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ABSTRACT

The erbB1 receptor regulates cellular programs including proliferation, migration,
and differentiation and is the prototypical receptor tyrosine kinase (RTK). The erbB
family consists of four homologous transmembrane receptors (erbB1/HER1/EGFR,
erbB2/HER2, erbB3/HER3, erbB4). Canonically, ligand binding leads to an extracellular
conformational change that promotes the formation of a receptor-mediated back-to-back
dimer, asymmetric orientation of the catalytic kinase domains, and downstream
transphosphorylation of cytoplasmic tyrosine residues. Exceptions to this paradigm are
the orphan erbB2 and the kinase defective erbB3. The erbB receptors are implicated in
mechanisms of carcinogenesis and are, thus, important therapeutic targets. Antibodies
and small molecule inhibitors have been used to target cancer cells expressing erbB1
and erbB2, however, tumors often become resistant to treatment. Recent evidence
implicates erbB3 in escape from erbBl- and erbB2-targeted pharmacological agents.
Therefore, understanding the function of these receptors and their interactions with
each other is important for designing better therapeutics.

Here, we investigated erbB dimer formation and lifetime using live cell imaging
and an analytical three-state Hidden Markov Model (HMM). First, multi-color quantum

dot (QD) based probes that label resting or activated receptors were used to directly

viii



observe dimerization and quantify diffusion and correlated motion. Second, pairwise
analyses of single particle trajectories in our HMM are used to characterize transition
rates between free, confined, and dimerized states. We examined preformed,
unliganded erbB1 homodimers and demonstrate that these do not display correlated
motion and that observed dimers are short lived. Interestingly, liganded erbB1 dimers
have the same off rate regardless of the activation status of the kinase domain. We
further describe features of membrane organization, in particular demonstrating
differential partitioning of activated receptors that alters mobility and permits repeated
interactions within domains.

Important mechanistic insight comes from our novel observations of short lived
erbB2-erbB3 heterodimers and long lived erbB3 homodimers. Prior biochemical studies
suggested that the erbB2-erbB3 heterodimer was the functional signaling unit. Our
single patrticle tracking results are consistent with a new model for an active erbB3
kinase domain that is dependent on interactions with erbB2. Furthermore, our data
indicate that erbB3 dimers and, ultimately, oligomers may be the principal signaling
complex. This work demonstrates the importance of membrane architecture and
reorganization in signal transduction and sheds new light on mechanisms of erbB

activation with unprecedented spatial and temporal resolution.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Cells must finely tune their responses to environmental cues in order to survive,
promote differentiation and proliferation, and modulate other essential mechanisms.
This is accomplished through transduction of extracellular signals through the plasma
membrane into the cytoplasm and nucleus, controlling enzymatic activity and genetic
programs. Although stringent regulation of cell signaling is necessary to maintain
homeostasis, the details of the spatiotemporal control of these pathways are still poorly
understood. The dynamics of cell surface receptors, including diffusive characteristics,
spatial distribution, and interactions with binding partners must be better characterized
to understand how these parameters impact signal integration. In particular, studying
these properties in the context of the cell membrane is essential to understand how
membrane composition and fluidity affects protein-protein interactions and clustering
(Singer and Nicolson, 1972; Metzger, 1992).

The work presented here addresses some of these important issues with a focus on
the erbB family of receptors. The following sections of this introduction describe erbB
signaling, with a focus on mechanisms of receptor dimerization and the role of
membrane reorganization on signaling. Next, the specific biophysical and analytical
techniques that are applied to studying receptor dynamics at the single molecule level
are described. Finally, this section closes with an overview of results presented within
this dissertation, including the central hypothesis and the significance of this body of

work.



1.2 Quantitative approaches to erbB1l receptor activation, signaling, and

regulation

1.2.1 Key Words
EGFR/erbB1, receptor tyrosine kinase, receptor-mediated dimerization, tetramer, single
molecule fluorescence, FRET
1.2.2 Abstract

Due to its complexity, the spatiotemporal control of erbB receptor dynamics has
been of longstanding interest and the subject of extensive investigation, innovation, and
debate. As canonical models for signal transduction, these transmembrane proteins
have provided the prototype for many other cellular pathways and mechanisms.
Biophysical studies to investigate erbB activation, signaling, and regulation have used a
variety of approaches from biochemical to microscopy techniques. Mechanisms of erbB
receptor dynamics have largely relied on structural studies that suggest the sequential
formation of a dimer with extracellular symmetry and intracellular asymmetry. Recent
investigations into the structure of the domain-bridging juxtamembrane sequence
reconcile some outstanding questions about erbB activation and highlight a role for this
region to stabilize the kinase dimer. In addition, approaches based on fluorescence
imaging have permitted live cell monitoring of erbB dynamics. Data from these new
methods refine the model for erbB receptor activity and the reactions that occur
proximal to the plasma membrane, from ligand binding to downstream phosphorylation
and adaptor protein recruitment. In this chapter, we highlight the molecular mechanisms
of erbB receptor activation that have emerged from biophysical approaches, with an

emphasis on fluorescence-based techniques.



1.2.3 Introduction

The identification of oncogenic mutations in proteins has led to ongoing efforts to
better characterize the subtleties of protein-protein interactions that lead to the aberrant
phenotype (Zhang et al., 2007). Under physiological conditions, receptor tyrosine kinase
(RTK) receptors are implicated in normal growth, differentiation, adhesion, and cellular
migration events. These transmembrane receptors are found in a variety of cell lineages
and coordinate normal development. In the disease state, aberrant signaling by RTKs is
often associated with poor outcomes. Despite decades of investigation into RTK
function, many fundamental questions about the spatiotemporal regulation of receptor
signaling dynamics remain unanswered.

