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Abstract

Protein-protein interactions are crucial in numerous cellular functions and biological processes
that take place inside our body. It is therefore not surprising that these interactions also govern
the response of our body’s defence mechanism, the so-called immune system, towards an
infection. Understanding how proteins interact entails studying the binding affinity (strength)
and the lifetime (duration) of the protein-protein interaction to better decompose how an
immune response is initiated and how we can explore this knowledge to treat diseases. In this
thesis, total internal fluorescence microscopy (TIRF) and single-molecule imaging were used
to observe and characterize protein-functionalized supported lipid bilayers (SLBs) interacting

with immune cells to obtain the binding kinetics of various protein-protein pairs.

In the first part of this thesis, the interaction between the rat CD2 (rCD2) adhesion protein and
its ligand rat CD481924 (rCD481924), a high-affinity mutant of the wild type rat CD48, was used
to establish a new method of obtaining single-cell binding affinities of T cells interacting with
SLBs using imidazole titrations. The results showed a relatively small spread in the rCD2-
rCD48t924 binding affinity values despite the considerable spread of receptor densities within
the cell population. The lifetime of the rCD2/rCD481924 interaction was also investigated using
single-molecule imaging and tracking displaying a similarly small lifetime spread within the
cell population. Using both these methods, the single-cell binding affinity and lifetime of the
cell population can be investigated and their spread can provide information concealed with

population-average techniques.

The second part of the thesis focused on the CD4 co-receptor whose role in initiating an
immune response is ambiguous. Even though the CD4 co-receptor increases the sensitivity of
T cell signalling manyfold, it binds to its ligand, peptide major histocompatibility complex II
(pMHCII), with the lowest binding affinity known to this day. The CD4-MHC II interaction is
so weak that adhesion molecules are needed to ensure a successful CD4-MHC II contact
formation. For this reason, the influence of an adhesion molecule, rat CD2, on the obtained
binding kinetics of the human CD4 co-receptor was initially examined showing that the
accumulation of CD4 was influenced when having a high concentration of bound CD?2 inside
the cell-SLB contacts. Later, the studies focused on the CD4-TCR-MHC II ternary complex
where it was demonstrated that the presence of L3-12 TCR strongly supported the CD4-MHC
II interaction by increasing the local density of MHC II inside the cell-SLB contacts. However,

the presence of TCR did not seem to significantly influence the specific affinity for CD4 to

16



MHC II. Lastly, CD4 binding studies showed that the co-receptor did not noticeably affect the
TCR-MHC 1I binding at physiological levels of hCD4 in the SLB.

17



Popular Scientific Summary

The immune system is our body’s defence mechanism whose role is to fight the viruses and
bacteria that infect our body. Eliminating these intruders, commonly referred to as pathogens,
is vital since they can cause various diseases such as the flu or the common cold. The immune
system’s defence is achieved with the help of specialized cells, called immune cells, which act
as an immune patrol inside our body that continuously circulate it in search of potential
pathogens. There are several immune cells protecting our body but the most prominent ones
are the antigen-presenting cells (APCs) and T cells. When an APC detects a pathogen, it engulfs
it and later presents a part of the pathogen, called an antigen, on its surface. This process is
critical because a subsequent interaction of the APC with a T cell, and more specifically a
highly-sensitive association between several specialized protein receptors between the two
cells, leads to the initiation of an immune response. With this process, the T cells raise the
immune alarm inside our body, informing all the different immune cells that there is a certain

pathogen present which needs to be eliminated.

The aim of this thesis was to shed some light into the crucial communication between proteins
presented on the surface of T cells and APCs. Studies of protein-protein interactions entail the
analysis of the so-called binding kinetics which consist of determining the strength (binding
affinity) and the duration (lifetime) of a protein-protein complex. This thesis, therefore, focused
on obtaining these two important parameters and on understanding their distribution within the
cell population. However, a cell such as a T cell is a very complex system composed of many
proteins that, upon successful contact with the APC, are able to communicate and induce very
complicated signaling cascades inside the cell. Therefore, with the aim of investigating the T
cell-APC binding, supported lipid bilayers (SLBs) are commonly used to replace one of the
immune cells with a simplified, artificial model system that facilitates the investigation of

individual protein-protein interactions upon cell-SLB binding.

The first project of this thesis focused on developing a novel method of measuring the strength
of a protein-protein complex with the aim of obtaining a value for every single cell-SLB
interaction, in contrast with pre-existing methodologies which need hundreds of cell-SLB
contacts to produce an average value for the binding of the whole cell population. I found that
the binding affinity (strength) distribution for a protein-protein binding within the cell
population was small indicating the high specificity of this interaction. Furthermore, I studied

the distribution of the lifetime (duration) of a protein-protein complex within different cell-
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SLB contacts and once more I obtained values with high consistency. The second part of the
thesis focused on a specific protein, called CD4 or CD4 co-receptor, whose role is vital in
initiating an immune response since it enhances the communication between T cells and APCs.
Due to the weak binding of CD4 to its binding partner, called major histocompatibility complex
II (MHC 1II), the presence of adhesion proteins is necessary to facilitate the CD4-MHC II
interaction. However, I demonstrated that the concentration of the adhesion proteins strongly
affects the binding behaviour of the CD4 co-receptor. By performing binding affinity studies
including the CD4 co-receptor and the critical T-cell receptor or TCR, I showed the differences
between an adhesion molecule and the TCR upon CD4 binding MHC II. In more detail, I
showed that the presence of the TCR strongly supports the CD4-MHC II interaction without
significantly influencing the binding affinity of CD4 to MHC II. Because TCR also binds MHC
I, T also performed studies showing that the presence of the co-receptor does not affect the

TCR-MHC II binding either.

Overall, the findings presented in this thesis could contribute to a better understanding of the

mechanisms of protein-protein interactions.
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Aim of the Dissertation
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Aim of the Dissertation

The aim of this thesis was to study and better understand the binding kinetics of proteins at
immune-cell contacts. In particular, my work focused on the CD4 co-receptor, a vital
membrane protein that can augment the sensitivity and activation of T cells. However, the exact
role of the CD4 co-receptor in T cell activation is particularly ambiguous due to the inherent
difficulty in studying such a weakly binding protein. In order to characterize such a weak
interaction, a novel binding affinity method was developed to obtain affinities of individual T
cells interacting with protein-functionalized SLBs. By using this original approach, it is
possible to evaluate the spread of binding affinities within the cell population while reducing
the measurement and analysis time significantly. Furthermore, single-molecule imaging and
subsequent tracking of distinct proteins diffusing on an SLB were employed in order to
estimate the distribution of receptor-ligand binding lifetimes within different formed cell-SLB
contacts. For the CD4 studies, the presence of adhesion proteins such as CD2 is vital as a means
to support contact formation and promote binding, therefore the first priority was to investigate
whether CD4 binding to its ligand MHC II is affected by the presence of auxiliary binding
molecules. The last part of the thesis focused on binding studies of the CD4-TCR-MHC II
ternary complex. Investigating the influence of CD4 to the TCR-MHC II complex revealed that
the presence of the co-receptor does not affect the TCR-MHC II binding affinity. On the other
hand, it was shown that the presence of TCR facilitates the CD4-MHC II interaction by
recruiting more MHC II inside the cell-SLB contact. However, the affinity of CD4 to TCR-
MHC 1I is of the same order of magnitude as that for binding free pMHC I1.
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1. A Short Introduction to the Immune System
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1.1 The Immune System and T-cell Activation
1.2 The Role of Co-receptors

1.3 The Role of Adhesion Molecules

1.4 Summary
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This chapter will provide a brief introduction to our immune system and highlight some of the
key cells and proteins that orchestrate this remarkable defence mechanism. The process by
which the presence of a pathogen triggers an immune response will be analyzed while

emphasizing the complexity of such an important biochemical process.

1.1 The Immune System and T-cell Activation

The immune system is an extraordinarily complex network whose function is to maximize our
likelihood of surviving while eliminating any infection such as microbes, viruses, fungi and
parasites. In vertebrates, the immune system consists of two overlapping systems: the innate
immune system and the adaptive immune system, distinguished by the specificity in their
response toward a pathogen (1). The innate immune response is the first line of defence and
consists of several physical and chemical barriers as well as phagocytic cells that target any
intruding organism with the general characteristics of a pathogen. On the other hand, the
adaptive immune system is antigen-specific, and its hallmark is the capacity for memory
permitting it to contribute to a more effective host response against pathogens when they are
detected for a second time. T and B cells together constitute the adaptive immune system and
while B cells provide humoral immunity by recognizing soluble antigens, T cells recognize
antigens as peptides bind to molecules on the surface of specialized immune cells. For the latter
case, a pathogen interacting with a phagocyte such as a neutrophil or a dendritic cell will get
engulfed and degraded into peptides, which are small amino acid sequences comprised
typically of 2-40 amino acids. Through this process, called phagocytosis, the formed peptides
are displayed on the surface of the phagocyte coupled with special transmembrane glycoprotein
receptors called major histocompatibility complexes (MHCs) (2). Immune cells which are able
to display parts of antigens on their surface are called antigen-presenting cells (APCs). It is
important to note that the MHC molecules are highly polymorphic allowing the expression of
a wide range of presented peptides. The majority of the peptides presented by the MHC
complexes on the surface of the APCs are endogenous peptides and only a few pathogenic

(agonist) peptides are presented after an infection.

Peptide presentation by an APC is not sufficient to induce an adaptive immune response.
Achieving this requires the interaction of the APC with one of the approximately 102 T cells
present in the human body (Figure 1.1) (3). T cells are a type of lymphocyte (white blood cell)

with each one bearing typically 40,000 identical special receptors, the so-called T cell receptors
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(TCRs), which are able to recognize with high selectivity and sensitivity trace levels of
different ‘foreign’ (pathogenic) peptide-MHC complexes among a plethora of ‘self’-peptides
(produced by the body) (4—6). Each T cell expresses a different TCR on its surface guarantying
an immense variety of possible interactions (7). In more detail, the TCR is composed of two
polypeptide chains, the a- and - chains, which are typically coupled with the signaling protein
cluster of differentiation 3 (CD3). The later signaling protein has long cytoplasmic domains
with tyrosine residues referred to as immunoreceptor tyrosine-based activation motifs (ITAMs)
(8). T-cell activation is a result of the interaction between an APC and a T cell, and more
specifically, the successful interaction of a TCR with an agonist peptide MHC. This interaction
leads to a complex biochemical cascade starting with the phosphorylation of ITAMs by the
lymphocyte-specific protein tyrosine kinase (Lck), the recruitment of a signaling protein called
zeta-chain associated protein kinase 70 (Zap70) to the TCR-CD3 complex, the activation of
the LAT scaffold protein and subsequent calcium signaling to name a few, processes that lead

to cytokine production and T cell proliferation marking the initiation of an immune response

).

