37C for 15 minutes before
microscopy. Shown are overlays of transmission image and fluorescence image of Rhodamine-EGF.
(B) HeLa cells were stimulated with 100 ng/ml Rhodamine-EGF for indicated time points and washed
with PBS (solid line) or a low pH buffer (dashed line) before trypsination and flow cytometry. Plotted
are mean values of three measurements (10,000 cells each), error bars denote standard deviation.
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We sought to determine the suitability of flow cytometric detection of Rhodamine-EGF to discrim-
inate between surface located vs internalized complexes. To distinguish between plasma membrane
versus internalized ligand-receptor complexes, cells can be treated with a low pH buffer to remove
surface-bound but not internalized labeled-EGF [200, 98, 172, 177].

The efficiency of the acid-induced dissociation of EGF was verified using microscopy (Figure 3.3A).
Here, cells were treated with 100ng/ml Rhodamine-EGF for two minutes at 37°C to allow for forma-
tion of EGF-EGFR complexes on the cell surface [172, 192]. Following, cells were washed with PBS
(Figure 3.3A, left) or acid buffer (Figure 3.3A, right) and then returned to 37°C for 15 minutes to
allow for internalization prior to imaging. Figure 3.3A demonstrates that the acid wash effectively
removed all surface bound Rhodamine-EGF, as in the acid-treated cells no EGF vesicles could be
detected.

To determine the time-cours of internalization via flow cytometry HeLa cells were treated with
100ng/ml Rhodamine-EGF for different time periods, then washed with an acid buffer (solid line)
or PBS (dashed line), prior to trypsination and subjected to flow cytometry (Figure 3.3B). We ob-
served a significant difference between the Rhodamine-EGF signal for the acid- vs PBS-treated cells
for short stimulation times. This difference in fluorescence intensity is highest at early timepoints
(< 10 minutes) and corresponds to the fraction of receptors still localized on the membrane. For
longer incubation times (> 10 minutes), the two curves coincided, as the majority of receptors were
internalized [197, 98, 172, 177)

We conclude that in HeLa cells, up to 10 minutes of EGF incubation, there are still EGF receptors
located at the cell surface, which are bound to EGF, but not fully enclosed in membrane pits and
hence sensitive to the acid treatment.

This results demonstrates the sensitivity of our measurements and the ability to distinguish the
temporal evolution of surface-bound vs internalized EGF by flow cytometric detection of Rhodamine-

EGF.
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3.3 A quantitative prediction of EGF uptake dynamics for

different receptor expression levels

Mathematical modeling combined with high-throughput, quantitative data collection can yield non-
intuitive understanding of the complexity of signaling pathways in the living cell. For the EGFR
numerous models have been recently developed which focus on signal transduction (reviewed in [200,
29, 101]), yet little focus has been given to understanding new concepts in EGFR endocytosis. While
the nonlinearity of the uptake reaction, due to the existence of alternative pathways which are entered
with different affinities [120, 200], as well as the saturability of EGFR endocytosis [198, 197] were
recognized early, detailed mathematical investigations of how this effects internalization dynamics are
still missing. Related to this is the question of how EGFR overexpression relative to internalization
capacity influences the uptake process. We here propose a combination of mathematical modeling
and single-cell analysis to approach this problem.

In order to quantitatively evaluate the internalization reaction, and in particular to assess the
effect of certain perturbations on internalization, typically, the temporal evolution of the ratio of
internalized vs surface-associated ligand is monitored [98, 172, 177, 114, 190]. The ratio r(t) is found
experimentally by determining the fractions of internalized (labeled) ligand as well as the fraction
still associated with the membrane using the acid stripping technique described earlier at different
timepoints of stimulation and then calculating the ratio [98, 172, 177, 114, 190].

We asked "What would a mathematical model predict for the temporal evolution of of r(t) and
what can be concluded from its form’? Typically, the experimental data of r(t) is approximated by a
straight line [198, 98, 172, 177, 114, 190] with the slope corresponding to the rate of internalization k.
Indeed, in [198] it was mathematically determined, that r(t) describes a straight line with slope k.,
where two main assumptions were posed in the mathematical analysis, namely that (i) the number of
surface-bound ligand receptor complexes RE, remains approximately constant during measurement

and (ii) the internalization acts like a first order process, i.e. that it is a function only of the number
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of membrane bound ligand-receptor complexes and independent of the presence of any internalization
components such as adaptor proteins of the endocytosis pathways [198]. Effectively, the following

reaction scheme was considered:

RE, £o R, (R1)

RE, = RE, = constant, whereby RE; and R; denote fractions of surface-bound or internalized
ligand-receptor complexes, respectively.
This reaction scheme is described by

dR; .
— — k.- RE,
dt

which immediately yields R;(t) = k. - RE, - t and hence r(t) = RI—E = k. - t describes a straight

line in dependence of time with slope k. [198, 140, 141].

Note that for the analytical treatment, it is assumed that the ligand binding reaction occurs
instantaneously. This simplification is justified since the ligand binding reaction happens on a much
faster timescale than the internalization reaction [198, 180, 80, 81, 82]. We adapt this procedure
in the following and show later in simulations that the qualitative results are not affected by this
simplification.

We extended the above described theoretical derivation of r(t) to include the effect of a potentially
limiting availability of internalization adaptors relative to different expression levels of EGFR and

considered reaction scheme

RE, +IC = RE;. (R2)

We hereby relax assumption (i), i.e. we consider non-constant RE as well as assumption (ii), i.e. we
include the binding to endocytosis adaptors IC prior to internalization. Note that again the ligand-

binding reaction is assumed to occur instantaneously, so that the initial value of surface-bound ligand
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RFE,, immediately assumes the minimum value of initially available receptors and number of EGF
molecules, RE;g = min{Ry, EGFy} (Generally, X denotes the initial value of the variable X). Since we
are interested in deriving a prediction for different receptor numbers relative to internalization capacity
we consider experimental situations where EGF-stimulation is not limiting, so that the initial number
of surface-bound ligand-receptor complexes RE4q is given by the number of available receptors at the
beginning of the reaction Ry.

The dynamics of reaction scheme (R2) are given by a single equation:

d(RE,)/dt = d(IC)/dt = —d(R;)/dt = —k. - RE, - IC (3.1.1)

R;

We consider the temporal evolution of the ratio of internalized vs surface-bound ligand r(t) = g

Whereas using reaction scheme (R1), assuming constant RE; as well as independence of internalization
adaptors, it was derived that r(t) describes a straight line, we can now see what a model without these
two assumptions predicts for r(t) for different relative initial values of receptors or internalization
adaptors. To decide whether r(t) is a convex or concave function, depending on whether receptors or
internalization adaptors are limiting, we consider its second derivative which is given by (see Material

and Methods):

RE!
RE?

S

T(t)” = k’e . RESO . . (RESO — ICQ)

where RE! = d(RE,)/dt = —k; - RE - IC.

RE!

Observe that k. - REs > 0 and %zs < 0, since RE] is always negative. The sign of r(¢)” thus

depends on (REs — ICh), and r(t) will be a convex function if REsy < ICy (receptors are limiting)
or concave if REyy > ICy (internalization adaptors are limiting).

Our analysis still holds if the ligand-binding reaction is included, so that
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Figure 3.4: (A) Simulations of the full model (reaction scheme (R2)) for internalized ligand-receptor
complexes R; (solid) or the sum of R; and surface-located ligand receptor complex RE; (dashed). (B)
Simulations of the full model (reaction scheme (R2)) for the ratio of internalized vs surface-bound
ligand receptor complexes r(t) = ggz for the two different cases Rg < ICy (green) or Rg > ICy (blue).
Plotted are the time trajectories for r(t) for these two cases, each for two different initial receptor

values with Ro; (dashed) < Roz (solid)
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EGF + R ‘:_’ RE, +IC *= R, (R3)

(see Material and Methods for equations). Figure 3.4A shows the model simulation for R; ( =
internalized EGF-EGFR complex, solid line) as well as for the sum of R; and surface-located ligand
receptor complex RE; (dashed line). It can be seen that qualitatively, the simulations agree with our
measurements of HeLa cells treated with PBS only (cf. Figure 3.2B, dashed or solid line, respectively),
demonstrating that the model is in principle able to capture the kinetics of the internalization process.
The exact shape of the model simulations depends on parameter values chosen, see Figure caption for
parameters used in Figure 3.4.

Figure 3.4B shows simulations for the two different cases Rg < ICq (green) or Rg > ICy (blue).
Plotted are the time trajectories for r(t) for these two cases, each for two different initial receptor
values with Rg; (dashed) < Rogz (solid). See Figure caption for initial values and parameters used.
As derived analytically assuming instantaneous ligand-binding, we see that r(t) is convex if Rg < ICq

and concave otherwise.

3.2 Internalization dynamics for cells with different receptor

expression levelsl

To apply the derived predictions, we generated HaCat cells stably expressing GFP-EGFR to study
EGF internalization dynamics in subpopulations expressing different relative numbers of receptors.
These cells showed a heterogeneous expression level of GFP-EGFR (Figure ?7A), with an otherwise
identical genetic background. In particular, cells from different subpopulations of receptor expression
are expected to exhibit highly similar abundance levels of internalization adaptors, making them an
excellent model to study EGF uptake as a function of receptor expression level using a single cell
technique.

To first test whether the flow cytometric detection is sensitive enough to detect differences in
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Figure 3.5: HaCat cells stably expressing GFP-EGFR were stimulated with 100 ng/ml Rhodamine-
EGF for indicated time points. Rhodamine-EGF uptake is plotted as a function of GFP-EGFR
expression level for three subpopulations of cells expressing different levels of GFP-EGFR

Rhodamine-EGF binding between cells expressing different levels of EGFR, we investigated whether
cells with higher GFP signal would show an increased level of surface-binding of EGF when compared
to cells with a lower GFP signal. For this, we stimulated cells with 100 ng/ml Rhodamine on ice
for 1 hour. This allows surface binding but not internalization [172]. Prior to stimulation, cells were
starved in serum free medium for 14 hours to force integration of all receptors into the membrane. As
expected, we saw an increased Rhodamine-EGF signal for cells with higher GFP-EGFR expression
level and surface-binding of Rhodamine-EGF, demonstrating the sensitivity of the measurements (not
shown).