The erbB family of RTKs is comprised of four homologous plasma membrane
spanning receptors whose archetype member, the Epidermal Growth Factor Receptor
(EGFR or erbB1 or HER1) is the main subject of this chapter. These ~170-180 kDa
receptors share an architecture based on three principal domains: a ligand binding
ectodomain, a transmembrane domain, and a cytoplasmic region associated with
tyrosine kinase activity (Figure 1.1). The intracellular and extracellular domains are
further subdivided into functional units that have been implicated in receptor activation
and downstream signaling. Upon binding of the epidermal growth factor (EGF) ligand,
the extracellular domain of erbB1 undergoes a conformational change from a tethered
configuration to an extended one. In this conformation, the ectodomain of the receptor is
poised to form the characteristic back-to-back dimer that serves as the activated and
signaling competent complex (Mattoon et al., 2004). A family of structurally similar

ligands potentiates the signaling of erbB receptors, leading to combinatorial complexity



in the formation of homo- and heterodimers, and, ultimately, clusters of receptors. The
erbB2 and erbB3 members are exceptions to the general architecture and activity of
these RTKSs; the former has no cognate ligand and the latter was formerly believed to
have limited, if not absent, intrinsic kinase activity (Yarden and Sliwkowski, 2001).
Dimerization of erbB receptors is classically considered as the initiating event in
signal transduction by these RTKs and involves substantial domain rearrangements in
the extracellular domain upon ligand activation. Domains | and Il contain the ligand
recognition motifs, whereas domains Il and IV contain critical cysteine residues involved
in the formation of disulfide bonds that stabilize the dimer. Domain II, in particular,
contains a dimer arm motif that is occluded during normal tethering. Upon activation and
release of the intermolecular tether, domain Il is exposed and can interact with other
receptors. Dynamic untethering permits the exposure of the dimer arm in absence of
ligand, due to a small energy barrier that has been calculated for the reorientation of
domains | and Il that is associated with ligand binding (Ferguson et al., 2003; Mattoon

et al., 2004) (Figure 1.1).



Figure 1.1 — Major domain rearrangements take place upon activation of erbB
receptors. A. Binding of epidermal growth factor (EGF; yellow) to erbB1 brings domains
| and Ill into close apposition (red, green, respectively) and permits intermolecular
interactions of cysteine residues in domains Il and IV of the extracellular domain (blue,
purple, respectively). The dimer arm of domain Il contributes the majority of the stability
to the dimer. The transmembrane domains of receptors (orange) are thought to interact
through the GXXXG motifs during dimerization (Lemmon et al., 1994). The cytoplasmic
domain has three components: the juxtamembrane domain (black) which forms coiled
coils upon dimerization, the catalytic kinase domain (pink; shown oriented with the N-
lobe pointing toward the inner leafleft of the plasma membrane and the C-lobe toward
the cytoplasm) involved in the asymmetric dimer, and the cytoplasmic tail (brown). Each
of these three components contains tyrosine residues that may become phosphorylated
upon receptor activation. B. Domain reorientation and rotation in response to ligand

binding (Ferguson et al., 2003).

Ferguson provides a very thorough review of the insights that high resolution
crystal structures have provided in understanding erbB signaling mechanisms
(Ferguson, 2008). In that article, structural changes that occur upon receptor activation
are extensively discussed. In the absence of a structure of the intact receptor, a
comprehensive model of the domain rearrangements associated with signaling is

difficult to assemble. Most importantly, erbB1 has been shown to differ from other RTKs



in the formation of a 2:2 EGF:erbB1 dimer, rather than the 1:2 ligand:receptor dimers
that had been shown for closely related RTKs such as the insulin receptor (Burgess et
al., 2003; De Meyts, 2008). For the latter, divalent ligands may crosslink receptors and
activate downstream signaling, including autophosphorylation of tyrosine residues in the
cytoplasmic tail and recruitment of adaptor proteins. The phosphorylated tyrosine
residues serve as docking sites for adaptor proteins containing the Src homology
domain 2 (SH2) (Pawson, 2004).

Upon the formation of an extracellular dimer, the erbB1 cytoplasmic tails reorient to
form an asymmetric intracellular dimer. The N- and C- lobes of the kinase domain
associate in an antiparallel fashion that is favorable for transphosphorylation (Figure
1.1). This configuration leads to an activation mechanism analogous to that seen in the
interactions of cyclins (Zhang et al., 2006b) and their activators, leading to the use of
the terms, “activator” and “receiver” to specify the enzyme and substrate components of
the complex.

Structural studies of RTK activation form the basis of our understanding of
mechanisms of activation and signaling initiation. However, newer methods have been
developed to further detail erbB receptor regulation. Here, we highlight efforts to
observe the intact receptor within the cellular membrane as a means of understanding
real time receptor dynamics. This chapter focuses on biophysical characterization of
membrane-proximal events in erbB1 activation and signaling including:

i. Ligand-induced conformational changes and receptor dimerization
ii. Membrane environment rearrangements

iii. Tetramerization, oligomerization, and clustering



iv. Structural dimerization conferred by juxtamembrane domain interactions

v. Phosphorylation of cytoplasmic erbB1 residues

vi. Interactions with adaptor proteins

vii. Endocytosis
The concepts presented here, while focused on erbBl may be applicable to other
members of the erbB family and, more generally, to other transmembrane receptors
whose signaling is driven by dimerization and clustering.
1.2.4 Structural insights into juxtamembrane domain activation

A substantial recent advance in our understanding of erbB signaling is the
characterization of the juxtamembrane (JM) domain by two independent groups (Jura et
al., 2009a; Red Brewer et al., 2009). This domain is divided into part A, that contains a
helical motif, and part B that interacts directly with the kinase domain (Figure 1.1).
Phosphorylation of a threonine residue (Thr654) within the A sequence leads to reduced
internalization of erbB1 (Lund et al., 1990). This finding is consistent with a model for
inhibition of catalytic activity of the cytoplasmic domain that precludes adaptor protein
and endocytic machinery recruitment.