Antigen Presenting Cell

| A
TCR/CD3

T Cell

Figure 1.1. Demonstration of the phagocytosis process in which engulfed pathogenic proteins

are degraded into peptides and the subsequent interaction of an APC with a T cell.
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Despite its significance in initiating an immune response, there are several obstacles concerning
the interaction between the TCR and the corresponding MHC. To begin with, TCR and MHC
are both small membrane molecules with approximately 7 nm in size while the cell surface is
covered by a cushion, hair-like layer of approximately 40 nm in height, the so-called
glycocalyx. This layer, formed by glycolipids and glycoproteins (e.g. CD45 and CD43), is
negatively charged hence it provides an electrostatic and steric barrier hindering any TCR and
MHC engagement (10, 11). Moreover, T cells must be able to recognize a remarkable low
amount of agonist peptide MHCs on the surface of APCs among a vast amount of ‘self’
peptides and even though it has been shown that T cells can be activated in the presence of
fewer than 10 agonistic peptide MHC molecules, it is not understood to this day how this can
be achieved. (5, 6, 12). Lastly, there are specific proteins that inhibit the T-cell activation which
therefore need to be excluded from the formed contact between the T-cell and the APC for a
successful immune response. For example, the kinetic-segregation model claims that the first
step in TCR triggering is the exclusion of the CD45 glycoprotein from the cell-cell contacts

since it contains an intrinsic phosphatase domain able to dephosphorylate tyrosine (13).

On the other hand, there are several membrane proteins including co-stimulatory receptors and
adhesion molecules whose function is to facilitate the initial cell-cell contact formation and, in
this manner, actively contribute to T cell activation. Due to their significant role in initiating
an immune response, these biomolecules will be discussed in more detail in the next sub-
chapters. It is noteworthy to mention that a successful antigen detection will result in an
extended contact formation between the APC and T cell surfaces. During this process, several
surface proteins together with the TCR-MHC complexes accumulate and reorganize into
specific domains according to their specific protein binding energies, densities and heights (14—
16). This formed contact area, the so-called immunological synapse, covers an area of 50-100
pum? in which the TCR-MHC complexes are surrounded by an integrin family of adhesion
molecules in a ring-like structure (15, 17). The immunological synapse forms within a few
minutes of TCR-MHC engagement and it is considered essential in the stabilization of the T
cell-APC interaction which leads to downstream signaling and to a successful T cell activation
(15, 18). However, it has been shown that active signaling, indicated by activated kinase
recruitment, takes place before the formation of a mature synapse which raises further
questions about the exact functions of the immunological synapse in T cell triggering (19, 20).

Figure 1.2 illustrates the complexity of cell-cell contact formation between a T cell and an APC
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depicting some of the numerous constituents present on a cell membrane such as lipids, proteins

and glycosides.

Proteins Cell-cell contact formation

Glycocalyx

Figure 1.2. Schematic illustration of an APC in contact with a T cell showing the complexity
of the cell membrane due to its various lipids, glycosides, and proteins. Membrane protein

interactions form the immunological synapse leading to T cell activation. Figure adapted from

@1).

1.2 The Role of Co-receptors

The T cells are characterized by the kind of TCR that they express on their surface but also by
some specific proteins called co-receptors (22). The term “co-receptor” was employed to
emphasize their importance in the signaling process and most T cells express either CD4 or
CDS8 co-receptors distinguishing the two preeminent classes of T cells, helper T cells and
cytotoxic T cells, respectively. Helper T cells recognise MHC class II-bound antigens produced
by the process of phagocytosis and, upon activation, they produce cytokines to activate multiple
effector mechanisms, especially the antibody production by the B cells. On the other hand,
cytotoxic T cells kill infected or cancerous cells preventing any further cell division as a result
of recognising MHC class I-bound antigens. Despite their important role in T cell activation,
in part due to their association with an activating kinase (23, 24), there are still many questions

concerning the function of those two co-receptors in APC-T cell interaction especially since
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they both bind their respective ligands weakly (25-27). In particular, the experimental
difficulty in elucidating the role of CD4 is owed to its very low binding affinity which is the

lowest of any other protein-protein interaction known to this day (27).

1.3 The Role of Adhesion Molecules

There are several adhesion molecules whose presence is considered a dominant factor for a
successful T-cell activation. For example, it is established that the CD2-CD58 interaction is
considered critical in supporting the initial contact formation between a T cell and an APC (28—
31). Different signaling models attempt to describe how the various adhesion molecules assist
the cell-cell contact formation but how exactly these binding events take place and their role
during the immunological synapse formation remains unclear (32, 33). It is nevertheless
generally recognized that the interaction between adhesion molecules is essential in
overcoming the repulsion of the glycocalyx and in positioning the two opposing membranes at
an optimum intermembrane distance (34). It is also accepted that the adhesion molecules are
important in increasing the sensitivity of the TCR for its agonist peptide MHC and hence lower
the threshold for activation (15, 33, 35), even though TCR and peptide MHC can bind and
signal without the presence of these assisting molecules (14, 36). It is lastly recognized that
weak binding interactions strongly depend on the addition of adhesion molecules to ensure
contact formation, thus adhesion molecules are vital in studies on immune cell adhesion and

communication.

1.4 Summary

Overall, the T cell and APC interaction is crucial for a successful adaptive immune response,
however, there has been significant controversy about the molecular mechanism of T cell
receptor activation and downstream signaling. Furthermore, the explicit role of the numerous
proteins involved in the cell-cell contact formation and their exact contribution to the initiation
of an immune response is not fully understood. This long-lasting debate in T-cell activation
demonstrates the need for further research in the field of protein-protein interactions and for

developing new biophysical models to better understand how an immune response is initiated.
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2.Supported Lipid Bilayers and Microscopy
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In Chapter 2, I will provide a theoretical background of the applied techniques used for the
work presented in the following chapters. An emphasis will be given on supported lipid bilayers
as a model system to quantify individual protein-protein interactions and on the various

microscopy techniques available for image acquisition.

2.1 The Cell Membrane

The cell membrane is a thin semi-permeable biological membrane whose function is to protect
the cell from its external environment, to regulate both passive and active transport of essential
nutrients across it and to transmit cellular signals (37-39). The view of the cell membrane and
its functions has changed substantially over the past decades. It has been almost a century of
cell membrane research from Overton’s suggestion that cell membranes are composed of lipids
until Singer and Nicholson proposed the fluid mosaic model which is extensively accepted
today (40). According to this model, the structure of the plasma membrane can be described as
a mosaic of components with a high degree of lateral diffusivity and flexibility on a fluid

membrane (40).

In more detail, the cell membrane consists primarily of several building components. Lipids
are the most abundant element of a biological membrane consisting of a polar (hydrophilic)
head group and one or two apolar (hydrophobic) hydrocarbon chains. From the numerous lipids
composing a cell membrane, the most dominant ones are glycerophospholipids (generally
referred to as phospholipids), sphingolipids, and sterols. Lipids are particularly interesting as
they spontaneously self-organize to supramolecular structures in aqueous solutions due to their
amphiphilic nature (41, 42). Therefore, in the aqueous environment of biological systems, these
lipids can yield different supramolecular structures. Among those, the lamellar phase is one of
the most common in nature: it is composed by a stack of layers, where the hydrophilic heads
of the lipids are exposed to the bulk water and the hydrophobic tails interact with the tails of a
second layer of lipids, reducing the unfavorable interactions with the water molecules. In such
a manner, a lipid bilayer is formed, which can be flat (if it is formed on a surface) or curved

(i.e., cells and vesicles).

The second major component of the plasma membranes are the membrane proteins. These
biomolecules carry out several important biological cell processes including transport, signal
transduction, intracellular joining and cell-cell recognition (43). The membrane proteins can

be embedded in and span through the entire cell membrane (integral membrane proteins) or
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they can be found on either side of the cell membrane transiently associated with it (peripheral
membrane proteins). Many of the cell membrane proteins have heavily glycosylated
extracellular domains forming a hair-like layer around the cell, the glycocalyx (Figure 2.1)

(44).

Cell

Glycocalyx

Proteins

Cytoskeleton

Figure 2.1. Schematic representation of a cell membrane.

Deciphering the complex interaction between lipids and membrane proteins as well as the
interaction between the myriad of proteins on opposing membranes constitute two fields of
active research. An enhanced understanding of these interactions would substantially expand
our knowledge related to cellular processes, such as molecular sorting,
intracellular/extracellular vesiculation, and cell triggering and would considerably influence

numerous scientific disciplines.

2.2 Model Membranes and Supported Lipid Bilayers

Extensive ongoing research on the cell membrane has been conducted to further comprehend
the membrane structure and functions as well as the properties of membrane proteins (45, 46).
The properties of cell membranes and the interaction between membrane proteins are of
outmost importance in the field of immunology since the communication between cells
regulates the outset of an immune response. However, due to the substantial complexity and

the dynamic nature of cell membranes, model membranes are often experimentally employed
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instead since they allow the investigation of cell components in a simplified and regulated
environment. The first model for cell membranes, the so-called free-standing “black lipid
membranes”, was developed in 1962 by Mueller and Rubin (47). According to this method,
the bilayer is formed by “painting” a phospholipid solution across a hole formed in a
hydrophobic material between two compartments filled with saline. Despite their ingenuity and
their ability to measure the electrical properties of membranes, black lipid membranes are
notoriously unstable and the available detection methods are limited (48, 49). The advent of
glass-supported lipid bilayers (SLBs) in the early 1980s by McConnell ef al. paved the way for
extensive research of cell membranes properties (48, 50-52). An SLB is a cell membrane
mimic in which a bilayer is created on a hydrophilic solid support with an approximately 1 nm
thick hydration layer separating the bilayer from the substrate (Figure 2.2) (50, 53). There are
several advantages of using SLBs such as their high stability which provides possibilities for
long term measurements, their ability to create a natural environment for proteins without
suppressing their lateral diffusivity, and their planar geometry which allows the usage of
numerous advanced methods for surface and image analysis (54). Nonetheless, the two major
disadvantages of using SLBs are that the supported membrane is partially coupled to the
underlining substrate and that certain properties due to membrane curvature are lost (48). In
addition to being used in studies of cell-cell interfaces, SLBs have also been successfully
utilised in various biochemical studies examining phase separation (55) and peptide-lipid
interactions (56). The different methods to fabricate SLBs will be presented in the following

subsection.