We next tested whether cells with higher GFP-EGFR level would also internalize more EGF. This is
not obvious because whereas surface binding solely depends on the number of available binding sites,
i.e. surface receptors, the internalization reaction also depends on the capacity of the endocytosis
machinery.

In the previous section we derived that the ratio of internalized vs surface located ligand-receptor

complexes r(t)= ggi is a convex or concave curve depending on whether receptors or internalization
s
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Figure 3.6: GFP-EGFR HaCat cells were stimulated with 100 ng/ml Rhodamine-EGF for the in-
dicated time points. Surface-associated fraction of EGF (RE; in the model) was determined by
subtracting the mean fluorescence value of acid-treated samples from that of PBS-treated (see Ma-
terial and Methods). Plotted is the ratio of internalized vs surface-bound ligand receptor complexes
r(t) = ﬁg for two subpopulations of GFP-EGFR expression.
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adaptors are limiting the EGF internalization.

To judge, which of these two situations on the initial conditions is true in the HaCat cell line and
to derive a prediction for the shape of r(t), we compared Rhodamine-EGF internalization in cells with
different receptor expression levels.

We found that uptake of Rhodamine-EGF increased linearly with GFP-EGFR expression level at
all timepoints measured (Figure 3.5). We conclude that in this cell line receptor number and not
internalization components are limiting the uptake.

According to the analysis in the previous section the prediction for the ratio of internalized vs

surface located ligand-receptor complexes r(t)= 24 is that it is a convex curve with the one for cells

~ RE;

with higher GFP-EGFR values lying below the one with lower GFP-EGFR. We determined the ratio
of internalized vs surface bound ligand-receptor complex for 2, 5, 10 and 20 minutes of Rhodamine-
EGF stimulation using the acid-wash protocol (cf. Figure 3.3). Figure 3.6 shows the results of the
measurements. As predicted, r(t) describes a convex curve. Further, we see that for cells with higher

expression levels, r(t) lies below, which also agree with the model prediction (cf. Figure 3.4B)

3.3 Discussion

In this study we have shown the applicability of Flow Cytometry to study dynamics of EGF receptor
endocytosis using Rhodamine-EGF on a Beckman-Coulter Flow 500/MPL equipped with a Compass
561 nm/40mW laser. An improved fluorochrome to autofluorescence ratio over standard 488-nm
excitation was shown as well as agreement to data obtained by confocal microscopy (cf. Figure 3.2).

We have refined a previously developed model by dropping two assumption previously made in the
theoretical treatment, which allowed the analysis of receptor overexpression on internalization dynam-
ics. We have validated quantitative predictions obtained from the model by measuring Rhodamine-
EGF uptake as a function of receptor expression level using a cell line expressing GFP-EGFR (cf.
Figures 3.4 and 3.6).

The biggest advantage we see in using Flow Cytometry to study EGFR endocytosis dynamics is
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that is yields single-cell data, as opposed to traditional methods such as using radioactively [198, 177,
201, 209, 38, 16, 196] or biotin-labeled EGF [114, 188, 15].

The two principal tools for single cell measurements in cell biology are high-resolution fluorescence
microscopy and flow cytometry. Fluorescence microscopy, using either fluorochrome- or GFP-tagged
EGF, EGFR or quantum dots, has been applied at many different levels to study the dynamics of
EGFR endocytosis. Dye (e.g. rhodamine)-labeled EGF can be combined with GFP-tagged EGFR
to observe spatial and temporal dynamics of endocytosis and endosomal trafficking. However, most
applications have been qualitative; reporting highly qualitative/subjective co-localization, or internal-
ization results [172, 75, 99]. Several studies have applied quantitative image analysis demonstrating
the ability to obtain statistically significant quantitative data [147, 157]. However, these findings are
statistically limited in that even with automated imaging only small populations of cells are analyzed.
Furthermore, quantification of imaging data involves pre-processing of the images such as background
reduction and segmentation, processes during which quantitative information of the original image is
lost.

While Flow Cytometry has been previously applied to studying EGFR endocytosis, these studies
were either restricted to single color studies [117, 37, 189].

The EGFR internalization machinery is not fully understood, with the precise role of many com-
ponents or receptor modifications such as ubiquitin, still uncertain (cf. Introduction, page 25). In this
light, the here presented method would be an excellent system to assess the role of certain proteins
using single-cell techniques such as RNAi. For EGFR endocytosis, the existence of several independent
internalization pathways has been postulated, but their interdependence is not fully understood. The
earlier discussed time/EGF concentration dependence for clathrin- vs caveolin/lipid raft-mediated in-
ternalization ([172, 166] could be tested for using the here presented high-throughput approach, in
combination with mathematical modeling.

In the next chapter we introduce a model of sorting between clathrin- vs cavaolae-mediated endo-

cytosis pathways.
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Chapter 4

A Model of EGFR Endocytic

Sorting

Cellular components interact in time and space. Using mathematical models based on ordinary
differential equations one may simulate the dynamic behaviour of signaling pathways and investigate
the functional consequences of assumptions about the quantity of involved components as well as the
rates of reactions (see Part I of this thesis).

To analyze endcytosis behaviour of EGFR, we constructed a mathematical model of the sorting
process of EGF receptors into distinct endocytosis pathways. The biology of EGFR endocytosis was
introduced in section 1. After ligand binding, the receptor may internalize via different pathways,
thereby altering the cellular response.

It is currently not known whether there exist receptor modifications that specifically target the
receptor into one or the other endocytosis pathway. In this section, we describe a system of ordinary
differential equations, representing ligand binding plus subsequent binding to endocytosis adaptors,
which reproduces previously published data on receptor internalization. With the model we specifically

addressed the question, whether a ’sorting effect’ between different pathways is conceivable, without
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the assumption of receptor modifications to discriminate between these.

To describe ’sorting’ of the activated receptor, we searched for a model that reproduced an exper-
imental observation that was published in [172]: the suppression of Clathrin-independent endocytosis
for low EGF levels, and an abrupt start of this for high EGF levels. This behaviour implies that
for a given strength of stimulations, cells react in distinct and well-defined manners. We found that
already very weak assumptions lead to ultrasensitive behaviour and give a mathematical analysis of a
mechanism by which ultrasensitive, i.e. all-or-nothing responses based on a graded input signal, can
be generated. In particular, the model suggests that one and the same form of the receptor may be

internalized by distinct endocytosis pathways while still achieving a clear-cut sorting.

This chapter as organized as follows: After a brief reminder of the relevant biological background
of the model (section 4.1), we describe the sorting mechanism as proposed by the model (section
4.2). Specifically, sections 4.3 and 4.4 explain how the occurrence of clathrin-independent endocyto-
sis depends on the strength of EGF stimulation as well as the initial number of available receptors,

respectively.

A mathematical analysis of the observed dynamice effects, in particular the correspondence to
distinct classes of steady states, as well the biological interpretation of these is given in section 4.5.

As we have learned in Part I, mathematical models of real life phenomena can be used to gain
a different perspective of the phenomena of interest, such as the analysis of certain assumptions,
for example assumptions of reactions rates or the number of a certain class of molecules, such as
endocytosis adaptors. In order to test the effect of changes of the assumptions, for example certain
values for reaction rates, one has to define a measure how to quantify the effects. Section 4.7 shows
how we use the approximability of our model by a sigmoidal function (the so called Hill-function)
as measure to assess the change of behaviour of our model upon changes of underlying assumptions.

In section 4.8 it is demonstrated that our main result, the ultrasensitive effect, is preserved for large
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parameter variations, i.e. that our model is robust. This is an important property of a model:
a fruitful branch of systems biology is devoted to the question whether robustness of intracellular
signaling systems is a feature selected for during evolution. The idea is especially exciting, since it
would put in our hands a quantitative measure for the evolution of biological networks. In this case,
the robustness of a model speaks for its plausibility and may be used as a selection feature when
comparing different possible candidate mechanisms for a certain phenomenon. For groundbreaking
work on the application of robustness theory to Chemotaxis in E.Coli, see [12, 3, 106]; to Drosophila
Development, see [49, 50, 51, 4]; to the evolution of the Circadian Clock see e.g. [30].

The chapter concludes with a discussion of the biological significance and implications of the

proposed model.

4.1 Biological Basis of the Model

Ultrasensitivity is a property of signal transduction systems that allows the generation of all-or-nothing
responses based on graded inputs [67, 123, 90]. This feature proves especially important in the context
of growth factors or apoptosis signals, whose output is ’binary by nature’ [21, 68], as well as morphogen
directed pattern formation [44, 128, 68].

high [EGF] low, high [EGF]

v v

CDE-
CIE-
Adaptors Adaptors
Ri_t:ie Ri_cde
Clathrin-independent Clathrin-dependent
Endocytosis (CIE) Endocytosis (CDE)

Figure 4.1: CDE and CIE pathways of EGFR. High EGF concentrations induce CIE, whereas CDE is
observed at low and high EGF concentrations. The adaptors for the respective endocytosis pathways
are referred to as CDE- or CIE-adaptors, respectively.
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In a recent study it was observed that the Epidermal Growth Factor (EGF) receptor follows
clathrin-independent endocytosis (CIE) in an ultrasensitive, EGF concentration dependent manner
[172]: In the presence of low concentrations of EGF, the receptor was exclusively internalized via
clathrin-dependent endocytosis (CDE), whereas at high concentrations CIE was abruptly turned on
(Fig. 4.1).

Endocytosis is the process by which activated transmembrane receptors are directed into the
endosomal system from the plasma membrane [130, 200]. CDE is the major internalization route
and was the first to be discovered (reviewed in [104, 111]). In the past years, receptor internalization
mechanisms that do not employ the structural protein clathrin, but arise from lipid rafts and caveolin-
rich membrane regions have been identified [154, 173, 111]. Still, the important question which
molecular events govern the sorting of the EGF receptor into the two different endocytosis pathways
remains unanswered [55, 2, 88, 111, 173].