The juxtamembrane domains are autoinhibitory in other members of the RTK
family (Hubbard, 2004). Jura, et al. analyzed the cytoplasmic domain of erbB4, including
its JM, and Brewer, et al. crystallized a construct of erbB1 containing the entire JM
domain (Jura et al., 2009a; Red Brewer et al., 2009). Mutations analysis was used by
both groups. In the case of the erbB4 cytoplasmic tail, the JM-A segments could form a
coiled-coil as shown using nuclear magnetic resonance. Furthermore, deletion of the

JM-A led to diminished kinase activity, suggesting its role in stabilizing the activated



dimer. Unexpectedly, the erbB1 crystal by Brewer, et al. does not demonstrate the JM-A
dimer expected from the Jura model, which may be explained by the different construct
lengths used in these studies. One important caveat is that measurements in the
absence of the intact receptor are difficult to equivocate.

Results of Jura, et al. suggest that the formation of a symmetric kinase domain
dimer may represent a non-signaling complex. The C-terminal tail may block the C-lobe,
preventing the activating phosphorylation event. This could explain the lack of signaling
in preformed dimers that have been reported (Jura et al., 2009a; Hofman et al., 2010).
The transition that takes place to transform an autoinhibitory, symmetric dimer to a
signaling competent, asymmetric one remains unclear. The role of the JM segment in
the activation mechanism of erbB1 remains incompletely elucidated but the potential for
this bridging sequence to control events in erbB1 signaling seems considerable.

1.2.5 Negative cooperativity

Just as the soluble extracellular domain of erbB1 (SEGFR) was important to early
crystallographic studies of receptor homodimerization, this recombinant construct has
also been invaluable in the early investigations of EGF ligand binding affinity and the
kinetics of dimerization (Lemmon et al., 1997; Dawson et al., 2005). Furthermore, these
kinds of studies have been invoked to understand the concave up Scatchard plots that
are characteristic for EGF binding to SEGFR (Lemmon et al., 1997). Such plots derived
from biochemical measurements suggest bimodal ligand binding affinity states (high
and low). Based on structure alone, an increased ligand binding affinity is expected
upon dimer formation due to accessibility of domains | and Ill in the membrane proud

conformation. Importantly, the curvature of Scatchard plots implies negative



cooperativity in ligand binding to erbB1 and suggests that the transition from 1:2
ligand:receptor hetero-complex to a 2:2 homodimer should be entropically unfavorable
(Wofsy et al., 1992; Lemmon et al., 1997; Klein et al., 2004).

The formation of the asymmetric tail dimer may be interpreted to correlate
structure, mechanism and the Scatchard plot characteristics. In this case, inside-out
regulation of signaling could take the form of altered conformation that promotes or
impairs ligand binding. Negative cooperativity has been argued in models for receptor
dissociation that lead to signal amplification (Macdonald and Pike, 2008). The loss of
affinity in a 1:2 ligand:receptor dimer could alter downstream interactions with adaptor
proteins and molecules within the membrane.

Evidence for positive cooperativity has been suggested by an amplified
phosphorylation response that exceeds a 1:1 stoichiometric ratio with ligand added
(Ichinose et al., 2004). However, it is unclear if a second ligand binding event occurs in
the immediate vicinity of the first. Furthermore, this phenomenon may relate to the
monomer-dimer equilibrium, rather than simply accounting for receptor affinity for
ligand. The argument for positive cooperativity is based on the energetic contribution
that the kinase dimer may make to extracellular conformational stability.

1.2.6 ErbB1 dimers, tetramers, and higher-order oligomers

The formation of erbBl complexes through homoassociation has been
characterized using biochemical approaches including chemical crosslinking,
immunoprecipitation, small angle x-ray scattering, and sucrose gradient centrifugation
(Boni-Schnetzler and Pilch, 1987; Sherrill and Kyte, 1996; Lemmon et al., 1997; Moriki

et al.,, 2001). From these studies, the formation of erbB1 homodimers suggests that



these species constitute the minimal signaling unit (Lemmon et al., 1997; Ferguson et
al., 2003). However, direct mechanistic evidence of dimer formation and function using
the full-length protein and the live cell context remained elusive until the development of
sophisticated imaging approaches.