Cell

Fluorescently-labelled
proteins

Glass support
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Figure 2.2. Illustration of a cell binding to a model membrane with a controlled composition to

mimic the intricate cell-cell interaction.

2.2.1 Fabrication of Supported Lipid Bilayers

A multitude of methods have been developed for forming different types of SLBs (43, 57). The
first system consists of a closely packed monolayer of lipid molecules at a liquid-gas interface
(Figure 2.3 A) (58). Due to their amphipathic nature, the hydrocarbon chains orient themselves
towards the gas phase while the polar headgroups are immersed in the aqueous phase. On the
other hand, the Langmuir-Blodgett technique involves the deposition of amphiphilic molecules
from the air-water interface to a solid substrate (Figure 2.3 B) (59). The deposition of a second
monolayer of lipid molecules onto the first one results in the formation of a lipid bilayer. This
technique has the advantage of allowing the customization of the lipid composition of each
leaflet however it is time-consuming and requires expensive equipment. The last and most
commonly used method involves the adsorption, rupture and fusion of lipid vesicles on a
hydrophilic substrate (Figure 2.3 C) (60, 61). Vesicles are usually obtained upon drying lipid
films from an organic solvent under vacuum; then, after hydration and mixing via
ultrasonication or extrusion, vesicles of a desired lipid composition of various sizes ranging
from nm to pm are formed (48). Depending on their diameter, they are categorized as small
unilamellar vesicles (10-200 nm), large unilamellar vesicles (200 nm — 1 wm), giant unilamellar
vesicles (> 1 um), and multilamellar vesicles (which are vesicles engulfing one or more
vesicles in their inner compartment). Small unilamellar vesicles or SUVs with a typical radius
of 25 to 100 nm are utilized to form SLBs since they are more prone to fuse than larger sized
vesicles. One common technique to produce SUVs is through ultrasonic sonication in which
sound energy is used to disrupt the vesicles causing their continuous rupture and reformation.
Upon incubation of SUVs with solid hydrophilic supports such as glass, silica, or mica, the
SUVs will adsorb to the substrate surface, rupture, and eventually form bilayer patches before

forming a continuous phospholipid bilayer (62).

One essential feature of SLBs is the thin hydration layer between the headgroup layer and the
solid surface that ensure the fluidity of the bilayer. Nevertheless, a drawback when using SLBs
is that they are not appropriate for incorporating transmembrane proteins due to the limited
space between the bottom leaflet of the bilayer and the solid supporting substrate

(approximately 1 nm) (63). This interaction leads to undesirable friction forces and hence to
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the unavoidable immobilization of the transmembrane proteins (63, 64). However, one possible
approach to overcome this unfavourable interaction is to employ polymer-cushioned lipid
bilayers such as lipids conjugated to polyethylene glycol, PEG, which sufficiently separate the
bilayer from the underlying substrate (Figure 2.3 D) (65, 66).

The Langmuir-Blodgett and the vesicle fusion methods described above result in the formation
of a ~5 nm thick continuous lipid bilayer, however, vesicle fusion was preferred for the work
following in the next chapters as it is a simple, versatile, and widely accessible technique to

produce continuous and robust SLBs.
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Figure 2.3. Different methods for forming SLBs. (A) The Langmuir film consists of a
monolayer of amphiphilic molecules spread at an air-water interface. (B) The Langmuir-
Blodgett technique relies on the deposition of the monolayer onto a hydrophilic surface. A
subsequent immersion of the solid surface into the liquid results in a continuous and fluid
bilayer. (C) Schematic of the adsorption and fusion of lipid vesicles on a hydrophilic glass
support resulting in the formation of an SLB. (D) Incorporating lipids with PEG chains attached
to their headgroup sufficiently separates the bilayer from the underlying substrate and enables

the incorporation of transmembrane proteins. Figure adapted from (21).
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2.2.2 Protein-functionalized Supported Lipid Bilayers

SLBs produce an extended two-dimensional area mimicking the cell-membrane surfaces while
simultaneously allowing the translation and rotation of purified lipid-associated proteins with
diffusion coefficients on the order of 1 um?/s. Generally, approximately 95 % of SLB-anchored
proteins are mobile, which makes them suitable for studies of protein adsorption, protein self-
assembly, and protein function. The small immobile fraction is attributed to defects in the

bilayer which results in proteins being trapped between the bilayer and the glass support (67).

There are numerous accepted methods to link proteins to bilayers, such as via nitrilotriacetic
acid (NTA)-chelating lipids (68), biotin-streptavidin interactions (69) or a
glycosylphosphatidylinositol (GPI) linker (70) (Figure 2.4). All methods result in lateral
mobile proteins linked to lipids in an SLB and are used extensively to study inter- or intra-
protein interactions. However, biotin-streptavidin-linked proteins introduce a significant
extension of around 5nm (the height of streptavidin) to the overall protein size so that they
would increase the protein-SLB distance. This height difference could affect the intermolecular
interactions and the binding kinetics of the proteins during cell-SLB contact formations which
were the focus of this thesis. On the other hand, a disadvantage of using GPI-linked proteins is
that the GPI linker itself can cause protein aggregation (71) and that the preparation of GPI-
anchored proteins is quite demanding. Therefore, in this thesis, the NTA-chelating approach
was preferred in which the proteins of interest are modified with six consecutive histidine
molecules (His-tag) at the C-terminus which bind to nickel-chelating head groups on the
bilayer. A slight disadvantage of the ionic NTA-Histidine interaction is that, eventually, the
proteins detach from the bilayer, especially when multiple protein species are competing for
the same binding positions (72). To reduce this effect, polyhistidine-tags with more histidine
units coupled with prolonged incubation times of the histidine-tagged proteins with the SLB

can be employed (71).

In this work, the used vesicles contained POPC phospholipids and NTA-chelating lipids 1,2-
dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic  acid)succinyl] (nickel
salt) (DGS-NTA). The vesicles were then sonicated to yield SUVs and were placed inside a
silicon well attached to a glass coverslip where a SLB was formed through vesicle rupture. The
glass coverslip had been cleaned using piranha solution to render the glass support hydrophilic.
After one hour, the unruptured vesicles were washed away and the His-tagged proteins were

added to the well. The proteins were incubated for approximately one hour to reduce the
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undesirable detachment from the bilayer during the experiment (72). Lastly, by washing away
the unbound proteins, the protein functionalized SLBs were prepared for subsequent

measurements.

Polyhistidine tag

Polyhistidine tag

NTA-lipid

Biotin

Streptavidin

GPI linker Streptavidin-biotin

Figure 2.4. Schematic representation of ligand proteins anchored in the SLB using different

anchor strategies. Figure adapted from (21).

2.3 Imaging Techniques for Supported Lipid Bilayer Analysis

Several microscopy techniques have been developed in recent decades that have allowed an
unprecedented view of protein assemblies bound to SLBs. Fluorescence microscopy is one of
the most important techniques used to visualize membrane-bound components as it is a highly
sensitive and reliable method. It is an optical technique that depends on the property of
fluorescent molecules, commonly called fluorophores, to absorb light at a certain wavelength
and re-radiate the light at a longer wavelength. The excitation and emission wavelengths
depend on the atoms as well as the structure of the molecule. In more detail, upon absorption
of a photon of a suitable wavelength, a valence electron of the molecule is raised to the excited
state, but within a time scale of a few nanoseconds, the molecule relaxes to the ground state by
emitting a lower energy photon (Figure 2.5 A). The excitation of the electron is followed by its
relaxation to the lowest-energy sublevel of the excited state via a combination of vibrational

relaxation and dissipation. This leads to a difference in the energy of the electronic transition
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between absorption and emission which is called the Stokes’s shift (Figure 2.5 B).
Nevertheless, fluorescence is not the only possible path by which the electron can return to the
ground state. External conversion, which is a non-radiative process due to the collision of
molecules, or intersystem crossing, due to different spin multiplicities between the energy

levels, can also occur.

The major advantage of using fluorophores is that they can be easily attached to the structures
of interest with high specificity and that light from the non-fluorescent material of the sample
can be filtered out (73). Nowadays, a plethora of different fluorophores exists with different
characteristics. However, an ideal fluorescent molecule should have explicit excitation and
emission wavelengths, should not alter the natural behavior of the biomolecule that it is
attached to, should have a high fluorescence quantum yield with a steady emission intensity
and should be able to emit photons for a long period of time under high illumination intensities

(74).
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Figure 2.5. (A) Jablonski’s diagram illustrating the excitation of a valence electron to its excited
state followed by subsequent relaxation to the ground state by fluorescence. (B) Absorption
and emission spectra of a fluorophore depicting the wavelength difference between the

positions of band maxima of the two spectra.

However, a considerable limitation of fluorophores is that after a certain characteristic number
of excitation and emission cycles, they will irreversibly convert to a dark state thus losing their
ability to fluoresce. This photodamage, called photobleaching, is associated with the oxidation

of the fluorophore (75). Furthermore, blinking is another tendency of the fluorophores that
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should be considered. Blinking is the phenomenon of random switching between the bright and

dark states and is usually attributed to intersystem crossing (75).

There are currently numerous prevailing microscopy techniques based on fluorescence
illumination to study the dynamical changes in cells, cell membranes and SLBs providing
different resolutions, and thus information about the sample. The microscopy methods that

were used in this study are explained in the following subsections.

2.3.1 Widefield Epifluorescence Microscopy

Widefield epifluorescence microscopy is an irreplaceable tool used in all the fields of life
sciences (76, 77). In an epifluorescence microscope, the objective lens is used as both the
illumination condenser and the fluorescent light collector (Figure 2.6). The key element of this
optical technique is the dichroic mirror which is used to reflect the shorter excitation
wavelength from the light source toward the sample and later transmit the longer emitted
wavelength toward the detector. Uniform illumination is achieved by focusing the excitation
beam on the back focal plane of the objective. In addition, appropriate filters are used to
enhance the selection of relevant excitation and emission wavelengths. The excitation filter
removes any light from the excitation source that overlaps with the transmission window of the
emission filter while the emission filter dismisses any unwanted excitation light from reaching

the detector.
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Figure 2.6. Schematic illustration of the epifluorescence microscope set up.

Epifluorescence microscopy offers high sensitivity and selectivity; however, one of the main
drawbacks is that in-focus as well as out-of-focus light can reach the detector. This results in
strong background fluorescence due to autofluorescence from different cellular components or

from fluorescent proteins located in the bulk.