Ligand induced receptor phosphorylation creates docking sites for adaptors, such as EPS15, epsin
and AP-2 [104, 176]. Via direct or indirect binding, adaptors recruit the receptor to special membrane
regions which are characterized by a particular composition of cage-proteins and/or -lipids [173, 111].
The forming vesicles pinch off the membrane and carry their cargo to distinct intracellular locations,
which might account for the specificity of the invoked signal [88]. Endocytosis may direct the receptors
for lysosomal degradation or recycle them back to the membrane [88, 73].

In [172] it was reported that mono-ubiquitination (mono-Ub) of the EGF Receptor could only
be observed at high EGF concentrations, raising the question whether mono-Ub might serve as a
discriminative feature, which, when appended to the receptor, selectively targets the receptor to CIE
[70, 2]. This, however, conflicts with reports on the involvement of the ubiquitin-binding adaptor
proteins epsin and EPS15 during CDE [2, 88, 38].

To address this controversy, we built a mathematical model of the sorting process. Mathematical
modeling has previously played a significant role in elucidating the mechanisms of EGF receptor sig-

naling and endocytosis [180, 167, 110, 199, 100]. The question of how the distribution of activated
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receptors into the different endocytosis routes is controlled, however, has not been treated mathemat-
ically thus far. Here, we demonstrate that a switch-like response of CIE may result simply from a
saturation effect of the CDE pathway. The unexpected steepness of the response (indicated by high
Hill-coefficients) as well as its robustness towards parameter variations suggest it as a plausible mecha-
nism to generate ultrasensitivity in cellular signaling. Importantly, the mechanism imposes only weak
assumptions on the underlying interaction structure and parameter values. We thus give evidence for
the hypothesis that the main purpose of post-ligand binding modifications of the EGF receptor such

as ubiquitination does not lie in the discrimination between alternative endocytosis pathways.

4.2 Ultrasensitivity in EGFR endocytosis

d(EGF)/dt = -ky*EGF*R + k. *R_EGF
d(R)/dt = -k¢*EGF*R, + k. *R_EGF
d(R_EGF)/dt = kf*EGF*R - k,*R_EGF - kege *R_EGF*CDE - keie *R_EGF*CIE
d(CDE)/dt = -keae *R_EGF*CDE
d(CIE)/dt = -keie *R-EGF*CIE
d(Ri_cde)/dt = keae*R-EGF*CDE
d(Ri,Cie)/dt = keic*R_.EGF*CIE

N O Ok W N

Table 4.1: The system of ODEs constituting the model .

We built a system of ordinary differential equations (ODEs) that models the sorting of EGF
receptor into the two pathways (Table 4.1). The model contains the binding reaction of EGF to
receptor R, which leads to one form of activated receptor (R_.EGF), capable of entering clathrin-
dependent or -independent endocytosis.

In order to simulate the entry of ligand-bound receptor into an endocytosis pathway, we introduced
variables CDE and CIE, representing adaptors for clathrin-dependent and -independent endocytosis
which R_.EGF can enter with rates k.qe and ke, respectively. The variables CDE and CIE represent
the amount of the limiting factor in each pathway, which could be adaptor- or cage-proteins. In
accordance with previous findings (e.g. [172]) we assume that the affinity of activated receptors

R_EGF is significantly higher for the CDE-pathway (kcde = keie). To quantify the fraction of receptor
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going either pathway, we introduced variables R; .qe and Rjce. The steady-state values of these
variables represent the amount of R_EGF internalized via CDE and CIE, respectively. The model

equations were derived according to law of mass-actions (see, for example, [187]).

4.3 ClE-internalization depends on number of receptors and

strength of EGF-stimulation

min{EGF ,R } < CDE/ min{EGF , R } <CDE+ CIE, CDE + CIE; <min{EGF , R}
2 2 2 7
&
151 A 15 15{C  /
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é 1 1 1
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Figure 4.2: Time trajectories of Ri cge (blue) and R e (green) for three different classes of initial
conditions. In case A (B) at least one of EGFy or Ry stays below CDEy (CDEg + CIEg). In case
C, both EGFy and Ry exceed CDEy + CIEq. Initial values were chosen arbitrarily such that these
conditions are satisfied. In all three cases CDEy = 2.0, CIEg = 2.0 and (A) (EGFy, Ro) = (1.2, 1.5 ),
(1.6, 1.3), (2.3, 1.3), (1.4, 2.5); (B) (2.5, 3.0), (3.1, 2.4), (3.1, 4.5), (5.0, 2.8); (C) (4.3, 4.7), (5.0, 5.2),
(5.5, 5.0), (5.3, 6.0).

We systematically scanned the space of initial values of the model in Table 4.1 to investigate the
effect of EGF stimulation on receptor distribution into CDE or CIE (see Methods). Figure 4.2 shows
the time trajectories of R cqe and Ry e for three different classes of initial conditions, each represented
by four different sets of values (see Figure caption). The three classes of initial values have distinct
effects on the internalization-behavior of R_EGF, the activated receptor. They represent assumptions
on the relative quantities of EGF-molecules, unbound receptors and endocytosis adaptors.

The first class of initial values (Fig. 4.2A) represents the case that either the initial number of

unbound receptors (Rg) or EGF-molecules (EGFy) is lower than the capacity of the CDE-pathway
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(CDEg)!. This corresponds to an experimental setting where cells are stimulated with low EGF-
concentrations, i.e. EGFy < CDEy. Initial values from the second class are such that either Ry or
EGF, are below the capacity of both internalization pathways (CDEy + CIEq) (Fig. 4.2B), whereas
the third class reflects the case that both Ry and EGF( exceed the capacity of both internalization
pathways (Fig. 4.2C).

It can be seen that in case A, R;_cjo-production stays close to zero. In case B, internalization via
CIE does occur, albeit to a lesser degree than CDE. For case C, receptors are equally partitioned

between CDE and CIE.

4.4 Conditions on receptor number for switch-effect of CIE-

internalization

The simulations shown in Fig. 4.2 suggest conditions on the receptor number under which an EGF-
dependent switch of CIE-internalization will occur. If a cell possesses less receptors than CDE-
adaptors, CIE-internalization will be low independent of EGF-stimulation (cf. Fig. 4.2A ). If the
cell exhibits more receptors than adaptors for CDE, but less than for both pathways, then, for EGF-
stimulations exceeding CDEg, a moderate fraction of receptor will internalize via CIE (cf. Fig. 4.2B).
Finally, if the amount of receptors is higher than the combined capacity of both pathways, CIE-
internalization will be switched on equally strong as CDE-internalization for EGF-stimulations that
are higher than this combined capacity (cf. Fig. 4.2C).

To test this hypothesis, we performed the following virtual experiment. We chose three sets of
initial values for receptor R, CDE- and CIE-adaptors such that they fall within the three respective
classes: Rg < CDEg, Ry < CDEy + CIEq or CDE(y + CIEq < Ry, and stimulated the system with
increasing amounts of EGF. Fig. 4.3 shows the steady-state amounts of R;_¢qe (blue) and R; e (green)

as a function of EGFy.

1Generally, X denotes the initial value of variable X.
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Figure 4.3: Plotted are steady-state values of Ri_cqe (blue) and Rj_cie (green) as a function of EGF-
stimulation (EGF(). An ultrasensitive response of CIE-internalization with respect to EGF occurs if
Ry > CDEg (B) or Rg > CDEy+CIE, (C), but not if Ry < CDEg (A). In (B) and (C), when EGF,
exceeds the amount of CDE(, CIE-internalization switches on abruptly, with a maximal response if
(CDEg+CIEp) < min{EGFy, Ro} (C). In all three cases CDEq = 1.0, CIEg = 1.0 and (A) Rg = 0.8,
(B) Ro = 1.3 and (C) RO = 2.4.

As predicted, for receptor levels lower than CDEq (4.3A), CIE-internalization stays close to zero, in-
dependently of EGF-stimulation. If the initial amount of receptors is greater than the capacity of CDE,
CIE-internalization sets in abruptly, albeit to a moderate degree compared to CDE-internalization, for
EGF-stimulations greater than CDEq (4.3B). Finally, if the initial number of receptors is greater than
the capacity of both pathways, the CIE pathway switches on to an equal extent as CDE-internalization
(4.3C).

We have thus derived an ultrasensitive response of CIE-internalization with respect to EGF-
stimulation, without assuming any discriminative receptor modifications. Rather, it is necessary
and sufficient that the initial amount of receptors is higher than the capacity of the CDE-pathway

(CDEg < Ry, moderate switch) or both pathways (CDEg+ CIEg < Ry, maximal switch).

4.5 Correspondence to distinct classes of steady-state

For dynamical systems with multiple steady-states, a certain steady-state will be reached depending
on whether the system starts in the corresponding basin of attraction [46, 19]. Thus, a switch be-

tween steady-states occurs for different vectors of initial values, provided that the separatrix, i.e. the
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hypersurface between neighboring basins of attraction, is crossed.
We investigated, whether the switch-effect of CIE-internalization corresponds to such a transition
between distinct steady-states of the system. Analytically, one derives two classes of steady-states

(see Methods for derivation of conditions):
(EGF* =0VR"=0) AR.EGF* =0, (1)

k
CDE* = 0 A CIE* = 0 AR_EGF* = k—fEGF* «R*, (11)

T

where X* denotes the steady-state concentration of the respective component.

Note that classes of steady-states are used since not all variables are assigned specific values. For
example, in both cases R{ ;. and R ;. are not uniquely determined and depend on the corresponding
initial values.

Steady-state class I reflects the case that either all available EGF (EGF* = 0) or all free receptors
R (R* = 0) have been absorbed in the binding reaction and all activated receptors R.EGF have been
internalized. In steady-state class II neither receptors nor ligand are limiting for the internalization
process and have come to an equilibrium with R_EGF. Instead, the capacity of both internalization
pathways has been depleted (CIE* = CDE* = 0).