Fluorescence imaging has revolutionized cell biology by providing a toolbox to
observe cellular phenomena in situ (Lidke and Wilson, 2009). In particular, single
molecule approaches have pushed the resolution of imaging well beyond the Rayleigh
limit and permitted observation of individual proteins with nanometer accuracy. These
high precision imaging approaches have bridged the atomic level information of crystal
structures with molecular level details of receptor behaviors and spatial distributions.
Several fluorescent probes can be employed in single molecule measurements. Organic
dyes and genetically expressed protein tags are useful in monitoring the entire
population of erbB receptors simultaneously. Paired dyes that have overlapping spectral
properties are useful in approaches that demonstrate the spatial relationship between
closely apposed species and will be explained in greater detail in a subsequent section.
Complementation assays using fluorescent markers have also been used to provide a
high throughput method for screening erbB1 interaction partners (Blakely et al., 2000).
Quantum dots (QDs) are particularly important probes due to their bright signal and
optical characteristics, which permit long-term observation of individually labeled
macromolecules. The combination of ensemble and single molecule approaches has
provided both insight and controversy in understanding erbB signal activation and

transduction.
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Lidke, et al. demonstrated successful derivitization of biotinylated EGF ligand
with QDs to create a novel probe to detect and monitor the behavior of activated erbB1.
In addition to using EGF-QDs to monitor the diffusion of receptors, Lidke, et al. were the
first to describe a mechanism for retrograde transport of erbBl receptors along
filopodial projections toward the cell body using a mechanism that is coupled to actin
dynamics (Figure 1.2). Using a potent inhibitor of erbB1 kinase activity, PD153035, this
work further demonstrated that the signaling competent 2:2 dimer is the fundamental
signaling unit (Lidke et al., 2004, Lidke et al., 2005a). Diffusion measurements based on
mean squared displacement (MSD) on the filopodia are consistent with other

coefficients reported for erbB1 (Appendix A) (Lidke et al., 2005a).

Figure 1.2. Binding of QD-EGF to cell surface erbB1 leads to activation. A. QD-EGF

ligand binds to erbB1 receptors and colocalizes with GFP-erbB1. B. Activated receptors
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are internalized. C. erbB1 receptors are visualized on cell projections called filopodia
using QD-EGF (Arndt-Jovin et al., 2006).

An intriguing feature of erbB1 diffusion is the effect of dimerization and signaling
on its magnitude. Some reports indicate that a two-fold slowing in receptor mobility
reflects successful dimerization, however this parameter was not directly measured
(Xiao et al., 2008; Chung et al., 2010). Single-color QD tracking of erbBl using a
cumulative squared displacement approach (CSD) to monitor the K721M mutant that
lacks catalytic activity highlighted kinetic stability conferred to dimers by the domain Il
dimer arm (Chung et al., 2010). Work in our group implementing a multi-color QD
tracking method demonstrates that a two-fold decrease in diffusion is observed for
liganded receptors that enter a membrane microdomain and that an ultimate 6-fold
decrease in mobility marks the formation of a signaling competent dimer. Furthermore,
this diffusional slowing is dependent on kinase domain function. In the presence of
PD153035, ligand-bound receptors form dimers whose mobility decreases by only a
factor of two compared to the monomeric form of the occupied, inhibited erbB1.
Importantly, these observations were based on direct visualization of erbBl
homodimerization and diffusion characterized on state-dependent analysis of single
molecule trajectories resulting from fitting using a 3-state Hidden Markov Model (HMM).
This approach has also permitted extrapolation of receptor interaction kinetics and
direct measurement of resting receptor behavior.

Dimers have been detected in the absence of ligand binding and a role for so-
called preformed dimers, or predimers, is the subject of some debate (Gadella and

Jovin, 1995; Moriki et al., 2001). In particular, the existence of predimers at steady state

12



(Burgess et al., 2003), or as a function of receptor overexpression, has been queried to
understand basal activation and signaling as well as a source of hyperactivity and a
sensitized calcium response (Uyemura et al., 2005). ErbB1 receptors observed by total
internal reflection fluorescence (TIRF) microscopy showed almost instantaneous two-
fold increases in intensity at sites of soluble, fluorescent ligand binding, suggesting
activation was promoted by the initial presence of 0:2 or 1:2 dimers. This would also
provide some support for the positive cooperativity model since the binding of the first
ligand in the dimer permitted rapid binding of a second ligand and, thus, the increased
collected emission. These ligand bound dimers demonstrated downstream activity
based on the binding of a fluorescently labeled antibody recognizing a phosphotyrosine
residue on the cytoplasmic tail of erbB1l (Sako et al., 2000). Preformed resting
complexes were also suggested to be enriched in the periphery of cells observed under
TIRF illumination with the potential to sensitize the cellular response to ligand activation
in an erbB1 density-dependent manner (Chung et al., 2010). The effect of receptor
number on the formation of preformed dimers was also argued using the number and
brightness (NB) approach that uses fluorescence signals within a region to quantify the
total receptors within the focal area (Nagy et al., 2010). On the contrary, preformed
dimer complexes have also been argued to represent non-signaling receptor units
whose distribution and behavior changes upon activation (Hofman et al., 2010). These
studies have taken advantage of another spectroscopic tool, Forster resonance energy
transfer (FRET).

FRET is a potent technique to demonstrate distances between molecules (Lidke

and Wilson, 2009). The non-radiative exchange of energy between two fluorophores
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from a donor of shorter wavelength to an acceptor of longer wavelength requires that a
small separation distance, r, of less than 10 nanometers (Energy « 1/r°). Measurements
of energy transfer between erbBl receptors using fluorescent ligand suggest both
dimerization and larger order clustering. Comparisons of homo-FRET between
endogenous proteins on live cells with those on vesicle preparations indicate energy
transfer that is dependent on oligomerization, rather than dimerization (Whitson et al.,
2005). This contrasts with two-color FRET detection that suggests dimers, despite the
anticipated separation of two ligands in the dimer having a separation exceeding 10 nm
(Sako et al., 2000). In addition to FRET approaches, image correlation studies
suggested that resting complexes comprised of at least two receptors per cluster
increase in number to approximately four proteins per cluster following stimulation
(Clayton et al., 2005). The efficiency of energy transfer suggests an equilibrium between
activated dimers and tetramers that may represent a transition between the monomer-
dimer steady state for resting receptors. Another study found that two FRET distances
can be detected between fluorescent ligand molecules (of approximately 8 and 5.5 nm).
This is consistent with a model using the crystal structures of back-to-back dimers
uniting with two other receptors, possibly interacting as another dimer, to form a
tetramer (Webb et al., 2008). These orientations may relate to the affinity status of the
receptor and could provide an activation cascade that depends on correct interactions
between the quaternary elements of the complex. While these kinds of studies provide
interesting mechanistic insight, ligand-bound receptors are observed in the presence of