As a matter of fact, a major challenge in optical microscopy is to reduce the fluorescence
background as the latter significantly decreases the signal-to-noise ratio thus deteriorating the
image quality. Numerous microscopy techniques are able to suppress this background noise by
decreasing the excitation volume into a thin film of light (Total Internal Reflection
Fluorescence microscopy) (78) or into a small volume of light (Confocal microscopy) (79).
The former was used as the main microscopy method to visualize the SLBs and is presented

thoroughly in the next subchapter.

40



2.3.2 Total Internal Reflection Fluorescence Microscopy

Total Internal Reflection Fluorescence Microscopy (TIRF) is a non-invasive and far-field
optical imaging technique that is particularly well suited to study the dynamics and the
localization of molecules near the plasma membrane or on an SLB. The seminal idea of using
total internal reflection to illuminate contacts formed between cells and solid surfaces was first
introduced by E.J. Ambrose in 1956 (80). In more detail, the principle of TIRF microscopy is
based on Snell’s law which describes the path of a propagated beam at the interface of two

media that differ in their refractive indices:

n,sinf; = n,sinb, (Eq.2.1)

where n1 and n2 are the refractive indices of the two media while 61 and 02 are the angles relative
to the interface normal of incidence and refraction respectively. An excitation beam
encountering the interface between a glass coverslip n1 and the sample media n2, where n2>ni,
will get refracted and continue its propagation with 02>6:1 (81). By increasing 61, 02 will
eventually reach 90° where the propagated light will travel along the interface (81). This occurs
at a critical angle, defined from Snell’s law as Oc=sin’!(n2/n1) and is approximately 61° for
Nwater=1.33 and ngass=1.52. At angles of incidence greater than this, total internal reflection of

the incident beam occurs at the interface between the sample and the coverslip (Figure 2.7).

Sample n2
Cover slide n,

Light source

Figure 2.7. Schematic drawing of the crossover from refraction to reflection in TIRF

microscopy.
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Since the numerical aperture (NA) of the objective is defined as n-sinBmax, where Omax is the
maximum incidence angle, it is evident that the critical angle can be reached only if the NA of
the objective is greater than the refractive index of the sample. Because of this, oil immersion
objectives have been designed to have a numerical aperture close to 1.5. At total internal
reflection conditions, no incident light passes through the sample, however, some of the
incident energy does penetrate creating an evanescent field, at the solid-liquid interface (Figure

2.8) (78). The evanescent field decreases exponentially with distance to the interface z as (82):

I(z) = 1(0)e ™4 (Eq.2.2)

where 1(0) is the intensity of the evanescent field at z=0. Here d is defined as the penetration

depth, given by:

A
d=

B 4m\/n?sin2(6,) — n3

(Eq.2.3)

where A is the wavelength of the excitation light in vacuum (82). The penetration depth is

typically between 100-200 nm restricting the illumination to a thin volume above the sample

coverslip.
Epifluorescence TIRF
Evanescent
& Sample  fleld & —
Cover slip Excitation Cover slip
Excitation light

Figure 2.8. Comparison of the optical paths between epifluorescence (left) and TIRF (right)
microscopy techniques.
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This allows for the selective excitation of fluorophores near the sample surface and the creation
of images with a higher signal-to-noise ratio as the background fluorescence is diminished.
This selective excitation reduces the phototoxicity throughout the cell as well since a small part
of the sample is exposed to the excitation light. Another substantial advantage of TIRF
microscopy is that it is compatible with other microscopy methods as the angle of incident light

can easily be adjusted from epifluorescence mode to TIRF mode and vice versa.

2.3.3 Fluorescence Recovery After Photobleaching

Fluorescence recovery after photobleaching (FRAP) is a prevalent technique in biophysics to
obtain information about the mobility and dynamics of proteins and lipids in a membrane
structure (83, 84). This pioneering technique emerged from Watt Webb’s lab in the mid-1970s
and involves the deliberate bleaching of fluorophores on a small area from a high-intensity
laser beam (85). Consequently, bleaching of the fluorophores results in a substantial intensity
drop and the generation of two subpopulations of molecules: bleached (invisible) and
unbleached (visible) (Figure 2.9). Quantifying the extent of any recovery of fluorescence in the
bleached region is a metric of molecular mobility and turnover processes. The obtained
fluorescent recovery curves provide information about molecular transport parameters such as
the mobile fraction and the diffusion coefficient of the proteins in the bilayer (86). In this work,
FRAP measurements were performed routinely at the beginning of each experiment to ensure

the formation of a fluid bilayer.

o ‘..o.o.. . .;;-.-..J“..- .:.'..... .O :.:...:-...
.....o: ..‘}."‘-'. .o."..o. ..-": :

a b c d R

Fa

"""""""""""""""" t Immobile

d fraction

It ¢
b N
t

43



Figure 2.9. Schematic representation of a FRAP experiment on a fluorescently labelled SLB.

2.3.4 Brightfield Microscopy

Brightfield Microscopy is possibly the simplest transmission light microscopy technique that
uses variations in the intensity of the transmitted light to generate an image of the specimen.
The differences in intensity of light are a result of the sample’s absorbance and scattering
caused by the material’s refractive index. The subsequent interference of the attenuated with
the unvaried illumination light generates the intensity variation. This technique has low contrast
for weakly absorbing samples and low resolution due to out-of-focus light, however, it allows
the imaging of whole samples and was thus extensively used to provide information on the

position and the viability of the cells interacting with protein-functionalized SLBs.

2.4 Fundamental Limits in Imaging

All the aforementioned microscopy techniques have a spatial resolution that is limited by
diffraction. In more detail, the resolution of an optical system describes the minimal distance
at which two sources of light are distinguishable from each other. It was in 1873 when Ernst
Abbe declared that the resolution of the light microscope is limited by the diffraction properties
of light (87). This limitation, commonly known as the Rayleigh criterion, is expressed through

the following formulation:

4y = 0612 .24
T=Na (Eq.2.4)

where Ar is the minimum separation distance between two distinguishable point sources, A is
the wavelength of light and NA is the numerical aperture of the objective (88). Hence, if the
distance between two sources of lights is smaller than Ar, then they cannot be resolved. The
resolution limit is due to the wave nature of light and it can be understood by studying the
interaction of light with the microscope objective. When light emitted from a point source
passes through a small circular aperture, like an objective lens, it produces a bright circular disc
surrounded by much fainter concentric rings of increasing radius from the centre. This circular
disc is called an Airy disk, the shape of which is determined by the point spread function (PSF)

of the microscope system. Every point source forms a corresponding Airy disk in the image
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space therefore the intensity pattern of two-point sources close to each other will be a
superposition of the two Airy disks. As the distance between the two sources is decreasing, the
superposition of the Airy disks does not allow the imaging system to resolve them. Thus,
according to the Rayleigh criterion, Ar is obtained when the first minimum of one of the Airy
disk superpositions with the maximum of the other Airy disk. For a conventional light
microscope, the horizontal resolution is approximately 220 nm with a 450-700 nm resolution
in the axial direction. An important remark is that the resolution in the vertical plane is
generally worse than in the horizontal one due to the wider spread of the Airy disk in the former

plane.

2.4.1 Super-Resolution Microscopy

There is a series of techniques designed to provide a spatial resolution that surpasses the
diffraction limit by temporally or spatially modulating the excitation or activation of light and
thus are known as ‘super-resolution’ microscopy methods. These methods provide insights into
the functional localization and interactions of biological particles down to nanoscale precision
(89). The most prominent super-resolution microscopy techniques are structured illumination
microscopy (SIM) (90), stochastic optical reconstruction microscopy (STORM) (91),
stimulated emission depletion microscopy (STED) (92), photoactivated localization
microscopy (PALM) (93) and single-molecule imaging (94). Since single-molecule imaging

was the method of choice in this thesis, it will be discussed in the following subchapter.

2.4.2 Single-Molecule Detection

Single-molecule imaging and subsequent single-particle tracking (SPT) have been used
extensively to study the behavior of lipids and proteins in the plasma membrane since the
optical observation of single molecules from Hirschfeld in 1976 (94). The extensive interest in
single-molecule studies stems from the fact that they provide data concerning the stochastic
nature of single molecule events and their biologically relevant heterogeneity thus revealing
multiple fundamental molecular-scale biological processes (95, 96). Single-molecule imaging
relies on the successful detection of emitted photons by one or more fluorophores attached to
a single biomolecule (97, 98). The fluorescence from low-density emitters is imaged as bright
spots, with a width characterising the microscope’s PSF. However, by fitting a 2D Gaussian

function to the fluorophore’s PSF it is possible to extract the x- and y- coordinates of the
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particles with a spatial resolution that surpasses by a considerable margin the diffraction limit
of the microscope (in the order of 10 nm) (99). Subsequent SPT, accessible through a large
variety of available tracking algorithms, investigates the movement of individual particles from
a time series of microscope images and has played a central role in many of the advances in

single-molecule imaging (Figure 2.10) (100-102).

It is important to emphasize that optimization of the signal-to-noise ratio is essential in these
optical techniques. Unwanted noise such as shot, readout, dark, and background noises should
be suppressed. Furthermore, various image processing algorithms can be applied to separate
the fluorescent particles from the background, in particular a combination of smoothing filters
and background subtractions (100). Last but foremost, small fluorescent tags with robust
photophysical properties and highly sensitive detectors are crucial for successful SPT
experiments. In this study, single-molecule imaging and subsequent SPT were used extensively
to obtain information about diffusion coefficients and the lifetimes of ligand proteins on an

SLB interacting with receptors expressed on the surface of T-cells.
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Figure 2.10. Single-molecule fluorescence microscopy is used to track the motion of proteins
(red, blue and green circles) on a cell or artificial membrane (white rectangles). The tracked
particles diffuse through the membrane (faded circles) and the diffusion over time, ¢, can be

reconstructed as trajectories shown in the last rectangular plane.
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2.5 Summary

In this chapter, the role of functionalized-SLBs was highlighted as a model system to study the
interaction between proteins on contacting cells. SLBs allow for a controlled composition of
lipids and proteins with high stability and accessibility by various detection methods. The
different microscopy techniques used to study the fluorescently-labelled proteins on the SLBs
were later presented discussing their respective advantages and limitations. In the forthcoming
work, TIRF microscopy and FRAP measurements were used to observe and characterize
protein-functionalized SLBs interacting with immune cells. In addition, functionalizing the
SLB with low density fluorescent proteins allowed for SPT which yielded more information
regarding the binding kinetics of the examined proteins. Overall, SLBs have made it possible
to study the interaction of numerous key protein-protein pairs thus establishing themselves as

a vital biophysical and biochemical tool for many years to come.
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In this chapter, I will give an overview of protein-protein interactions focusing on the binding
affinity and the lifetime of the studied complex. Later, I will present the most prevailing
methods used to obtain the kinetic values that characterize this complex. The focus will then
move on to present a novel method of obtaining single-cell binding affinities summarizing the
most important findings from Paper I. The chapter will finish with results from single-

molecule imaging and their relation to the lifetime of the protein-protein complex.