The systematic scan of initial values and subsequent solving of the system until steady-state
revealed initial conditions under which each steady-state class is reached. We found that if both EGF-
stimulation and initial receptor level are higher than the capacity of both internalization pathways
(CDEg+ CIE( < min{Rg, EGFy}, initial value class C), the system tends towards steady-state class
II. Otherwise, steady-state class I will be reached. In this case, if EGF-stimulation is below the amount
of receptors, all EGF will be depleted in the binding reaction (EGF* = 0), whereas if it is above, all
receptors will be consumed (R* = 0).

Note that for a given set of initial values the system exhibits exactly one steady-state. However,

which one of the two analytically possible steady-state classes is reached depends on the relative
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initial values steady-state CIE-internalization
EGF() < CDEO I low
CDEy+ CIEy < EGFy II high

Table 4.2: Assuming that the initial number of receptors is higher than the combined capacity of both
pathways (Ro > CDEo+ CIEp), low and high EGF-stimulations lead to two different steady-states, respectively.
In steady-state I, the receptor internalizes primarily via CDE, whereas in steady-state II it is equally partitioned
between CDE and CIE.

initial values of the system as described (for details see protocol S1). In [172] it was reported that
for high ligand concentrations, the activated receptor is equally partitioned between CDE and CIE.
Assuming similar initial abundance levels of adaptors, our simulations show that this is the case for
initial receptor levels higher than the sum of both initial adaptor values (Fig. 4.2C, Fig. 4.3C). We
thus hypothesize that in cells, where the steady-state levels of internalized receptors via CIE and CDE
are similar, the amount of receptors exceeds the capacity of both pathways. In this case, treatment
of the cells with low vs high EGF-stimulations, corresponds to a transition of the system between

steady-state classes I and II (see Table 4.2).

4.6 Conditions on initial values for steady-states

For a given set of initial values the system in Table 4.1 exhibits exactly one steady-state. However,
which one of the two analytically possible steady-state classes is reached depends on the relative initial
values of the system as described in the Results section. Briefly, if both EGF-stimulation and initial
receptor level are higher than the capacity of both internalization pathways (CDEg+ CIE; < min{Ry,
EGFy}, initial value class C in Fig. 4.2 and Fig. 4.3), the system tends towards steady-state class II,
i.,e. CDE* = 0ACIE* = 0 AR_EGF* = %EGF* * R*. Otherwise, steady-state class I will be reached,
with (EGF* =0V R* =0) AR.EGF* = 0.

This is in exemplified in Fig. 4.4, where the steady-state value of ligand-bound receptor (R_EGF*)
is plotted as a function of EGF-stimulation for different initial receptor levels Rg. Here, CIE; =

CDEj = 1. For Ry = 1.7 (orange), i.e. Rg < CDEg + CIEq (2), the system reaches steady-state class
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Figure 4.4: Plotted are steady-state values of ligand-bound receptor (R-EGF*) as a function of EGF-
stimulation for different initial receptor levels Ry. If Ry < CDEy + CIE( (orange curve), the system
tends towards steady-state class I independently of the strength of EGF-stimulation (see text). Here,
CIE, = CDE, = 1.

I independently of EGF-stimulation, as seen from R_.EGF* = 0. If Rg = 3 (green) or Rg = 5 (black),
i.e. CDEg + CIEy < Ry, the steady-state value of R_LEGF becomes positive for EGF-stimulations

higher than 2 (steady-state class II).

4.7 New mechanism of ultrasensitivity - steepness of switch

effect

An ultrasensitive response of a signaling system is characterized by a low, or damped response up to
a certain threshold of stimulus, followed by an abrupt increase towards maximal response when this
threshold is exceeded [46, 21, 187, 142]. Generally, a positive feedback or multisite-phosphorylation has
been considered a prerequisite to achieve this kind of behaviour [90, 123, 8, 187, 139]. Ultrasensitivity
has also been shown to arise in phosphorylation-dephosphorylation cycles if the enzymes operate near
saturation [67], which makes the mechanism very sensitive to small parameter changes [21], or if the

abundance levels of unphosphorylated substrate and kinase are sufficiently high (ultrasensitization,
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Figure 4.5: Comparison between Hill-type response and lagged sensitivity. Plotted are steady-state
values of R _¢ie (lagged sensitivity) and reaction velocity V (Hill-kinetics). Parameter and initial values
used were the same as for Fig. 4.3C. Hill-parameters extracted from the stimulus-response curve were:
h=75 Vs =10,K,, =14

[113]). Our model demonstrates that the even simpler module of a branching signaling molecule also
results in ultrasensitivity.

To characterize the steepness of this 'lagged sensitivity module’, we compared its response to a
Hill-type reaction (see Methods).

*
1-cle

Fig. 4.6 shows the reaction velocity V of the Hill-formula, compared to R¥ _ -production of the
lagged sensitivity module (stimulus-response curve) as a function of EGF-stimulation . To generate
the stimulus-response curve, we chose the same parameter set as for Fig. 4.3C as a reference. From
this curve we extracted the Hill-coefficient h, V4, and K,, to compute the corresponding Hill-curve,
which will be used as a reference curve later on. Clearly, the lagged sensitivity module produces a
comparably steep response as a Hill-reaction.

The Hill-kinetics given by equation (1) is merely a phenomenological model in that it includes
no explication for the underlying mechanisms causing the ultrasensitivity. It primarily serves as a

descriptive model that can be used to quantify the sigmoidality of a computed or measured response.

Contrary to that, biological interpretation substantiates the lagged sensitivity module. The ul-
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Figure 4.6: Comparison between Hill-type response and lagged sensitivity. Plotted are steady-state
values of R _¢ie (lagged sensitivity) and reaction velocity V (Hill-kinetics). Parameter and initial values
used were the same as for Fig. 4.3C. Hill-parameters extracted from the stimulus-response curve were:
h=75 Vye =10,K,, =14
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Figure 4.7: Comparison between stimulus-response curve (with Hill-coefficient h) and corresponding
Hill-curve for selected ry values. Here, kcqe = 1.0 and ki was varied. Plotted are steady-state values
of Ri_cie (lagged sensitivity, blue) or reaction velocity V (Hill-kinetics, magenta)

trasensitivity is caused by the higher binding kinetics with which the EGF receptor enters CDE.
The threshold EGF concentration of CIE-internalization corresponds to the initial amount of CDE-
adaptors. Finally, the model predicts that the initial number of free receptors must be higher than

the capacity of CDE in order to observe CIE-internalization at high EGF-concentrations (Fig. 4.3).

4.8 Robustness of solution

It has been argued that biologically functional modules or pathways need to be robust against vari-
ations of reaction parameters and protein concentrations in order to ensure proper functioning [78].
The concept of robustness refers to the 'purpose’ of a certain module or pathway: it is expected that
intracellular network structures have undergone an evolution that guarantees their proper functioning
independently of precise parameter values [78].

To transfer this concept to the question of receptor sorting into alternative pathways, we asked
to what extent the functioning of the here described module depends on exact parameter or initial
values. As afunctioningd we defined the clear-cut sorting of the receptor into distinct routes, namely
CDE at low, respectively CDE and CIE at high ligand concentrations.

The key parameter and initial concentrations that affect the strength of the switch effect are the

initial concentrations of CDE- and CIE-adaptors as well as ry = lfjﬁ“. Obviously, the ultrasensitive

response will be steeper the higher the difference in binding kinetics for the respective pathways is,
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i.e. the greater ry. We systematically varied ry and from each thus obtained stimulus response curve
of Rf .-values extracted the Hill-coefficient h as a measure of steepness (see Methods). We also
computed the mean deviation between the obtained stimulus response curves and the reference Hill-
curve (Fig. 4.7), showing that for considerable variations of ry the stimulus-response curve remains
approximable by a Hill-curve.

In Fig 4.8A we plotted the steady-state values of Ri_cqe and Ricie (Vinaz values of the stimulus-
response curves) as a function of initial adaptor values CDEy and CIEy. Here, Ry and EGFy were

chosen 1.5. Consider the curve for R ;. (blue). For initial adaptor values such that CDEq + CIEy <

i_cie
Ro, EGFy (see arrow), the curve is largely independent of CDEq and increases linearly as a function of
CIE( up to the threshold of 1.5. The independence of CDE( reflects the fact that if neither receptors
nor ligand are limiting for the internalization reaction (steady-state class II), the steady-state amount
of receptor internalized via CIE is solely dependend on the initially available number of CIE-adaptors.
Outside of this range, R} ;. decreases with increasing CDE( and becomes zero for CDEy > 1.5 (cf.
Fig 4.3A). R} 4, (orange curve) is largely independent of CIE, and increases linearly with CDEq up
to the threshold of 1.5 when ligand or receptor number become limiting.

The threshold of CIE-internalization (K, of the stimulus-response curves) is independent of CIEg

(for CIEq > 0) and is equal to CDEq as shown in Fig 4.8B.

4.9 Role of Receptor modifications

It is well-known that ligand-induced receptor modifications in the form of phosphorylation and/or
ubiquitination play a functional role in signaling and contribute to the specificity of adaptor-binding.
However, our analysis focused on the question, whether for a precise sorting of receptors into the
two alternative endocytosis pathways discussed here a discriminative modification is necessary. In
this light, R.EGF, which in our model indicates the activated receptor species capable of interact-
ing with the endocytosis adaptors, could also represent an already modified form of the receptor.

To illustrate this point, we extended the model as given in Table 4.1 to include the binding of the
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Figure 4.9: Plotted are steady-state values of R;_cqe (blue) and R; cje (green) as a function of EGF-
stimulation (EGF) for the extended model, including receptor ubiquitination. The switch effect is
preserved under the assumption of receptor modifications.

ubiquitin-ligase Cbl followed by ubiquitination of the receptor (see protocol S2 for equations). Again,
we tested whether the assumption that both pathways consume the thus modified, i.e. the same, form
of receptor would comply with the observation of an ultrasensitive response of CIE-internalization to
increasing EGF-stimulation (see Fig. S4.9). We found that the response of CIE is comparably steep
as for the previous, simpler model (Fig. 4.3C), proving that the existence of receptor modifications

prior to internalization does not affect our results.