unlabeled ones, making the findings difficult to interpret.
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In addition to forming dimeric and tetrameric complexes, erbB1 and its homologues
combine to form larger order oligomeric clusters. Mapping of receptors and adaptor
proteins by transmission electron microscopy (TEM) highlighted the role of clustering
and membrane patches in signal transduction (Wilson et al., 2004; Yang et al., 2007).
The rotational mobility of receptors has been shown to slow as cluster size increases
(Zidovetzki et al., 1986). This may relate to ligand binding affinity, which is suggested to
be higher in oligomeric complexes (Uyemura et al., 2005) and could result from
stimulation of resting clusters (Saffarian et al.,, 2007; Yang et al., 2007). The roles of
membrane components in clustering, endocytosis and microdomain organization have
been extensively studied and are the subject of section 1.1.8. Increases in receptor
cluster size are correlated with signaling, as demonstrated by studies showing tyrosine
kinase dependent clustering of erbB1 (Ariotti et al., 2010; Hofman et al., 2010). The
large-scale reorganization that takes places upon ligand stimulation has led to a model
for signal propagation that does not require all receptors within an oligomer to be
occupied with ligand.

1.2.7 Lateral signaling propagation

A model for the spreading of erbB signaling has been proposed that relies on
lateral propagation of phosphorylation along the membrane in a manner that cannot be
explained by diffusion of receptors alone. This spread is observed as early as 60
seconds following activation and persists for up to 15 minutes. The phosphorylation
status of receptors was monitored using a FRET-based technique that shows the
degree of phosphorylation exceeds the concentration of the stimulus in both whole cells

and semi-intact cellular membranes (Verveer et al., 2000; Ichinose et al., 2004).
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Furthermore, the phosphorylated sites are spatially separated from the locations of
stimuli as the EGF ligands in these assays are immobilized on beads (Verveer et al.,
2000). This supports a role for transient dimers in perpetuating activation signals but it
remains unclear if the interactions and signaling of singly liganded dimers differs from
that of preformed, unoccupied dimers (Figure 1.3).

The conclusion that erbB receptors alone spread the phosphorylation signal is
supported by studies using the Src family kinase inhibitor PP2 (Ichinose et al., 2004).
Large scale recruitment of cytoplasmic Grb2 may require as few as 20% of erbB1l
receptors to be ligand bound (Reynolds et al., 2003). Normal erbB signaling is regulated
by the balance of phosphorylation and dephosphorylation by kinases and
phosphatases, respectively. The production of hydrogen peroxide may be the normal
result of erbB1 activation, leading to inhibition of phosphatase activity and promote the
signaling cascade. This is supported by evidence that inhibition of hydrogen peroxide
activity abolishes the lateral signaling mechanism (Reynolds et al., 2003). Mathematical
models also demonstrate that equilibrium favors a high degree of receptor

phosphorylation (Reynolds et al., 2003).
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Figure 1.3. Lateral signaling propagation provides a mechanism to explain widespread
erbB phosphorylation after minimal stimulation by ligand. A. At rest, erbB1 is present on
the plasma membrane in the tether or extended conformation and preformed dimers
can occur in the absence of ligand. B. Following addition of EGF, signaling dimers form

and transphosphorylate tyrosine residues (shown as red circles). C. In lateral signaling
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propagation, activated receptors can phosphorylate nearby receptors, even without
ligand stimulation of those neighbors. D. After minutes, and as a consequence of
diffusion, the phosphorylated receptors may outnumber the ligand bound and dimerized

receptors.

The dynamics of clustering and signal propagation could have a more pronounced
importance in the disease state. In the case of aberrant signaling, conformational
stability of the extracellular domain could promote dimerization or altered kinase activity.
Another feature of lateral propagation could include a role for negative cooperativity in
dissociating activated receptors to diffuse to adjacent erbBs and relay the stimulatory
signal. Understanding the kinetics of dimerization can offer some insight into this
mechanism. The lifetime of singly liganded dimers is less than that of the 2:2 dimer,
suggesting that this erbB1 complex would require very rapid phosphorylation in order to
signal (Low-Nam, et al., Chapter 3). The kinetics of phosphatase and kinase activities
need to be better understood in order to fully comprehend the role for lateral signaling in
erbB activation.

1.2.8 ErbB1 endocytosis and membrane organization

The localization of resting erbB1 and the redistribution of the receptor upon
activation have been of broad interest and highlight the significance of the local
environment in modifying receptor behavior. Studies involving inhibition or depletion of
membrane components have demonstrated the complexity of erbB receptor partitioning.
Receptor clusters may be detected in so-called membrane rafts (Keating et al., 2008)
and erbB1 mobility is affected by cholesterol depletion, possibly through an actin-

mediated mechanism (Orr et al., 2005; Ariotti et al., 2010). The role of actin in
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modulating receptor behavior has been previously demonstrated (Andrews et al., 2008)
and may link activation to endocytosis.