3.1 Receptor-Ligand Binding Kinetics

Protein binding is based on the molecular interaction and subsequent recognition of a protein
receptor to its binding partner, called a ligand. The non-covalent binding interaction between a
receptor and its ligand can be described by a second-order forward and first-order reverse

equation:

Kon

R+ L=RL (Eq.3.1)
Koff

where R represents the receptor, L the ligand, and RL the receptor-ligand complex. Since any
binding reaction is highly dynamic with a continual transition between binding and unbound
states, there are two rate constants to describe this process. The parameter kon is called the
association rate constant and describes the rate at which the ligand-receptor complex will be
formed as opposed to the dissociation rate constant, kop, which indicates the probability that
the complex will dissociate in a unit of time. Over time, the reaction will reach an equilibrium
in which the concentrations of R, L and RL are held in steady-state and where the association

and dissociation constants are equal:

kon[RI[L] = koss[RL] (Eq.3.2)

where the square brackets denote the equilibrium concentration of the molecular species. From
the above equation, the equilibrium-binding association, K,, and dissociation, K4, constants can

be derived as follows:
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K= Rl Kon 1 Eq.33
* = TRIL] ~ koyy ~ Ka (5a:33)

The equilibrium dissociation constant is a valuable parameter as it characterizes the binding
affinity of a biomolecule to its binding partner and thus essentially, it appreciates the strength
of the binding interaction. K« and binding affinity are inversely related (K«= 1/affinity) so that
the smaller the Ka value, the stronger the affinity of the ligand for its binding partner and vice
versa. Besides the binding affinity, another important parameter is the lifetime, 7o, of the
protein-protein interaction which describes the average time between the formation and
dissociation of the complex. The lifetime of a protein-protein interaction is commonly
determined by measuring the kinetic dissociation rate, kof:, since the average lifetime of the
complex is 1/{kor) (103). Both binding affinity and lifetime are needed to determine the binding
kinetics of a receptor-ligand complex and are therefore of great importance in screening
compounds and drug candidates, in studying the regulation of different cellular pathways and
in studying the interaction of two biomolecules to name a few. Moreover, determining the
binding kinetics of protein-protein interactions is vital in understanding how the immune
system works since numerous studies have supported that the TCR response is regulated by the
affinity (104, 105), the association (106) and dissociation rates (107, 108) of the TCR-pMHC

complex.

Since protein-protein interactions are vital to many aspects of cellular function, it is not
surprising that there are numerous experimental techniques that have been developed to
investigate different aspects of protein-protein binding (109). In the following subsections, the
most frequently used methods to measure the binding affinity and the lifetime of protein-
protein interactions will be discussed before presenting the main findings of Paper 1. A more
extensive discussion of the various techniques that have been used to measure binding kinetics
of protein-protein complexes, any discrepancies between the obtained data and the different
parameters that influence these measurements, such as auxiliary molecules, membrane

fluctuations and force, are included in our review (21).

3.2 Three Dimensional Affinities

Three-dimensional (3D) binding affinities are obtained by measuring the interaction between

proteins in bulk solution. There are two main methods commonly used to measure 3D binding
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affinities: the isothermal titration calorimetry (ITC) (110) and the surface plasmon resonance
(SPR) techniques (111). The latter is the most applied method today and hence the following

section will focus on the principle of this method.

3.2.1 The Surface Plasmon Resonance Method

In the SPR method, the ligands of interest are immobilized onto a sensor metal surface (usually
gold) while the receptors (or analyte) are injected into the flow cell to diffuse freely in an
aqueous solution (Figure 3.1). Interaction and subsequent binding of the receptors to ligands
result in the accumulation of proteins on the surface and thus in an increase of the refractive
index near the surface. After the desired association time, a solution without the analyte is
injected followed by a dissociation of the receptors. During this period, a laser is illuminating
the ligand functionalized surface at a critical angle able to achieve total internal reflection.
Since the critical angle depends on the refractive index near the surface, receptor-ligand
interactions lead to a signal increase in a sensorgram from which information regarding the
binding kinetics can be derived (112). At the same time, the light causes the electrons in the
sensor chip to resonate. The reflected light experiences a characteristic intensity loss in areas
where the frequencies of the electrons in the sensor chip and of the incident light become
identical. This approach provides information on the ko» and kofrates hence the binding affinity
and lifetime of the complex can be calculated. The advantages of this method are that it is label-
free and capable of measuring real-time receptor-ligand binding kinetics (113). Nevertheless,
an important drawback of SPR is that the immobilization of the proteins affects the translational
and conformational entropies, therefore the calculated association rate (114). Furthermore,
with this method, the effects of ligand diffusion as well as ligand interactions with other cellular

proteins cannot be investigated.
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Figure 3.1. Principle of surface plasmon resonance.

For the time being, the lion’s share of the binding kinetics is obtained using 3D measurements.
However, these findings do not express various cell and protein dynamics describing the
binding of molecules across the cell—cell contacts in vivo since several other factors than the
protein-protein interaction per se can have a significant impact on the obtained binding affinity
(115, 116). Such factors are for example protein density (117, 118) and the use of auxiliary
binding molecules (17), the latter being crucial in order to stabilize and initiate the binding of
weakly-binding proteins (27). Also applied force on the bond (119) as well as membrane
fluctuations (120) can have an important influence on the binding kinetics, although this can
differ significantly depending on the under-study system. Lastly, the limited intercellular
volume between contacts in vivo could significantly accelerate the association rate and augment
serial engagement (34, 121). For these reasons, two-dimensional (2D) binding affinities which
describe the interaction between proteins diffusing on plasma or artificial membranes are

considered important.

3.3 Two Dimensional Affinities

There are two main approaches to measure 2D binding kinetics, the mechanical-based and the
fluorescence-based methods. The principle of the most prevailing techniques for both
approaches is presented in the next subchapters together with their corresponding advantages

and disadvantages.
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3.3.1 Mechanical-Based Methods

Numerous mechanical-based methods have been developed to measure 2D K4 values such as
the centrifugation method (122), the flow chamber method (123), and the micropipette methods
(124-126). Since the micropipette methods are the most applied mechanical-based methods to

this day, the following section will focus on the principle of this approach.

3.3.1.1 Micropipette-based Methods

The adhesion frequency assay measures the adhesion probability per contact when a red blood
cell (RBC) and a nucleated cell expressing the ligand and receptor of interest, respectively,
interact (124, 125). Both cells are aspirated on micropipettes whereby the RBC is carefully
brought into contact via micromanipulation resulting in a receptor-ligand interaction for a
specified duration of time (Figure 3.2). By retracting the RBC, any attachment site between the
two cells will result in an observed deformation of the RBC. This contact-retraction cycle is
repeated hundreds of times and so both the lifetime and the effective binding affinity can be
obtained (127). Later studies improved the measurement quality while reducing potential RBC-
cell interactions by attaching a ligand-coated glass bead to the RBC, a method called thermal
fluctuation assay (128). The micropipette methods have provided valuable insights into the
initial stages of ligand-receptor bond formation, however, there are some important
disadvantages to take into consideration. The effect of the micropipette aspiration on cells and
how this can affect the obtainable binding kinetics remains unknown. Furthermore, the
micropipette-based methods are limited to comparing the magnitude of the affinities with other
interactions measured with the same system since they only provide effective affinities, defined
as Ac/Kd, where Ac is the contact area, a parameter that cannot be accurately determined using
these methods (129). Lastly, the micropipette approach is typically restricted to studying only
one receptor-ligand pair since it is difficult to distinguish the effect of different pair

contributions to the obtained adhesion frequency curves.
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Figure 3.2. Schematic depiction of the micropipette method. The red blood cell (RBC) and the
nucleated cell are aspirated onto two separate micropipettes. The RBC is brought repeatedly
into contact with the nucleated cell and any shape changes upon receptor-ligand binding is

carefully monitored. Figure adapted from (21).

3.3.2 Fluorescence-Based Methods

The earliest recorded ligand-receptor binding assays involved the use of radioligand binding
assays, however recent developments in imaging technology combined with safety concerns
have paved the way for fluorescent labelling and detection of ligands (130). There are several
fluorescence-based methods to obtain 2D binding kinetics such as the Zhu-Golan method (131)
and the single-molecule imaging and tracking methods (102). Both approaches were used
extensively during my studies in order to obtain the binding affinity and the lifetime of a

receptor-ligand complex and will be described in detail below.

3.3.2.1 The Zhu-Golan Method

In the mid-1990s, Dustin et al. performed extensive studies of binding kinetics using ligand-
functionalized SLBs interacting with Jurkat T cells to determine the binding affinity of the
CD2-CD5S8 interaction (34), using an analysis proposed by Scatchard in the late 1940s (132).
However, the Scatchard method considers the receptor density to be constant, an erroneous
assumption for cell-SLB contact formations since the receptors are mobile and can diffuse from
outside into the contact area. In 2007, Zhu et. al. studied the CD2-CD58 interaction in order to

develop a general methodology to quantitively measure the mechanisms governing cell-cell
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adhesion (131). Their analysis, termed the Zhu-Golan analysis, is based on the accumulation
of fluorescently-labelled ligands in the contact area of cells interacting with bilayers
functionalised with several initial ligand concentrations. The accumulation of the ligands inside
the cell-SLB contacts is a consequence of the law of mass action, resulting in an evident
fluorescence intensity increase beneath the cell (Figure 3.3 A). By quantifying the change of
ligand accumulation in dozens of cell-SLB contacts at various ligand densities, the 2D binding
affinity of the protein-protein interaction can be determined. In contrast to the Scatchard
method, the Zhu-Golan analysis takes into consideration the lateral mobility of both the ligands
and the receptors and their ability to laterally diffuse into the contact area (131). The Zhu-

Golan expression is given by the following equation:

B Nxf Bxp
- = - (Eq.3.4)
F Kgx Scen Kq

where B and F is the density of bound and free ligands in the contact respectively, V: x f is the
total number of cell surface mobile receptors, Sce is the cell surface area and p is the ratio of

the contact area to Sce (Figure 3.3 B) (131). The mean surface area of the cell is calculated by:

Seen = 4mr?x 1.8 (Eq.3.5)

where 7 is the measured radius of the cell and 1.8 is a correction factor due to the cell’s surface
roughness (133). The 2D Ku can be obtained from the negative reciprocal slope of the B/F vs
Bxp plot, hereafter called the Zhu-Golan plot (Figure 3.3 C). Furthermore, the intercept of the
Zhu-Golan plot with the x-axis corresponds to the total number of mobile receptors on the cell

surface:

_ Niorxf

(Eq.3.6)
Scell
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where f can be evaluated by a FRAP measurement on the cell with the receptors tagged with

fluorescent antibodies.