4.10 Ultrasensitivity with inclusion of receptor modification

We extended the model in Table 4.1 for binding of the ubiquitin-ligase Cbl and subsequent ubiquiti-
nation as an example of ligand-induced receptor modification. For this, we assumed Ubiquitin (Ub)

to be present in non-limiting amounts, so that the differential equations for the extended model read:
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d(EGF)/dt —k¢ * EGF % R + k, * R.EGF

d(R)/dt

—k¢ * EGF * R + k, * R.EGF

d(R_EGF)/dt k¢ * EGF * R — k, * R.EGF

7k0an1 * R.LEGF * Cbl

“Fkoﬁ‘cb] * RLEGF_Cbl

d(Cbl)/dt = —koncyr * R.EGF % Cbl

+kogob * RLEGF_Cbl

+kcathl * R_LEGF_Cbl

d(R.EGF_Cbl)/dt = kencl * R.EGF # Cbl

—kOﬂerl +* RLEGF_Cbl

_kCathl +* RREGF_Cbl

d(R.EEGF_Ub)/dt = keatcnl * R.EEGF_Cbl
—Kege * R.EGF_Ub % CDE
—keie * R.EGF_Ub * CIE
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d(CDE)/dt = —kege * R.EGF_Ub CDE

(4.10.1)

(4.10.2)

(4.10.3)

(4.10.4)

(4.10.5)

(4.10.6)

(4.10.7)



Here, koncbr and kogep) are the rate constants for the association and dissociation of Cbl to ligand-
bound receptor R_EGF, and k¢atcp) is the rate of the ubiquitination step. In Fig. 4.9 we plotted the
steady-state values of receptor internalized via CDE (Rj_¢qe, blue) and CIE (Rj_cie, green), respectively.
Clearly, the response is comparable to the results of the simpler model (Fig 4.3 C). The rate constants
and initial values : k¢ = 1.0, k. = 0.01, koncpr = 1.0, kogopr = 0.01, Kearcnt = 1.0, kege = 1.0,

keie = 0.01, Rg = 2.0, Cbly = 2.0, CDEy = 1.0, CIEg = 1.6. All other initial values are zero.

4.11 Discussion

Our analysis reveals that a simple activation reaction (ligand binding) with subsequent branching of
the activated molecule (receptor) is capable of producing nontrivial dynamics such as ultrasensitivity.
Generally, a feedback-loop, multisite-modification or cooperative binding mechanisms are assumed
to be a prerequisite for such a behaviour [139, 187, 8, 90, 123, 128]. In particular, for the EGF
receptor, a cooperative binding effect of the ubiquitin-ligase Cbl during the ubiquitination reaction
has been proposed to be necessary for the observed switch-effect of CIE internalization [70]. Our
analysis reveals that imposing weaker assumptions on the internalization machinery, namely that the
two pathways are entered with distinct affinities, is sufficient to explain the observed switch-effect.

The lack of knowledge about the true parameter/initial values was accounted for by systematic
variations over broad numerical ranges. The robustness of the switch-effect to exact parameter values
argues for the plausibility of the introduced mechanism.

Mathematical models addressing the problem of receptor sorting into alternative endocytosis path-
ways do not currently exist. Previously proposed hypotheses based on experimental data only have
not been able to give a satisfying answer to this question [111, 88, 2, 172, 55, 73, 71]. Generally, the
problem is considered at the ’single-molecule-level’ : a single receptor is envisioned, which is thought
to enter either the CDE- or the CIE-route (see Figure 4.1). This picture misleadingly implies the
necessity of a discriminative receptor modification.

Instead of thinking in terms of individual entities, we propose to consider the dynamical properties
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of a system of interacting molecule populations. Applying methods from the theory of dynamical
systems, we were able to conceive that an increase in the ligand concentration above the capacity
of the CDE-pathway qualitatively alters the system behaviour by enforcing an alternative steady-
state (Fig. 4.3, Table 4.2). Our model states that an abrupt, switch-like start of CIE occurs if
the extracellular EGF concentration exceeds the capacity of the CDE machinery. This proposes an
interesting implication of the regulation of receptor sorting: the cell achieves the switch-effect ’for
free’ since no extra cost has to be invested into a discriminative receptor modification. It can be
assumed that cells have evolved to optimize energy efficiency [39]. Utilizing the kind of dynamics
introduced here, where just one form of receptor is consumed by both pathways, could thus constitute
an evolutionary advantage.

A second major observation we draw from the model is that the lagged sensitivity mechanism
provides a means for an individual cell to sense its surrounding medium: clathrin-independent en-
docytosis is switched on precisely when the extracellular ligand concentration exceeds the number
of CDE-adaptors. One might interpret this mechanism as a protein module, i.e. a small interac-
tion network acting as a computational element, whose purpose is to store and process information
22, 79, 19).

One might argue that the simplicity of the model impairs its abilitiy to uncover unanticipated re-
sults. While an initiation of clathrin-independent endocytosis upon saturation of the clathrin pathway
might have been proposed without mathematical modeling, the unexpected steepness of this switching-
behaviour as well as its robustness could not have been revealed by intuition alone [2, 111, 55]. Fur-
thermore, we showed that extending the model by allowing a modification of the receptor does not
increase the steepness of the response. Thus, we conclude that a modification of receptor is not re-
quired to discriminate between the pathways. This does notably not exclude the possibility that a
modification of the receptor might have been chosen by nature to ensure proper endocytic sorting.

Finally, we want to emphasize that the generality of our model makes it applicable to ultrasen-

sitivity in signaling processes other than the here discussed problem of receptor sorting. In fact, an
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ultrasensitive response will emerge from any cellular situation, in which a key branching molecule (e.g.
activated receptor R_EGF) alternatively binds two types of molecules (e.g. CDE or CIE), one of them
with a much greater affinity (e.g. kede > Keie). The complex corresponding to the low affinity binding
(e.g. Rij_cie) will only be produced significantly if the amount of the branching molecule exceeds the
initial amount of the dominant binding partner (e.g. CDEy).

In summary, we revealed the dynamical consequences of an interaction motif, whose molecular
basis has already been well established experimentally. Our mathematical model not only reproduces
well-known experimental findings. It rather describes the sorting of receptors into different endocy-
tosis routes and provides a novel explanation for achieving an ultrasensitive response of CIE without
assuming any receptor modification to discriminate between the pathways. Because of the weak as-
sumptions underlying our model we conclude that the here described mechanism of lagged sensitivity
might be a general motif of ultrasensitivity in cellular signaling in contexts other than EGF receptor

endocytosis.
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Chapter 5

Experimental investigation of EGF
receptor sorting into clathrin- vs.

caveolin-dependent endocytosis

In order to experimentally test the theoretical prediction derived in the previous chapter, we monitored
EGF-induced EGFR endocytosis by confocal microscopy using Rhodamine-tagged EGF. We used an
automated imaging approach to detect features of the internalized vesicles over time, such as size and
intensity (sections 5.1 and 5.2). In order to describe endocytic trafficking we evaluated colocalization
of Rhodamine-EGF with Clathrin or Caveolin at various stages along the endocytic route in HeLa
cells stably expressing GFP-tagged versions of these proteins. We found that while Rhodamine-EGF
strongly colocalizes with GFP-Clathrin at early time points of induction (< 2min), colocalization with
GFP-Caveolin mainly occurs most pronouncedly at stages after the actual internalization step (>
2min) (section 5.2). To further elucidate the role of Clathrin or Caveolin during EGFR endocytosis
we selectively inhibited the clathrin-mediated pathways by overexpression of a AP180 truncation

(AP180-mut)[207, 59] or the caveolin-pathway by RNA interference against Caveolin-1. We found
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Figure 5.1: Automated detection of vesicles and colocalization HaCat cells were stimulated
with 100 ng/ml Rhodamine-EGF (A) for 15 minutes and then stained for EGFR (B) by immunofluo-
rescence. Colocalization is indicated in yellow in the overlay (C) as well as the segmented image (D)
as produced by ColocalizationFinder.java. (E) shows detected number of EGF (red), EGFR (green)
and EGF vesicles colocalizing with EGFR (yellow)

that while overexpression of AP180-mut effectively prevented EGF as well as Transferrin uptake,
downregulation of caveolin-1 did not inhibit EGF internalization (section 5.3.1). This, together with
the results of colocalization, suggests that caveolin participates in EGFR intracellular trafficking rather

than internalization.

5.1 ColocalizationFinder: an ImageJ plugin for automated

image analysis of vesicle features and colocalization

In order to be able to extract characteristics about endosomes, such as size and colocalization with en-
docytic markers, we developed a JAVA-based programme, ColocalizationFinder.java. The running pro-
gram, full source code as well as a HTML-documentation can be found under http://www.ibios.dkfz.de/schmidt-

glenewinkel.
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In order to test (a) the ability of our image analysis tool to detect colocalization as well as (b)
identify the timeline for which EGF remains associated with EGFR upon internalization, we stimulated
cells with Rhodamine-EGF for various timepoints and used antibody staining against EGFR.

As a control to test the segmentation and colocalization results as produced by the software, we
used cells stimulated with Rhodamine-EGF for 20 minutes and stained for EGFR by immunofluores-
cence (Figure 5.1). We expect to detect similar numbers of vesicles in each channel as well as close
to 100% colocalization. As can be seen, the software faithfully detects vesicles numbers as well as
colocalization events,

We conclude that our imaging tool is suited for automated detection of colocalization. Further,
Rhodamine-EGF can be used as a marker for internalized EGFR until at least 20 minutes upon

internalization.

5.2 EGF colocalizes with GFP-Clathrin at early and with

GFP-Caveolin at later timepoints upon internalization

In HeLa cells, clathrin-dependent as well as clathrin-independent/caveolae endocytosis pathways have
been described [172, 99].

Endocytosis consists of various steps, including translocation of ligand-bond receptors within the
membrane prior to the actual internalization step, followed by intracellular trafficking to certain
destinations [88, 43] In order to elucidate at which steps of these processes clathrin or caveolin-
pathways play a role, we determined colocalization of EGF with clathrin or caveolin at various time
points of stimulation. For this, we used HeLa cells stably expressing either GFP-Caveolin (GFP-Cav
cells) or GFP-Clathrin Light Chain (CLC) (GFP-Clath cells) that were stimulated with Rhodamine-
EGF and imaged by confocal microscopy to assess at which timepoints of after induction, the receptor
was following which endocytosis pathway.