A principal mechanism for the downregulation of signaling involves the
internalization of receptors and degradation or recycling to the surface. The route of
receptor endocytosis is unclear. Evidence suggests both clathrin- and caveolin-
mediated internalization that may be dependent on the extent of activation (Keating et
al., 2008; Xiao et al., 2008). Internalization may also play a role in signaling based on
evidence of erbBl activity from endosomes (Wang et al., 2002). Direct evidence to
corroborate receptor activation state with recruitment of endocytic machinery and the
route of internalization remains elusive.

1.2.9 Outstanding questions and future directions

Extensive investigations into erbB receptor dynamics have detailed mechanisms
for receptor activation, diffusion, interaction, and signaling. Microscopy, in particular,
has informed our understanding of receptors on live cells and has reconciled some of
the questions that biochemistry and structure alone cannot address. However, a
number of issues remain in order to assemble a comprehensive model of erbB
signaling. Some of these questions are listed below:

» Are dimers that interact for a few seconds actively signaling?

» What other downstream molecules can be observed to monitor signaling in real
time?

* What is the relationship between the affinity states of the receptor and the

conformation, density of erbBs?
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» Can activator and receiver kinases in a single dimer exchange roles in order to

allow phosphorylation to occur in all combinations of cis- and trans-?

As tools to investigate receptor dynamics continue to be developed and increase
our molecular level understanding of cellular signaling, we hope to reconcile some of
these questions. Importantly, many of these mechanisms are not mutually exclusive and
may contribute to cellular homeostasis and control of erbB behaviors. The advent of
fluorescence techniques to more directly observe these phenomena has provided great

progress and provides avenues for further discovery.

1.3 Single Particle Tracking and Hidden Markov Models

1.3.1 Single Particle Tracking Background

High spatial resolution is required to fully investigate and appreciate the dynamics
of erbB diffusion and protein-protein interactions. While ensemble measurements
provide valuable information about average properties of proteins, single molecule data
provide information on the full range of heterogeneous behaviors exhibited by cellular
macromolecules. A variety of single molecule techniques have been established in
order to monitor cellular behaviors in the sub-diffraction limited regime imposed by
conventional light microscopy approaches (Saxton and Jacobson, 1997). Single
particle tracking (SPT), in particular, provides both the spatial and temporal resolution
necessary (Anderson et al., 1992) to study the diffusion and dimerization of erbB
receptors on live cells. Single molecule methods take advantage of individual labeling of

a target with a polystyrene bead, gold particle, or fluorescent dye or protein. We take
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advantage of fluorescence approaches, based on the simple mechanism shown in

Figure 1.4.

Sy

So -
Figure 1.4. Jablonski diagram of the mechanism of fluorescence. The promotion of an
electron to an excited state (S;) occurs through the absorption of a high energy photon.
From this excited state, the electron undergoes relaxation which dissipates some
energy (to energy state S;) before the electron, ultimately, returns to the ground state

(So). This final step results in the emission of a photon of longer wavelength.

Specific conjugation schemes are used to control the stoichiometry of fluorescent
labeling of proteins and are explained in greater detail in Chapter 2. Visualization of
labeled targets is achieved using a variety of microscopy approaches. For SPT, target
proteins are labeled at a low density in order to resolve each probe with very high
precision (Saxton and Jacobson, 1997) and permit the tracking of particles over time.
Importantly, a high degree of sampling is required in order to capture the heterogeneity
characteristic of biological systems.

Live cell SPT is accomplished by imaging probes over time using either transmitted
light or fluorescent illumination. The advent of high-speed cameras has permitted rapid

acquisition of data at rates up to thousands of frames per second (Murase et al., 2004).
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Despite this capability, most data is collected at slower speeds to allow for sufficient
signal collection from probes at each frame in order to optimize fitting and tracking
during post-processing. This trade off between acquisition rate and signal-to-noise is a
delicate balance that must be optimized for each system of probes and cells. The signal
from polystyrene beads and gold is very high and does not diminish as a function of
time. However, these nanoparticles are very large and carry the disadvantage of
perturbing the normal dynamics of the labeled target (Saxton and Jacobson, 1997). On
the other hand, the smaller size of fluorescence-based probes is advantageous in
preserving normal molecular behaviors, but the photophysical properties of these
probes vary widely. Fluorescent dyes, proteins, and nanoparticles are imaged at slower
rates (equivalent to long integration times) in order to collect more signal and improve
localization accuracy, with theoretical precision of less than 1 nm (Jonas et al., 2006).
Lower intensity of illumination is also ideal in order to prevent loss of signal from
photobleaching. Another confounding feature of fluorescent probe emission is
intermittency (“blinking”) due to trapping of an electron in the so-called dark state
(Nirmal et al.,, 1995). Ongoing efforts are aimed at improving fluorescent tags to
optimize signal-to-noise and overcome the negative effects on probes associated with
prolonged imaging.

As explained in greater detail in Chapter 2, inorganic quantum dots (QDs) have
come to the forefront as superior single molecule probes. Conventional QDs are
nanometer-scale semiconductor crystals composed of a cadmium selenide core and
zinc sulfide coating (Michalet et al., 2005). Compared to typical organic dyes, QDs

provide a high signal-to-noise ratio, even under widefield illumination. These
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nanoparticles display an array of useful photophysical properties, including high
photostability, a high absorption cross-section, high quantum yield, and tunable
emission. They can be imaged at a rapid rate for long periods. All of these
characteristics are ideal for single particle tracking and provide the molecular scale
resolution needed for understanding erbB biology.