0 10 20 30 40 50
Bxp (molecules/um?)

Figure 3.3. (A) Fluorescent image of a T-cell interacting with an SLB functionalized with a
fluorescently-labelled ligand. (B) Calculation of Scer from bright-field images of the cell’s
contour. (C) Representative Zhu-Golan plot. The negative reciprocal slope provides the 2D Ky

of an arbitrary receptor-ligand interaction. The scale bar is 8 um.

The main advantages of this method are that the contact area can be accurately determined and
that different auxiliary proteins can be studied simultaneously granted that they are labelled
with different fluorophores. The latter asset is essential in studying weak receptor-ligand pairs
such as the CD4-MHC 1I interaction where the use of adhesion proteins is critical (27). The
drawbacks of using the Zhu-Golan approach are that the ko» and ko values cannot be directly
obtained and complementary methods must be used to obtain them, such as Forster Resonance
Energy Transfer (FRET) (134), FRAP (85) or single-molecule detection (135). Moreover, the
Zhu-Golan analysis makes the assumption that only the laterally mobile receptors contribute
to the binding of the ligands (131). However, this approximation has been shown to yield
typically small errors (27). It is also important to note that the free ligand density F is typically
lower than the ligand density in the SLB outside of the contact, F* due to steric effects
occurring inside the contact area (14, 117, 133). To compensate for this, the average exclusion

of a non-binding protein of similar size inside the cell-SLB contacts can be measured and a
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typical “exclusion factor” of 25-50% for proteins of 5-10 nm height has been obtained (27,
117, 131).

3.3.2.2 Single-molecule Imaging and Tracking

This technique relies on the attachment of a fluorescent probe to the ligand of interest and the
subsequent detection of the particle’s position as a function of time while it’s diffusing and
binding on a cell membrane or an SLB. Thus, this method allows the visualization and
characterization of the ligand’s motion. In more detail, the ligand is imaged as an Airy disk
with a width characterising the microscope’s PSF. By fitting a two-dimensional Gaussian
function to the centre of this Airy disk, the particle (i.e. protein) can be located with a precision
well below the light’s wavelength, with a resolution down to 10 nm (99). Once the particles”
positions in each frame are detected, the next step is to link the set of positions between
subsequent image frames thus creating a trajectory for each biomolecule. There are several
particle-linking algorithms such as the one presented by Serge et al. (136) which only allows
connections to nearby detected points or the one introduced by Jagaman et al. (137) which uses
the linear assignment problem to initially link the particles between consecutive frames before
linking the track segments to close gaps and capture possible merge or split events. The
acquisition frequency of SPT is usually between 30-100 Hz and the spatial resolution is
between 10-40 nm (138). Therefore, using single-molecule imaging and tracking one can detect
the lifetime of protein binding events by identifying the free and bound proteins due to changes

in their motion (139) or due to the reduced motion blur when a protein is bound (140).

Nevertheless, there are several complications concerning this method. The first challenge is
finding a suitable probe since SPT relies on video acquisition of the particle’s motion and the
acquisition time depends on the time it takes for the fluorescent label to bleach. Furthermore,
since the rate and number of emitted photons by a single fluorescent label is limited, the use of
high-efficiency optics (i.e. high numerical aperture objectives), high-sensitivity detection units
(i.e. SCMOS cameras) and bright fluorophores (i.e. extrinsic dyes) are essential (100). Despite
a high fluorescence quantum yield, a fluorophore should not be large because it can alter the
motion of the ligand (141) and it should not affect any potential interactions of the labelled
protein with other proteins or lipids (142). However, the preeminent challenge of single-
molecule imaging is to reduce the fluorescence background. This can be achieved by working

with low fluorescence optics, with clean buffer solutions, with dyes that can be excited with
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long wavelengths but, predominantly, by minimizing the detection volume (e.g., TIRF
microscopy). Minimizing the detection volume leads to an improved signal-to-noise ratio and
effective particle detection with the use of low laser intensities which in turn leads to increased
trajectory lengths. The length of the particle’s trajectory is of utmost importance as it provides
the necessary data to detect any variations in the particle’s motion. Through Monte Carlo
simulations it has been proven that the number of time points in the trajectory strongly affects
the parameters obtained describing the particle’s motion (143, 144). Another important factor
in SPT measurements is to have the fluorescent molecule at low densities to avoid possible
particle crosslinking when analysing the obtained trajectories. Overall, by using single-
molecule imaging and tracking it is possible to extract, from the obtained trajectories,
information on the underlying physicochemical mechanisms such as the diffusion coefficient

and the lifetime of the protein (138).

3.4 Relationship between 2D and 3D K, values

For 3D and 2D binding events the Ky is expressed in units of molar concentration and of
molecules per area, respectively, hindering the direct comparison of the two values. As a
consequence, several studies have tried to establish a relationship between the binding

equilibrium constants by identifying a characteristic length, 4, so that (121, 145):

K22 = p - K3P (Eq.3.7)

It is considered that the characteristic length corresponds to the maximum distance between a
ligand and a receptor for entering the encounter complex, an intermediate state in which the
two biomolecules have near-native separations and orientations, with typical values in the order
of 1 nm (109, 121). However, several factors can influence the 4 value, such as the protein
density and the flexibility of the molecules (146, 147), therefore, there is a crucial need for

more measurements describing the 2D binding kinetics of receptor-ligand complexes.
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3.5 Single-Cell Binding Affinity Studies

In general, the cell population is intrinsically heterogeneous with individual cells displaying
different physical, chemical, and biological traits. This diversity can arise due to environmental
alterations (148), genetic variations (149) or differences in the age of individual cells and their
phase in the cell cycle (150). Hence, single-cell measurements are compelling because they
provide information about the heterogeneity and time evolution of the cell population as well
as about the distribution of individual parameters. A novel approach to measuring single-cell
binding affinities of ligand-receptor complexes using fluorescence microscopy is presented in

the following sections summarizing the main findings and data displayed in Paper 1.

3.5.1 The rCD2/CD481924 Receptor Pair

The here chosen system was Jurkat T-cells transduced with rat CD48t1924 (rCD481924), a high-
affinity mutant of the wild type rat CD48, interacting with SLBs functionalized with
fluorescently-labelled rat CD2 (rCD2). Both rCD2 and rCD48 are members of the
immunoglobulin (Ig) superfamily of proteins and their interaction is considered critical in
establishing a contact between the T-cell and APC surfaces (14, 151). This is achieved by
positioning the two membranes to an intermembrane distance separation of approximately 15
nm, a distance that is optimal for the TCR-pMHC interaction to occur (151). The rCD2-
rCD48t924 interaction has previously been characterized using the Zhu-Golan method yielding
a 2D affinity of 6 + 1 molecules/um? (mean + SD) (117, 152) an affinity of the same order of
magnitude as the 2D affinity of human CD2-CDS58 (34, 153). Since the rCD2-rCD481924
interaction is so well-studied, it was selected in this study as a model system for comparing its

behaviour using the classic Zhu-Golan method and the single-cell binding affinity method.

3.5.2 Average vs Single-Cell Binding Affinity Studies

In the original Zhu-Golan approach, several bilayers of increasing ligand densities are used in
which the cells are added to interact with the ligand-functionalized SLBs. Therefore, incubating
rCD48t1924 expressing Jurkat cells with rCD2-functionalized SBLs results in a visible
accumulation of fluorescently-labelled rCD2 in the cell-SLB contacts due to receptor-ligand

binding (Figure 3.4).
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Figure 3.4. Schematic illustration and fluorescence images of rCD48t1924 expressing Jurkat T
cells binding to SLBs with four different rCD2 densities. The images were captured 40 minutes

after the initial contact formation. The scale bar is 8 um.

As the ligand density on the SLB increases, so does the amount of available rCD2 that can bind
rCD48 1924 leading to bigger cell-SLB contact formations (Figure 3.4). In this method, the
analysis of dozens of cell-SLB contacts is necessary for each individual ligand density in order

to create an accurate Zhu-Golan plot and thus obtain the 2D Ku.

However, obtaining single-cell affinities should entail the study of individual cells’ binding
behaviour at various ligand densities in contrast to a cell population averaging. Thus, single-
cell affinity experiments need to be conducted on the same bilayer. The first attempt to obtain
single-cell K4 values involved the use of a bilayer with one initial ligand density to which cells
bound and reached a steady-state before adding more ligands. This procedure was repeated for
four different ligand concentrations. The two abovementioned methods gave similar average
Ka values for the entire population (117), however, the Kz values obtained for individual cells
gave a significant spread among the Zhu-Golan curves with several cells even expressing
negative Kq values. For this reason, Paper I presents an approach of going from high to low
ligand concentrations by using imidazole. Imidazole competes with the polyhistidine-tagged
ligands for binding to nickel-chelating lipids on the SLB, thus it was able to reduce the protein

concentration inside and outside the formed contacts.
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Figure 3.5. Schematic illustration and fluorescence images of rCD48t1924 expressing Jurkat T
cells binding to an SLB followed by rCD?2 titration using imidazole. The images were captured

40 minutes after each ligand titration. The scale bar is 8 pm.

In more detail, an imidazole concentration of 5 mM to 13 mM inside the well for 30 to 60
seconds was sufficient to reduce the free ligand density by half compared to its initial
concentration. When the rCD2 concentration was approximately halved, the SLB was washed
thoroughly with filtered buffer in order to remove any traces of imidazole. The system was left
to reach an equilibrium anew and the whole process was repeated three times resulting in four
different ligand concentrations on the SLB (Figure 3.5). The effect of imidazole on the binding
affinity of the cells was investigated by comparing the Zhu-Golan plots of the cell population
obtained using the classic Zhu-Golan method and the imidazole approach, termed the single-

cell binding affinity method.