Figures 5.2 and 5.3 show microscopy results of GFP-Clath or GFP-Cav cells stimulated with
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Figure 5.2: GFP-Clath HeLa cells were stimulated with 100 ng/ml Rhodamine-EGF for the indicated
time points, fixed and imaged as described. Images were background substracted (see section 5.1).
Colocalization is indicated in yellow and marked with white arrows. Purple arrows indicate the loss
of colocalization of EGF with clathrin in late endosomes (> 10 minutes)
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Figure 5.3: GFP-Cav HeLa cells were stimulated with 100 ng/ml Rhodamine-EGF for the indicated
time points, fixed and imaged as described. Images were background substracted (see section 5.1).
Colocalization is indicated in yellow and marked with white arrows.
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100 ng/ml Rhodamine-EGF for the indicated timepoints, respectively. Prior to imaging, cells were
fixed. Shown are background subtracted images of the GFP and Rhodamine channels as well as the
overlay. Colocalization is indicated in in yellow. White arrows mark EGF vesicles colocalizing with
GFP-Caveolin (Figure 5.3) or GFP-Clathrin (5.2).

It can be seen that shortly after stimulation (< 2 minutes), EGF vesicles begin to form. At
these early time points, these endomes are characterized by a small size and a close location to the
plasma membrane. At longer time point of stimulation, the EGF vesicles increase in size, which is
due to fusion processes [88, 129]. This maturation from early to late endosomes is accompanied by a
translocation from the plasma membrane to the perinucelar region of the cell.

Figure 5.2 shows that colocalization of EGF and Clathrin occurs immediately upon internalization
(2 min). These EGF vesicles which colocalize with Clathrin and form right after internalization, are
typically small and are located close to the plasma membrane (Figure 5.2 (2’) (colocalization is marked
with white arrows) and Figure 5.4, upper row). As vesicles mature, the colocalization with clathrin
is lost (Figure 5.2 (> 10 minutes), indicated by purple arrows.).

The opposite is observed when co-trafficking of EGF with GFP-Caveolin is monitored (Figure 5.3).
After 2 minutes of stimulation, very little colocalization is observed (white arrows). At later timepoints
of stimulation, however, the typical larger EGF vesicles frequentely colocalize with Caveolin (purple
arrows) in Figure 5.3.

Figure 5.4 illustrates this again. Shown are GFP-clath (upper row) or GFP-cav (lower row) cells
that were stimulated with 100 ng/ml Rhodamine-EGF for 2 (left) or 20 (right) minutes. Colocalization
is shown in yellow and marked with white arrows. It can be seen that while at 2 minutes strong
colocalization is observed between clathrin and EGF, only little colocalization between EGF and
caveolin occurs. At 20 minutes, this relationship is shifted and colocalization of EGF is strongest with
caveolin.

These results suggest that whereas clathrin is mainly involved in the actual internalization step,

caveolin might predominantly function in intracellular trafficking of EGF containing vesicles.
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Figure 5.4: GFP-Clath (upper row) or GFP-Cav (lower row) HelLa cells were stimulated with 100
ng/ml Rhodamine-EGF for the 2 (left) or 20 minutes (right), fixed and imaged as described. Shown
are the segmented images. Colocalization is shown in yellow and indicated by white arrows.
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Cotrafficking of EGF- and Caveolin-vesicles

The maturation of internalized EGF vesicles from early to late endosomes is characterized by an
increase in vesicle size due to fusion events. Since we observed that EGF vesicles colocalized with
Caveolin along the endocytic route we asked whether the increase in size of EGF vesicles is also
reflected in the population of caveolin vesicles which colocalized with EGF.

To determine this we stimulated GFP-Cav cells with Rhodamine-EGF for different time lengths,
fixed and imaged the cells. Figure 5.5 shows original images (upper row) as well as segmented images
(lower row). Shown are overlay images of DAPI (blue), Caveolin (green) and EGF (red), colocalization
between EGF and Caveolin is indicated in yellow. The typical increase in size of EGF vesicles is
accompanied by an increase of size of the colocalizing caveolin vesicles.

From the segmented images we extracted the sizes of EGF or caveolin vesicles. Figure 5.6A shows
the average size of EGF (red) or Caveolin (green) vesicles at indicated time points of stimulation.
Plotted are the mean values of ca 60 cells (see Material and Methods), errorbars denote standard
deviation between three repetitions. It can be seen that while EGF vesicles increase in size over time,
the size of the Caveolin vesicle population remains largely unaltered. Nevertheless, Figure 5.5B shows
the same plot, separated into the Caveolin vesicles that do AA) or do not colocalize with an EGF vesicle
(V). We see that the EGF-colocalizing Caveolin vesicles mimic the behaviour of the EGF vesicles in

that they increase in size over time.
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Figure 5.6: Caveolin-1 vesicles colocalizing with Rhodamine-EGF increase in size over
time GFP-Cav HeLa cells were stimulated with 100ng/ml Rhodamine-EGF and fixed at the indicated
timepoints. Intensities of Rhodamine-EGF or GFP-Caveolin vesicles were determined as described.
(A) Intensities of EGF vesicles (red) or Caveolin vesicles (green) at indicated timepoints of EGF
stimulation. (B) Intensities of Caveolin vesicles that do (/) or do not colocalize with an EGF vesicle
(v) at indicated timepoints of EGF stimulation. Plotted are the mean values of 60 cells, errorbar
denote standard deviation.
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5.3 Effect of inhibition of clathrin-mediated endocytosis or
Caveolin-1 expression on EGF uptake and endocytic traf-
ficking

5.3.1 RNAi-kockdown of Caveolin does not reduce EGF uptake but in-

tereferes with intracellular trafficking

While it seems clear that there are pathways that lead from the membrane to the cell interior which are
clathrin-independent [149, 146, 159], the role of these pathways in EGFR endocytosis is controversial.
Some groups report that caveolin participates in the internalization step of EGFR and in fact con-
stitutes a pathway separable from clathrin-mediated endocytosis [172, 99, 149]. What speaks against
this model are reports that upon disruption of Caveolin-mediated trafficking using a chemical inhibitor
Nystatin, which deplets cholesterol from membrane and should thus disrupt lipid raft/cavaeolae re-
gions, EGF uptake is unaltered [98]. Further, through inhibition of clathrin-mediated endocytosis by
RNAi-mediated depletion of clathrin, EGF uptake is reduced efficiently, arguing against the existence
of an alternative pathway [87, 92].

We used an RNAi approach against Caveolin to investigate whether it is directly participating
in internalization of the receptor or whether its role is more in the intracellular trafficking of the
internalized receptor-ligand complex.

We first tested the efficiency of the shRNA to inhibit Caveolin expression in GFP-Cav cells. Figure
5.7 shows GFP-Cav cells transfected with shRNAi against Caveolin (left) or control DNA (right). Cells
from the same experiment were subjected to flow cytometry, see Figure 5.8. Figure 5.8 A (C) and B
(D) show histograms and scatterplots of cells transfected with control (Caveolin) shRNA, respectively.
E shows the quantification of GFP signal of gated cells.

GFP-Cav cells were estimated to express GFP-Caveolin at levels similar to the endogenous form

[147]). The flow cytometry as well as microscopy measurements suggested that the RNAi-induced
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Caveolin RNAI Control RNAI

Figure 5.7: Expression of RNAi inhibits GFP-Caveolin expression (microscopy) Cells were
treated as in Figure 5.8 and imaged by confocal microscopy. Transfected cells are marked by arrows.

downregulation of Caveolin is efficient in that transfected cells practically showed no GFP signal
(cf. Figure 5.7 and Figure 5.8E). It is assumed that the RNAIi targets the GFP- as well as the
endogenous form in a non-discriminative manner and we thus expect that in RNAi-transfected cells
overall Caveolin production is reduced efficiently.

We first evaluated the effect of Caveolin inhibition on intracellular trafficking of EGF. Figure 5.9
shows GFP-Cav cells that were transfected with control DNA (upper row) or shRNA against Caveolin-
1 (lower row) and treated with 100 ng/ml Rhodamine-EGF for the indicated time points. Shown
are segmented images. Control cells showed the typical trafficking behaviour: Vesicles colocalized
with caveolin as they moved away from the plasma membrane, towards the perinuclear region of the
cells (indicated by purple arrows). In Caveolin RNAi transfected cells (Figure 5.9, lower row) the
morphology as well as localization of EGF vesicles began to differ from that in control cells starting
at around 10-15 minutes of stimulation. At 5 minutes of stimulation EGF vesicles appeared normally:
internalized vesicles formed and were localized in the cell periphery. However, at 15 minutes of EGF
stimulation, EGF vesicles were still largely localized in the membrane near region (marked with white
arrows). Further, after 30 minutes of stimulation, while in control cells EGF vesicles showed the typical

appearance of late endosomes (increased size, localization to cell interior), vesicles in RNAi-positive
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Figure 5.8: Expression of RN Ai inhibits GFP-Caveolin expression (FC) GFP-Cav HeLa cells
were transfected with control DNA (A, B) or shRNA against Caveolin (C, D). Shown are histograms
(A, C) or scatterplots (B, D) of GFP signal.

130



Control RNAI

Caveolin

Caveolin RNAIi

Figure 5.9: Effect of Caveolin downregulation on EGF trafficking GFP-Cav HeLa cells were
transfected with control DNA (upper row) or shRNA against Caveolin-1 (lower row) and treated with
100 ng/ml Rhodamine-EGF for the indicated time points, fixed and imaged.

cells remained small in size and did not progress to the perinuclear region (purple arrows). These
results suggest that presence of Caveolin is not necessary for internalization of EGF but is needed for
proper trafficking along the endocytic route.