Analysis of single-particle tracking data requires fitting each QD to the point-
spread-function of the optical system followed by subsequent estimation of particle
coordinates at each time step (Anderson et al., 1992; Schutz et al., 1997; Cheezum et
al.,, 2001). Trajectories are assembled from high precision short tracks that are
determined to have a high probability of forming spatially and temporally independent
sequences of coordinates. Long trajectories are required to detect changes in diffusivity
within tracks, to sample different regions of the membrane, and to increase precision in
determining relative behaviors of pairwise tracks. The approaches that we employ to
analyze point emitters are detailed in Chapters 2 and 3 (Smith et al., 2010).

Analysis of SPT data within single trajectories or across data sets is used to extract
results that describe underlying biochemical and cellular processes. Of particular
interest is detection of space- or time-dependent behaviors that can manifest as shifts in
mobility or reflect changes in local environment or protein-protein interactions. Typical
parameters derived from single particle trajectories include diffusion coefficient and
estimation of confinement zone sizes (Kusumi et al., 1993). Vectorial displacement of
trajectories of different colors can be implemented to assess correlated motion on
interacting species (Andrews et al., 2008). Unfortunately, the aforementioned analyses

are insufficient to acquire kinetic on and off rates for individual dimerization events. As
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previously discussed, these parameters have been of great interest to erbB biologists
and modelers as a measure of receptor dynamics. We extend SPT data processing in
order to extrapolate characteristics of erbB dimerization directly from our live cell
measurements.

1.3.2 Hidden Markov Model Background

Hidden Markov Modeling (HMM) is a form of statistical analysis in which
parameters for the behaviors of “hidden” states are extracted from a set of observables.
It is based on a Markov process, which models the evolution of a memoryless system.
An HMM is defined by a number of model and observable states and the parameter set
that describes the probabilities of state transitions (Rabiner, 1989). It is not necessary to
identify the state at each time step; instead, an overall kinetic model is assumed for the
underlying process and its transitions. Previous applications of HMM approaches to
single particle datasets include analysis of DNA looping and actin cytoskeletal
dynamics. Monitoring DNA looping by excursion of a tethered polystyrene bead required
filtering of data due to diffusion of the bead that was independent of the nucleic acid
dynamics (Beausang et al., 2007). Our data sets do not necessitate this pre-processing
because movement of the QDs is small compared to the protein diffusion.

In this work, an HMM is developed and implemented to interrogate erbB receptor
dimerization and dimer lifetime, as measured by two spectrally distinct QDs overlapping
for varied time periods. Long observation times are also important in permitting
discrimination of mechanisms with slow kinetics. For dimerization of erbB receptors
under physiological and oncogenic conditions, we anticipated a range of interaction

rates. The distance between particles at each time step serves as the essential
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parameter in the model, with the ability to resolve the molecular-scale formation of a
dimer complex. The probability of protein-protein interactions is further modulated by
protein mobility and membrane microenvironment. The implementation of a three-state

HMM (free, domain-confined, and dimer states) is explained in Chapter 3.

1.4 Hypothesis

1.4.1 Hypothesis

This dissertation focuses on members of the erbB receptor tyrosine kinase (RTK)
family and investigates protein diffusion, dimer lifetimes and interactions within the cell
membrane using novel biophysical and computational approaches. This work
addresses the prior lack of mechanistic information about dimer formation, as well as a
paucity of quantitative parameter values for dimerization kinetics on live cells.

At the beginning of this project, | proposed the hypothesis that diffusional and

conformational dynamics of erbB receptors requlate homo- and hetero- dimerization,

initiating signal transduction. | further hypothesized that these important parameters are

perturbed by both mutation and inhibitory drugs.

To test this hypothesis, | set about to study erbB dynamics in both wild type and
mutant cells. Carefully planned experiments included pretreatments with erbB-targeted
therapeutic agents (laptinib, therapeutic antibodies). HMM analysis of single particle
tracking data suggested three interaction states for erbB receptors: free, confined, and
dimerized. As a result, | propose the following refinements to my central hypothesis: 1)

that differential levels of ligand occupancy affect erbB dimer off rates, influencing signal

initiation and duration; 2) that the local membrane environment impacts receptor
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encounter frequency; and 3) state-dependent changes in diffusional dynamics reflect a

modest contribution from the increase in size of dimers and a larger contribution due to

recruitment of cytoplasmic signaling partners. The molecular-level understanding that

results from these studies has addressed erbB signaling in ways that previous
approaches have not accomplished. Taken together, these experiments are expected to
demonstrate the complexity of erbB signal initiation and provide a means of
investigating these dynamics with high spatial and temporal resolution.

The structure of this work is shown in Figure 1.5. Chapter 2 provides details of
experimental approaches that have been developed in the laboratory and further refined
in order to address the problems of erbB dynamics and dimerization. The first section
explains the development and characterization of probes used in fluorescence
microscopy and single particle tracking. The second provides the approaches used in
acquiring SPT data and, in particular, the image processing methods used to quantify
receptor behaviors. Chapter 3 details the studies that have been performed to
characterize erbB1 homodimerization on A431. Chapter 4 applies the approaches
developed for erbB1 dimerization studies to erbB2 and erbB3. In this section, our
approaches provide particular insight into erbB3 biology and argue that this receptor is
an active kinase that is sequentially controlled by erbB2-erbB3 heterodimerization and
erbB3 homodimerization. Finally, Chapter 5 provides a discussion of all the studies
presented and focuses on the impact of our approaches to the field of membrane

biology.
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Chapter 2 Chapter 5