For the Zhu-Golan method, as the concentration of free rCD2, F, in the various SLBs increased,
the relative accumulation of rCD2 in the cell-SLB contacts, B/F, decreased. The 2D Ka of the
rCD2-rCD48t1924 was obtained by fitting the data to Eq. 3.4 and was estimated to be 4.9 + 0.4
molecules/um? (mean + SD), a value which was similar to previously reported values of this
system at RT and 37°C (Figure 3.6 A; green circles) (117, 152). Furthermore, the intersection
of the Zhu-Golan plot with the x-axis provided the density of mobile rCD48t924 receptors on
the cells. The density of 51 + 2 mobile rCD481924 molecules/um? per cell (mean + SD) was
obtained corresponding to a total number of 53,000 receptors per cell (Eq. 3.6) using an average
cell surface area of 640 um? and a mobile fraction of 0.62 (117). This value was in agreement
with the average number of 47,000 rCD48t924 molecules per cell obtained for this cell line

using flow cytometry (152).
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Figure 3.6. (A) Zhu-Golan plot for the rCD2-rCD481924 interaction (mean + SD). The green

data points represent data obtained using the classic Zhu-Golan method and are obtained by

analysing 21 different cell-SLB contacts. The purple data points represent data obtained using

the single-cell binding affinity method and are obtained by analysing 31 different cell-SLB

contacts. (B) Zhu-Golan plot for five representative cells with different surface receptor

densities. The dashed lines are fitted to Eq. 3.4.

For the single-cell binding affinity method, as the concentration of rCD2 in the SLB decreased,
the B/F increased. The obtained average 2D Ku for this method was 4.7 £ 0.2 molecules/um?
(mean + SD) with a density of 51 + 1 mobile rCD481924 molecules/pum?, thus an estimated of
53,000 receptors per cell (Figure 3.6 A; purple circles). The evident similarity of the two
approaches indicated that the binding affinity of the rCD2-rCD48r1924 interaction was not
affected by the presence of imidazole under the specific experimental conditions. Most
importantly, the principal advantage of the single-cell binding affinity approach is that it
provides Zhu-Golan plots for each individual cell from which the corresponding 2D Ku and the
receptor density can easily be extracted. Figure 3.6 B shows the characteristic Zhu-Golan plots

for five representative cells with different receptor densities.

The dependence of binding affinity and receptor density was later investigated. Figure 3.7 A
shows sixty cells that have been grouped into five separate groups based on their distinct mobile
receptor densities, as determined from the corresponding x-intersect in their Zhu-Golan plot,

and their corresponding Ku values. It was found that even though the receptor density of the
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cell population varied by almost an order of magnitude, there was no significant difference in
the obtained 2D Ka values. Figure 3.7 B shows a histogram of the individual 2D K4 values
obtained from seven different experiments characterizing the binding affinity of sixty
individual cells. The distribution was rather narrow following approximately a Gaussian curve
with an average value of 4.9 £ 0.9 molecules/um? (mean + SD). These results indicate that the
observed differences in the relative accumulation of rCD2 in the cell-SLB contacts would stem
from varying receptor densities on the cells and not from differences in binding affinities. It is
important to notice that this narrow spread in single-cell binding affinities has also been
detected for other binding pairs using micropipette-based adhesion assays e.g. the binding of

OT1 TCR to a panel of pMHCs with increasing potencies (154, 155).
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Figure 3.7. (A) The dependence of 2D K on the cell surface receptor density. The data points
represent an average value of 12 cells which are grouped together with respect to the total
number of rCD48t924 receptors as determined via the individual Zhu-Golan plots. The dashed
line is the average 2D K4 value for all the 60 individual cells. (B) Histogram showing the 2D
Kavalues of 60 individual cells from seven separate experiments. The dashed line is a Gaussian

fit to the obtained data with a mean value of 4.9 molecules/um?.

3.6 Single-molecule Lifetime Studies

In analogy to single-cell biophysics, single-molecule studies provide access to a wealth of
molecular information that is often not obtainable from ensemble experiments. Differences

between heterogeneous systems, the ability to distinguish individual molecular trajectories, to
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detect transitions between various dynamic behaviours as well as the ability to use single
molecules as local probes, are all only available by using single-molecule measurements (95—
98). Therefore, there has been an increasing interest in single-molecule imaging since it can
provide the full distribution of molecular properties, kinetics, reactions and dynamics (100).
For the work presented in the next subchapter, single-molecule imaging and tracking were used
to obtain the lifetime of a receptor-ligand complex and to investigate whether the lifetime

remained similar for different cell-SLB contact formations.

3.6.1 Single-molecule Imaging & Receptor-Ligand Lifetimes

The notion that proteins embedded in a membrane would be able to undergo translational
diffusion at rates defined by the viscosity of the bilayer was already presented by Singer and
Nicolson in 1972 (40). In fact, the protein’s motion on a membrane is highly dynamic and is
determined by the ubiquitous interactions with the surrounding solvent, with other membrane
proteins, membrane lipids as well as with various intracellular and extracellular structures
(156). Hence, the diffusion of a protein on a membrane is a highly complex process with
distinct modes of motion, the most common of which are random diffusion, confinement and
directed motion. Random diffusion or Brownian motion occurs when a protein diffuses freely
with a rate of diffusion characterized by the biomolecule’s diffusion translational coefficient,
D (157). On the other hand, confinement occurs when a protein is highly localized to a specific
region of the membrane for a certain time period which could be attributed to the presence of
lipid rafts, possible interaction with immobile proteins or to cis/trans binding (158). During the
confinement mode, the lateral mobility of the protein decreases significantly compared to
random diffusion. Finally, directed motion describes proteins whose diffusion exhibits some

form of directionality attributed to various biophysical and biochemical factors (158).

Since several transitions between the different types of motion characterize the diffusion of a
protein on a cell or a model membrane, the analysis of the molecule’s motion is quite
demanding. Optimizing the optical parameters such as laser intensity, exposure time and frame
interval is of utmost importance in order to be able to distinguish between the various modes
of motion and these parameters should be revised for each ligand-receptor system. In further
detail, the laser intensity and the exposure time should be high enough to have a high signal-
to-noise ratio and thus clearly distinguish the individual fluorescently-labelled proteins but they

should be low enough to allow for a long image acquisition without bleaching the fluorophore.
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The optimal exposure time and frame interval depend on the lifetime of the complex since
small confinement regions and very short lifetimes require a high time and space resolution
which sets a limit on the maximum exposure time that should be used. On the other hand, for
prolonged protein-protein lifetimes long frame intervals should be used instead due to

undesirable photobleaching effects.

Side view Top view

remwem:wmmmeemmwmm' g/(;*)) Diffusing @
, rCD2 AF647 ’ rCD2 AF488

Figure 3.8. Single-molecule fluorescence microscopy is used to track the motion of the rCD2
AF647 proteins (red stars) inside and outside the cell-SLB contact (blue area). Ligands
fluorescently labelled with AF488 (blue stars) are used to facilitate contact formation between

the cells and the bilayer and determine the exact area of the formed contacts (blue area).

Obtaining the lifetime of a receptor-ligand complex depends on a change in motion in the
protein’s trajectory (139) or from reduced motion blur when the protein is bound (159). In the
following studies, a tracking algorithm that is based on the linear assignment problem (LAP)
presented by Jagaman et al. (137) was employed to detect changes in the trajectory of
fluorescently-labelled proteins diffusing on an SLB. The rCD2/rCD481924 interaction was
selected again (see section 3.5.1) in order to obtain the lifetime of the complex and to
investigate whether this binding kinetic parameter remained similar for different cell-SLB
contact formations. In more detail, SLBs functionalised with a high concentration of rCD2
fluorescently-labelled with Alexa Fluor 488 (AF488) and single-molecule concentration of
rCD2 fluorescently-labelled with Alexa Fluor 647 (AF647) interacted with rCD48t924
expressing Jurkat T cells (Figure 3.8). A concentration of approximately 100-200
molecules/um? of rCD2 AF488 ensured a successful contact formation between rCD48192a

expressing Jurkat T cells and the bilayer (Figure 3.9 A). Single rCD2 AF647 proteins (~ 0.1-

66



0.2 molecule/um?) can be resolved as individual molecules, as identified by single step
photobleaching, and can be continuously tracked for multiple frames using TrackMate in Image
J (Version 1.49V) (160). Single-particle tracking of rCD2 AF647 proteins inside the contact
regions revealed the time intervals over which the proteins distinctly stop their Brownian
motion and stay approximately immobile inside the formed contacts, a period that characterizes
the lifetime of the rCD2/rCD48t92a complex. The single molecules were chosen to be
fluorescently-labelled with AF647 because the background signal was much lower in
comparison to using single molecules fluorescently-labelled with AF488 since the AF647 dye
does not excite the AF488. The lifetime of the bound complex is estimated by identifying the
number of frames in which a rCD2 protein stays nearly immobile within a cell-SLB contact
and multiplying it by the frame interval. Since unbinding and photobleaching of the proteins is
inevitable, only proteins whose trajectory is visible pre- and post-immobilization are
considered for the lifetime calculations. In regions without a cell, the vast majority (~ 97%) of
the rCD2 AF647 proteins exhibited an entirely random diffusive motion with a lateral diffusion
coefficient, D, of 0.45 + 0.07 um?/s, a value typical for functionalized supported membranes
(Figure 3.9 B) (161, 162). In contrast, the rCD2 AF647 proteins within the cell-SLB contacts
exhibit a diffusive motion which was repeatedly interrupted by a period of time where the
proteins stayed nearly immobile (Figure 3.9 B). Thus, the average diffusion coefficient of the

rCD2 proteins inside the contacts was lower, with a value of 0.19 + 0.05 um?/s.

A

Figure 3.9. (A) Contact formations of rCD2 AF488 on a bilayer interacting with rCD481924 on
the surface of a Jurkat T cell. (B) Fluorescent image of a rCD2 AF647 protein exhibiting
Brownian motion on an SLB outside the cell-SLB contact while another protein is highly
localized for a certain period of its trajectory inside the cell-SLB contact (the white line is the

contour of the cell-SLB contact). The scale bar is 8 um.
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Single-molecule detection of all the rCD2 proteins inside the contact allowed the
characterization of every protein into bound or free for every single frame. Even though the
amount of bound and free proteins varied between frames, on average, 71% of the rCD2 were
bound at any given instant, which corresponds to a B/F ratio of 3.2. This value is similar to the

B/F ratio measured in Figure 3.9 A which was 3.4 + 0.7 (mean#s.d.).