To further test the hypothesis that Caveolin is not needed for the actual internalization step of
EGFR, we utilized (normal) HeLa cells transfected with the Caveolin shRNA. In order to be able to
select those cells that were transfected by the DNA, we co-transfected the cells with BFP. The BFP
signal can then be used in flow cytometry tp select the cells that are transfected with the shRNA.
First, we tested the cotransfection approach in GFP-Cav cell co-transfected with BFP and shRNA(
Figure 5.10) GFP-Cav HeLa cells were co-transfected with BFP and shRNA against Caveolin-1 (upper

row) or control DNA (lower row) in a ratio of 1:2. Shown are histograms of BFP (left) or GFP signal
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Figure 5.10: Cotransfection with BFP can be used as marker for shRNA GFP-Cav HeLa cells
were co-transfected with BFP and shRNA against Caveolin-1 (upper row) or control DNA (lower row)
in a ratio of 1:2. Shown are histograms of BFP (left) or GFP signal (middle), as well as scatterplots
of the two (right panel, with GF'P or BFP positive cells).

(middle), as well as scatterplots of the two (right pane, with GFP positive cells marked green and
BFP positive cells marked in blue). It can be seen that presence of a BFP signal strongly correlates
with reduction of GFP-Caveolin and we thus conclude that co-transfection can be used to conclude
for the presence of shRNA in a given cell.

Figure 5.11 shows the results of flow cytometric detection of Rhodamine-EGF internalization in
HeLa cells co-transfected with BFP and shRNA against Caveolin-1 (upper row) or control DNA (lower
row) in a ratio of 1:2. Cells were stimualted with 100 ng/ml Rhodamine for 10 minutes. It can be seen
that downregulation of Caveolin expression (as marked by presence of BFP signal) does not affect
EGF internaliztion.

We conclude that Caveolin is not necessary for EGF internalization, but that it is involved in

trafficking of the ligand-receptor complex post-internalization.
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Figure 5.11: Downregulation of Caveolin-1 expression does not reduce EGF uptake HelLa
cells were co-transfected with BFP and shRNA against Caveolin-1 (upper row) or control DNA (lower
row) in a ratio of 1:2 and stimulated with 100 ng/ml Rhodamine-EGF for 10 minutes. Prior to
measurement, cells were acid-stripped to remove surface bound EGF.

133



Figure 5.12:

5.3.2 Inhibition of Clathrin-mediated endocytosis reduces, but does not

block EGF internalization

Clathrin-mediated endocytosis depends on the presence of a whole range of adaptors proteins which
are necessary for the assembly of the clathrin-cage (AP-2, EPS15 [14, 162, 15]) or to recruit receptors
to the forming pits (AP-2 [104, 31]) (see Introduction, page 29). Consequently, clathrin-mediated
endocytosis can be inhibited by disrupting the function of these adaptor proteins.

Inhibition of Formation of functional clathrin-coated pits can also be achieved by overexpression
of a truncated form of AP180 (AP180-mut), which functions during the recruitment of clathrin to the
membrane as well as its polymerization into cage like structures [59].

When overexpressed in HeLa cells, we found that AP180-mut efficiently inhibited the internaliza-
tion of Transferrin, a ligand that is known to be strictly dependend on clathrin-mediated endocytosis
(Figure 5.12 [132, 87]. This result is consistent with previous studies on HeLa or Cos cells [207].

In order to learn about the relationship between clathrin- or caveolin-mediated endocytosis and
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intracellular trafficking, we tested how disruption of the clathrin-pathway by overexpression of AP180-
mut affects (a) EGF uptake and intracellular trafficking, as well as (b) colocalization with Caveolin

and routing to perinuclear regions characteristic of late endosomes.

5.3.3 Overexpression of AP180-mut leads to accumulation of Caveolin in
perinuclear region, suggesting a connection between the clathrin-

and caveolae-pathways

We tested the effect of AP180-mut expression on EGF intracellular trafficking and colocalization with
Caveolin. Figure 5.13 shows GFP-Cav cells co-transfected with BFP and AP180-mut in a ratio of 1:2,
so that the presence of BFP can be used as a marker for the presence of AP180-mut (cf. Figure 5.10).
The first effect we noted was that, in the absence of EGF stimulation, AP180-mut expressing cells (as
indicated by BFP expression) showed a marked accumulation of Caveolin in the perinuclear region
(Figure 5.13, purple arrows). This was unexpected, since, to ourknowledege, a connection between
the clathrin-pathway as defined by requirement of AP180 and the caveolin pathway has not been
described.

The morphology and localization of these Caveolin-assemblies resemble lysosomal structures. When
inhibiting the lysosome with bafilomycin, we found a marked increase of total cellular GFP-Caveolin
levels, indicating that Caveolin gets constitutively degraded by the lysosome (not shown). Our results
hint at the possibility that functional AP180 is necessary for the lysosomal degradation of Caveolin.

The AP180-mut expressing cells also showed markedly different EGF internalization behaviour:
Up to 10 minutes after stimulation, hardly any EGF vesicles could be detected (Figure 5.13 white
arrows).

Figure 5.14 shows a different field of view from the same experiment, with a higher resolution and
enhanced image representation. Again, we see that the AP180 expressing cell shows accumulation of
Caveolin. The internalization and trafficking of EGF is altered: Internalization itself does not seem to

be inhibited completely as small vesicles very close to the membrane can still be seen. This would also
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Caveolin

Figure 5.13: Effect of AP180 overexpression on Caveolin distribution and EGF internal-
ization GFP-Cav cells were co-transfected with BFP and AP180 and stimulated with 100 ng/ml
Rhodamine-EGF for the indicated time points. BFP positive cells show an accumulation of Caveolin
in the perinuclear cell region in the absence of stimulation (purple arrows). Upon stimulation, AP180
expression cells show low or delayed EGF uptake (white arrows)
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Caveolin

Figure 5.14: GFP-Cav cells were co-transfected with BFP and AP180. Cells were stimulated with
100ng/ml Rhodamine-EGF and imaged. For clarity, shown are images with enhanced image repre-
sentation.

explain the results of the flow cytometry, according to which AP180 expressing cells still do internalize
EGF. Nevertheless, as can be seen in the microscopy images, the subsequent intracellular routing of
EGF vesicles is dramatically altered. Larger vesicles moving away from the membrane can not be

observed at all.

5.4 Discussion

We have applied confocal microscopy and evaluated colocalization of Rhodamine-EGF with GFP-
Clathrin or GFP-Caveolin in HeLa cells to investigated at which stages along the endocytic route the
ligand-receptor complexes assembles with the different markers. We found that while EGF colocalizes
with Clathrin during and immediately after internalization, colocalization with Caveolin was more
sustained and most pronounced at later stages (5-20 minutes of stimulation, cf. Figures 5.2 and 5.3).
This data suggested that Caveolin is not participating in the internalization step itself, which was
further confirmed by RNAi-mediated downregulation of Caveolin and flow cytometric detection of the
effect on EGF uptake (Figure 5.11). On the other hand, disruption of clathrin-dependent endocytosis
by overexpression of AP180 inhibited EGF uptake efficiently (Figure 5.14), although it seemed that

some internalization still took place, but only small vesicles close to the plasma membrane could
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be observed (cf. Figure 5.14) This result is interesting as one study reported that RNAi-mediated
downregulation of clathrin expression did not inhibit EGF uptake altogether but instead led to different
vesicle morphology, in that only small vesicles could be observed [87]. One interpretation of this result
could be that the clathrin-dependent internalization pathway which is specifically disrupted upon
AP180 expression is normally responsible to the classical 'vesicle maturation’ route from early to late
endosomes, whereas an alternative internalization pathway still functioning upon AP180 expression
leads to a different population of vesicles, possible recycling endosomes. In order to test in more
detail whether EGF uptake still occurred in AP180 overexpressing cells, Flow Cytometry should be
performed, since it is more sensitive than confocal microscopy. Further, the same experiment that
was done in GFP-cav cells (Figure 5.14) should be done in GFP-clath cells.

As already mentioned in the introduction (section 1.2.2, page 29), the role of clathrin-independent
(CIE)/caveolac-mediated internalization during EGFR endocytosis is discussed controversially. Ac-
cording to some reports, nystatin-treatment, which is thought to disrupt caveolae by cholesterol de-
pletion, has failed to affect the rate of EGF uptake [98] in Hela cells, which is challenged by other
reports [172].

Our results suggest that Caveolin is not required for the internalization of the receptor but for
proper intracellular routing, as in Caveolin-depleted cells vesicles seemed to be arrested in an earlier
endosomal stage characterized by small size and proximity to the plasma membrane (Figure 5.9). It
could thus be that Caveolin is required for routing the receptor to cellular compartments which are
needed for signal attenuation, which would then agree with the previously described role of caveolin
as a negative regulator of EGFR signaling [118]. A further sensible experiment would be to test for

receptor degradation upon Caveolin-depletion.
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Material and Methods
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Chapter 6

Experimental Procedures

6.1 Flow Cytometry

6.1.1 Laser and Filter

Samples were measured on a modified flow cytometer FC500 /MPL (Beckman Coulter). The standard
argon-Ton laser (488nm /20 mW, Cyonics) was removed and a Sapphire 488 nm / 20 mW and a
Compass 561 nm / 40 mW (Coherent) were installed on mounting platform (Figure ??) Additionally
the standard Radius 635 laser was swapped with a Radius 405 nm / 25 mW (Coherent). All three
lasers were aligned collinearly (Figure 6.2).

Spectra of the three fluorophores used in this study (BFP, GFP and Tetramethylrhodamine) as well
as emission filter setup used are shown in Figure 6.3 A and B, respectively. Alexa 546 or Rhodamine-
EGF labeled samples were analyzed with a 590/50 bandpass filter (indicated by red shading in Figure
6.3A). The same filters were used for DPSS 488-nm and 561-nm measurements. GFP or BFP labeled
samples were analyzed with a 488/25 or a 450/50 bandpass filter, respectively (blue or green shading

in Figure 6.3A).

140



Figure 6.1: Sapphire 488 nm /20 mW and Compass 561 nm / 40 mW lasers Top view on
Lasers mounted on a subchassis with steering mirrors (mirror mounts by Newport, beam combiners

by Chroma). The platform replaces the standard argon-ion laser.