Methods

Discussion

Probes

Chapter 3

Plasma
Membrane

Single Particle Tracking  erbB1 homodimers erbB2 and -arbB

Figure 1.5. Overview of chapters in dissertation. Chapter 2 focuses on tools that are
developed and improved in this work. Dissection of erbB1 homodimerization follows in
Chapter 3. Extensions of these approaches to address questions related to erbB2 and
erbB3 dimerization are the subject of Chapter 4. Finally, discussion in Chapter 5

summarizes findings and highlights the insights into membrane biology, in particular.
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CHAPTER 2: PROBE DEVELOPMENT AND METHODOLOGY

2.1 Specific contributions

The following chapter details the methods that have been implemented, refined,
and developed during the course of this dissertation project. The first section on probe
development was written by the author. | made Fab fragments with help from Dr. Walter
Kisiel and the NHS ester labeling section was developed with contributions from Dr.
Amanda Carroll-Portillo and Samantha Schwartz. The biotin quantitation section is
excerpted from a chapter in Methods in Molecular Biology written by Diane Lidke,
myself, Patrick Cutler, and Keith Lidke. All of the other protocols in this section were
generated from my own notes and experiments.

The section on single particle tracking and data analysis using the Hidden
Markov Model includes parts of the Methods in Molecular Biology chapter, but | have
modified it for specific labeling and observation of erbB receptors. Furthermore, |
composed the HMM section at the end of the chapter, including generating example
data sets shown in the figures. The MatLab code provided in Appendix D was compiled
by me, but includes contributions from Keith Lidke and Patrick Cutler. The Notes
sections in each part of this chapter were mainly contributed by myself, but also include

information from the Methods in Molecular Biology chapter.

2.2 Antibody fragmentation and probe conjugation chemistries

2.2.1 Summary
Antibody labeling through covalent chemical crosslinking is a common strategy

used to specifically tag and monitor proteins of interest. There are several
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bioconjugation chemistries that permit antibodies and antibody fragments to be linked to
fluorophores for use in fluorescence microscopy. Here, protocols are described to: 1)
cleave antibodies to produce Fab fragments, 2) label using an NHS-ester linkage, 3)
reduce and label using thioether chemistry, and 4) characterize probes.

Keywords: antibody, VHH, NHS-ester, maleimide thioether, biotin, streptavidin

2.2.2 Introduction

Epitope-specific antibodies are commonly used to label proteins of interest and
provide a useful tool that is used to observe subcellular localization and behavior with a
high degree of specificity. Canonical immunoglobulins (IgG) are produced by immune
cells and are raised against many foreign molecules. A typical IgG molecule forms an
antigen-recognition cleft through the combination of heavy (VH) and light (VL) chain
variable regions (Figure 2.1). Variation in the genes encoding the VH and VL regions
confers a high degree of diversity to the IgG repertoire.

The generation of monovalent antibodies and antibody fragments is essential to
measurements requiring a 1:1 stoichiometry of labeling. In particular, studies involving
the dimerization of two individual proteins can be confounded by artificial crosslinking
induced by bivalent antibodies. The structure of an IgG is shown in Figure 2.1, with its
essential interchain disulfide bonds at the hinge region. These bonds can be cleaved
using enzymes and the use of the cysteine protease, papain, to produce Fab fragments
is described below. In addition to monovalent labeling using Fab fragments, the arm of a
heavy chain only Camelid antibody (VHH) can be used to singly label proteins and has
increased stability in the absence of paired heavy and light chains. Nanobody (VHH)

molecules have been shown to have high thermal stability and dissociation constants
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comparable to intact antibodies (Muyldermans et al., 2001; Dumoulin et al., 2002;
Holliger and Hudson, 2005; Harmsen and De Haard, 2007; Roovers et al., 2007).
Another strategy for labeling cell surface receptors is to conjugate ligands to probes; the
example of specifically tagging the erbBlligand, epidermal growth factor (EGF) is
explained here.

Reactive groups are required to conjugate dyes and other macromolecules to erbB
probes. Despite the diversity of the amino acid building blocks that proteins are
comprised of, only a few have the tunable characteristics that are useful for conjugation
schemes. The reactive primary amine groups that are found on Lysine (K) residues are
attractive candidates for linking protocols because side chain reactivity is pH-
dependent. These positively charged groups are usually outward-facing in the globular
structure of proteins and, thus, easy to access. The typical crosslinking involving K
residues uses reactive NHS esters to form peptide bonds (Figure 2). However, since
many proteins contain multiple K residues, control of labeling stoichiometry using this
approach can be very difficult. An attractive alternative modification approach takes
advantage of the reactivity of sulfhydryl groups found exclusively on cysteine (C)
residues. In higher-order protein conformations, cysteine residues are typically involved
in bridging polypeptide sequences through the formation of disulfide bonds, making
these groups inaccessible. However, these bridges are made available through
reduction procedures, making the use of this reactive group problematic in the case of
excess reduction that leads to protein denaturation (see Note 2.1). In this case, linkages

through sulfhydryls use reactive maleimides to create thioether crosslinks (Figure 2.2).
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A useful strategy to link to probes is through the high affinity interaction between
biotin and avidin proteins. Biotin is a naturally occurring, small molecule, vitamin H and
is 244 Daltons (Da) in size. Its affinity for tetravalent avidin glycoproteins (67 kDa) is on
the order of 10" M™, conferring a very high degree of stability to probes crosslinked
using this chemistry (Chapman-Smith and Cronan, 1999). Due to its high avidity,
conjugations based on biotin-streptavidin linkages require carefully regulated protocols
in order to achieve the desired 1:1 stoichiometry. The flexibility permitted by biotinylating
probes and introducing streptavidin Quantum Dots (QDs) on demand increases the
shelf lif