Confocal Combining of Lasers

Excitation:
Sz rem S 1nm £8nm

561 rem

I 256110

Figure 6.2: Confocal Combination of Lasers Three laser beams are combined collinearly using
dichroic filters: Z561BCM-SP and Z405 BCM. Additional laser line filters were used to reduce back-

ground from laserdiode (bore glow).
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Figure 6.3: Emmission filter setup (A)Spectra of the fluorophores used in this study. Shown are
the excitation (dashed) and emission (solid) spectra of BFP (blue), GFP (green) and tetramethylrho-
damine (red). Indicated by shading in the corresponding color are the are the regions from which the
used filters collected the light. (B) Transmission of the optical filters used

142



6.1.2 Sample preparation

Cell were kept in culture as described. Prior to flow cytometry measurements, cells were washed with
PBS once and then kept in trypsin for 2 minutes. To break cell aggregates, samples were pipetted

once or twice before returning them in full medium to inactivate the trypsin.

6.2 Cell Culture

HeLa cells were kept in DMEM supplemented with 10% FCS (full DMEM). Cells expressing GFP-

Clathrin or GFP-Caveolin were kept in full DMEM plus 0.5 mg/ml G418.

6.2.1 EGPF internalization studies

Before EGF stimulation experiments cell were starved overnight in DMEM without FCS for at least
12 hours. Cells were stimulated by adding EGF (or Rhodamine-EGF) directly into the starvation
medium in the appropriate concentrations. To detect surface-bound as well as internalized ligand,
cells were washed in PBS only. To remove surface bound ligand, cells were treated with a low pH acid

buffer (50 mM glycine, 150mM NaCl, pH 3.0).

6.2.2 Transfection of cells, cell lines and plasmids

Transfection of HeLa cells with plasmid DNA was achieved using the Lipofectamine 2000 reagent. In
co-transfection experiments using two plasmids, a ratio of 1:2 of the respective DNA was used.

HeLa cells stably expressing GFP-Caveolin (GFP-Cav cells) were a gift from Lucas Pelkmans [149].
HeLa cells stably expressing GFP-Clathrin (GFP-Clath cells) were obtained from Ernst Ungewickell
[87].

The AP180 truncation mutant was obtained by Victor Laketa [59].
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6.3 Confocal microscopy

Fixed or living cells were imaged on a confocal laser scanning microscope TCS SP5 (Leica Microsys-
tems, Wetzlar, Germany) using a 63x oil immersion objective. A diode laser (A = 405nm) was used
for excitation of BFP. An argon (A = 488nm) and a helium/neon (A = 543nm) laser was used for

excitation of GFP or Rhodamine/Alexab46, respectively.

6.3.1 Sample Preparation

Living cells were imaged in imaging medium (DMEM without phenylred). For fixation, cells were

washed in PBS once, fixed in 4% PFA for 10 minutes on ice and then returned to PBS for imaging.

6.4 Image Processing

6.4.1 Image Background Reduction and Segmentation

The first step in vesicle detection and colocalization analysis is image segmentation. In general,
segmentation of an image refers to the process of partitioning a digital image into distinct regions
(objects) such that a binary image is created. The simplest method of creating a binary, segmented
image is to set a threshold value for each pixel

For our purpose of detecting endosomal vesicles from confocal microscopy images I found the
following method most suitable. In the first step, a background image is calculated from the original
image by applying a mean filter: each pixel value in the original image is replaced with the mean
(‘average’) value of its neighbors, including itself. This has the effect of eliminating pixel values which
are unrepresentative of their surroundings The process is exemplified in Figure 6.4. Figure 6.4A shows
the original image, Figure 6.4B shows the result of the mean filter computation. In the second step this
'mean’ image is subtracted from the original one in a pixel-by-pixel manner (Figure 6.4C), resulting
in an image which is less blurred and contains less background noise. Simply applying a global gray

value threshold on this background reduced image then yields a binary, segmented image ( 6.4D).
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Figure 6.4:

Figure 6.5: Vesicle detection From the binary image characteristics about each detected vesicles
are obtained so that they become computer-recognized objects with certain characteristics such as
position in the x/y-plane, size and intensity. (cf. Figure 6.6)
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8ane Results ,

|Area |[BX [BY Width [Height [IntDen | -
277 1 295 4111 1 255
278 1 244 4121 1 255
279 1 0 4131 1 255
280 2 263 4131 2 510
281 23 267 414 6 5 5865
282 7 3 4155 3 1785
283 1 22 4171 1 255
284 13 252 417 5 5 3315
285 B 259 4185 | 2040
286 7 277 4183 3 1785
287 48 280 418 13 8 12240
288 1 04 419 1 1 255
289 7 259 423 4 2 1785
29011 0 4245 4 2805
291 5 239 425 4 3 1275
292 33 2By 425 9 7 8415
293 1 253 4261 1 255
294 3 255 4263 i 765
2985 3 251 42813 1 765
296 2 285 4302 1 510
297 1 255 4311 1 255
298 18 279 4319 5 4590
299 2 264 432 2 2 510
300 1 2 4361 1 255
301 2 258 439 2 2 510
302 1 257 4411 1 255 m
303 1 259 4431 1 255
304 2 268 445 2 1 510 H

Figure 6.6: A list obtained with information about each detected vesicle Through the vesicle
recognition procedure information about each detected object is obtained, such as location, size and
intensity
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This binary image can then be used for the object recognition process (Figure 6.5), during which

information about each detected vesicle is obtained (Figure 6.6).

147



Chapter 7

Differential equations

7.1 Modeling internalization with a single pathways (chapter
3, page 81)

7.1.1 Deriving r(t) for non-constant RE,

From

d(RE.)

= —k; - RE,
dt

we obtain

RE,(t) = REq - e Ft.

Further, we have

RAES + Rz = RAEso + ]%i() = RAEso

due to conservation of mass and Ry = 0, so that

Rz(t) = RAESO — RAES = RAESO _ RAESO . e—];;i.t.
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This leads to

Ri . RFSO(I — €_k1t) kbt

’I“t - ~ — =
0 RE, RE e Ft

Deriving the second derivative of r(t) with inclusion of Ic

The dynamics of reaction scheme (R1):

RE, +IC ™ RE,

are given by a single equation:

- 1.

(R1)

d(RE)/dt = d(IC)/dt = —d(RE;)/dt = —k, - RE, - IC

Again, due to mass conservation,

Ri(t) = RE4 — RE,

as well as

IC;(t) = RE, — REy + ICy.

Thus we have

d(RE,)
dt

and

IC(t) = RE4 — RE,
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The first derivative of r(t)

and

7.2 Modeling of endocytic sorting into two pathways (section

4, page 97)

REg - k2 -

RE - k2 -

7o, 18 given by

(RAES() — RE, y
RE,
~RE.-RE, - RE. - (REy — RE,)
RE

S

NI
-~ RE
_RESO%

S

. —ky-REJRE,— RE. + IC
_RE,, 2 ( - 0+ 1C))

RE

S

. E, — RE + I
RE,, - kofEs ~ B0 £1C0

S

-RE, — RE(RE, — RE + ICy)

~ 2

RE

S

(RE4 — ICy)

7.2.1 Numerical Simulations and Steady-State Analysis

To numerically solve the systems of equations (1.1 - 1.7) we used the MATLAB ODE15s function.

The existence of distinct classes of steady-states was derived as follows: The system of ODEs

150



exhibits four independent equations, namely equations (1.1), (1.3), (1.4) and (1.5). To obtain the
values of the variables that represent a steady-state, we simultaneously set these equations equal to
zero and solved for the variables.

Setting equations (1.4) and (1.5) equal to zero yields

—kege * R.EGF % CDE = 0 (1.4)

—keie * REGF « CIE =0 (1.5

Since all kinetic constants are assumed to be positive, one derives that either R_-EGF* or both CDE*
and CIE* have to be zero. Consider the case that R.EGF* = 0. Then, from setting equations (1.1)

and (1.3) equal to zero, i.e.

k¢ * EGF * R — k, * R.EEGF = 0 (1.1)

ke * EGF * R — k, * R.EEGF

—kede * R.LEGF % CDE (1.3")

—keie * RREGF x CIE =0
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it follows that either R* or EGF* have to be zero. We have thus derived steady-state class I (see
Results). Consider now the second case derived from equations (1.4’) and (1.5’), namely that CDE* =

0 and CIE* = 0. Substituting these values into equation (1.3), one obtains

k
R_EGF* = k—fEGF* «R*, (1.3)

which also leaves equation (1.1) equal to zero. This second set of values represents steady-state class

IT (see Results).

7.2.2 Approximability by Hill-curve

In order to assess the steepness of the derived switch-effect, we compared the obtained stimulus-
response curve to the switch-effect described by the Hill-formula. This formula was originally intro-
duced as a phenomenological model to describe the binding of oxygen to hemoglobin [86] and later

often used to for cooperative enzyme reactions :

Vimax * X8

V= .
Kh +xh

(3.1)

Here, V denotes reaction velocity, Vi,ax the maximal velocity, x the substrate concentration, Ky, the
substrate concentration where half-maximal velocity is reached and h, the Hill-coefficient, represents
the steepness of the response.

In order to investigate the sensitivity of the switch-effect of CIE-internalization on specific pa-
rameter values, we adapted a procedure applied in [21]. We systematically varied reaction param-
eters and initial values of the model (equations 1.1 - 1.7) using equidistant sampling points. For

each thus obtained set we computed the stimulus-response curve and extracted the Hill-coefficient as
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h= log(ml;))g% [90]. Here, x¢.1 and xg9 are the EGF-concentrations where 10% or 90% of the
maximal response is reached, respectively.

To evaluate the approximability of the stimulus-response curve by the Hill-equation, we computed
the mean deviation between the obtained stimulus-response curves and a reference Hill-curve. In this

way we formally determined a broad range of parameter values for which an ultrasensitive response

of CIE-internalization occurs (Fig. 5 and Fig. 6).
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