Figure 3.10 A illustrates the step size distribution of individual rCD2 molecules inside and
outside cell-SLB contacts for a 15 ms frame interval. A clear shift towards smaller step sizes
is noticed for rCD2 proteins diffusing inside the formed cell-SLB contacts which is indicative
of protein binding and/or slowed protein diffusion in the contact. The observed lifetime
distribution of ninety rCD2 tracks within ten separate cell-SLB contacts is shown in Figure
3.10 B. An exponential fit of the data gave an average lifetime of 90 ms for this interaction and
is of the same order of magnitude as what has previously been estimated for the 3D lifetime
for this system (83). However, this lifetime signifies a dissociation constant of approximately
11 s which is considerably slower than the corresponding 2D lifetime for hCD2 binding
hCD58 using FRAP which was estimated to be 0.074 s (83), although the two systems have
similar 2D affinities (131). On the other hand, a flow chamber method has reported a lifetime
for the hCD2-hCD58 interaction of 7.8 s™! which is similar to the value obtained for the
rCD2/rCD481924 interaction (163). These discrepancies stress once more the differences
between the data obtained using various techniques to measure binding kinetics of protein-
protein complexes. It is also important to notice that long binding events were obtained during
the rCD2/rCD481924 interaction which were an order of magnitude longer than the average
lifetime value (Figure 3.10 B). Studies between AND TCR expressing T cells and SLBs
functionalized with IEK/MCC showed similar long-dwelling events and that actually these long

binding events were important for T cell activation (164).
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Figure 3.10. (A) Step size distribution of rCD2 proteins inside (green) and outside (red) the

formed cell-SLB contact areas. (B) The overall observed binding lifetime distribution follows

an expected exponential decay characterizing molecular binding with an average lifetime of 90

ms.

Lastly, the 1CD2/rCD481924 lifetimes measured in ten different contacts with a varying

accumulation of rCD2 AF488 (80 to 150 molecules/um?) gave similar results (Figure 3.11)

suggesting that the 2D lifetime similarly to the 2D Ku does not vary significantly among the

cell population under the specified experimental conditions.
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Figure 3.11. Histogram presenting the rCD2/ CD481924 binding dwell times for ten cell-SLB

contacts. The different contacts gave similar 2D lifetimes.

3.7 Summary

In this chapter, the most prominent methods for measuring the binding affinity and the lifetime
of a receptor-ligand interaction were initially discussed before presenting a novel approach to
obtaining 2D single-cell binding affinities of T cells interacting with SLBs using subsequent
imidazole titrations. Using this method, the binding affinity of individual cells can be
investigated in contrast to previously used fluorescence-based methods where only the binding
affinity of the entire population was monitored. Moreover, the single-cell binding affinity
method, by extending the traditional Zhu-Golan approach, can reduce the analysis time
significantly since it does not require the image analysis of hundreds of cells-SLB contact
formations. Our results showed a relatively small spread in the rCD2-rCD48t1924 2D K4 values
even though the receptor density varied by approximately an order of magnitude in the cell
population. Lastly, the lifetime of the rCD2/rCD481924 interaction was investigated using
single-molecule imaging and tracking. It was verified that despite the innate stochastic nature
of the protein’s motion on the bilayer, the lifetime of the complex did not vary significantly
among the cell population and was of similar magnitude as that of the corresponding 3D

lifetime.

3.8 Discussion & Outlook

The next step is to use the single-cell binding affinity method to investigate the behaviour of
other protein-protein interactions involved in the contact formation between a T cell and an
APC. It remains to be seen if all protein complexes would produce a similar spread in the
obtained 2D Kq values under physiological levels of protein expression. Maybe rCD2’s narrow
spread is a consequence of its role as an adhesion molecule, so that it can allow the TCR-pMHC
binding for any possible peptide. It is also important to examine how the TCR-pMHC
interaction itself would behave. Loading the cells with peptides of various 2D affinities, from
agonist to null, and studying the single-cell binding affinities of the population would
potentially help us understand the T cells” capability to distinguish with high specificity the

various peptides. It is important to notice however that the relatively narrow spread observed
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in the binding affinities of the rCD2/rCD48t924 interaction might be only accurate when there
is one type of protein-protein complex present, a quite simplified view of how cell-cell
interactions behave in vivo where there are numerous receptor-ligand engaging pairs (165—
167). It is generally accepted that various mixtures of ligand-receptors pairs can either facilitate
or impair cell-cell interaction depending on the properties of the proteins (117, 168). Therefore,
an interesting study would include various adhesion pairs with some proteins anchored on the
SLB using another linking system than DGS-NTA/his-tag. In this way one can only reduce the
DGS-NTA-bound ligand using imidazole and thus examine the influence of the auxiliary
proteins in the obtained single-cell K4 values of the under-study receptor-ligand complex.
Another possible idea is to exploit the low spread in binding affinities provided by the single-
cell binding affinity method to study weak binding protein-protein interactions. In more detail,
one can be restricted in analysing cells with the highest number of bound ligands since they
provide the strongest signal thus allowing for an accurate affinity measurement of very weakly

binding receptor-ligand complexes.

On the other hand, single-molecule imaging and tracking experiments have great potential in
estimating the lifetime of the receptor-ligand complex if one can adequately discriminate the
protein’s freely diffusing motion against restricted or directed motions. This method can be
employed to investigate the 2D lifetime of several receptor-ligand complexes including various
TCR-pMHC interactions and determine the relative spread of each protein-protein pair within
various cell-SLB contacts. Additionally, single-molecule imaging allows to directly measure
the ratio between free and bound molecules at any instant, so that this methodology could be
used to determine the relative accumulation in the single-cell Zhu-Golan analysis. This
overcomes the need to compensate for the exclusion of free ligands in the contact due to steric
effects, which can be between 25-50% and can vary between cells (18, 27, 117). However, it
should be highlighted that due to the stochastic nature of the protein’s diffusion on the SLB, it
is challenging to unequivocally distinguish between a diminutive Brownian step and a binding
behaviour, especially for short-lived receptor-ligand interactions. Integrating experiments and
theory with simulations in future studies will be a successful strategy to further understand the
kinetics of protein-protein interactions and confirm the data obtained from single-molecule
tracking measurements. Overall, it is evident that more 2D binding kinetic studies are needed
in order to understand the role of protein-protein interactions in T cell activation and

downstream signaling.
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Chapter 4 will focus on binding kinetic studies involving the CD4 co-receptor. In more detail,
the effects of auxiliary proteins on the CD4 binding will be initially presented summarizing the
main findings from Paper II before focusing on binding kinetic studies involving the CD4-

pMHC-TCR complex which is the topic of Paper III.

4.1 The CD4/CD8 Co-Receptors

T cells expressing CD4 or CD8 co-receptors are characterized as either helper or cytotoxic T
cells. As the name suggests, helper T cells ‘help’ other immune cells by producing cytokines
which activate vital effector defence mechanisms while cytotoxic T cells directly kill infected
or cancerous cells. Furthermore, CD4 expressing T cells bind to MHC class II molecules in
contrast to CDS8 expressing T cells that bind to peptide MHC class I complexes. CD4 and CD8
co-receptors are essential in T cell activation because they augment the effectiveness of the
engaged TCR (169). Furthermore, they participate in signal transduction and they are argued
to stabilize the T cell-APC interaction (23, 24, 170), even though the latter is debatable for the
CD4 co-receptor. There are still many unanswered questions concerning T cell activation and
the role of co-receptors in the signaling process therefore the aim of this chapter was to shed

some light into their role, and more specifically, into the role of the CD4 co-receptor.

The CD4 receptor is critical in T cell activation and in the proper function of the immune
system. CD4, a member of the Ig superfamily, is a 55 kDa type I integral membrane protein
with four extracellular domains (D1-D4), a single spanning transmembrane region of 22 amino
acids and a short cytoplasmic tail of 40 amino acids noncovalently linked to the Lck (171, 172).
CD4’s extensive extracellular segment spans a height of 11 nm and can bind to pMHC class II
presenting APCs with the weakest measured interaction to date, with a 2D Ka of 4800
molecules/um? (27). As TCR also bind pMHC class II, T cell and APC interaction leads to the
formation of a CD4-pMHC-TCR complex. Crystal structure studies of this ternary complex
have proven that it is V-shaped with CD4 bind MHC II at an angle of 65°relative to the T-cell
surface excluding any theories for direct TCR-CD4 interactions (173) (Figure 4.1).

4.2 The Role of the CD4 Co-Receptor

Despite the existing biochemical knowledge of the CD4 co-receptor, the exact role of this

biomolecule in antigen recognition and subsequent T cell activation is still highly debated.
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Regardless of its very low binding affinity to pMHC II, CD4 is considered to have a crucial
role in immune activation as it has been argued that it can simultaneously fulfil several roles;
it enhances the T cell sensitivity to antigens by up to a hundred times (169, 174), it is able to
convert weak agonists into full agonists (175) and it can recruit the Lck kinase associated with
its short cytoplasmic tail into the site of immune recognition to efficiently phosphorylate
adjacent TCRs (176, 177). It is also considered that CD4 might stabilize the TCR-APC
interaction (174, 178), even though this theory is questioned nowadays (23). Furthermore, it
has been established that T cells expressing CD4 can be activated in the presence of even a
single agonist pMHC while blocking of the co-receptor renders the T cells unable to detect less
than 30 ligands (6). However, CD4 affinity measurements are a demanding task in which
auxiliary proteins are often used to ensure successful contact formation (17, 27). Yet, the effect
of these auxiliary proteins on the measured K+ values has not been addressed in previous studies
(17,27, 159). The influence of these different types of molecules in the binding kinetics is vital

as there are several auxiliary molecules acting in cell-cell contacts in vivo (179).

T cell

Figure 4.1. Schematic illustration of CD4 binding to peptide MHC II. The crystal structures
were obtained from the PDB: for CD4 (1WIO), for TCR (30F6) and for pMHC II (1AQD).

In the first part of this chapter, the main findings from Paper II will be presented which focus
on the influence of adhesion molecules on the obtained binding kinetics of a ligand-receptor
complex. Emphasis will be given on the data obtained for the CD4 co-receptor and how its
binding was influenced by the presence of rCD2 at two different rCD2 concentrations
henceforth termed low and high respectively. Later, the effects of TCR-pMHC II on the CD4

binding, and vice versa, will also be presented summarizing the main findings from Paper II1.
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4.3 Effects of Auxiliary Proteins on CD4 Binding

The interaction between rCD2/rCD481924 (see section 3.5.1) was used as the auxiliary binding
pair to study whether the presence of an auxiliary protein could influence the binding kinetics
of the CD4 co-receptor. For this purpose, SLBs functionalised with fluorescently-labelled
hCD4 and fluorescently-labelled rCD2 were employed. In more detail, SLBs functionalized
with hCD4 and different rCD2 densities were studied after incubating them with Jurkat T cells
expressing agonist pMHC class II molecules and rCD48t924 receptors. The agonistic MHC 11
molecule is the human leukocyte antigen DQS8 which presents the a-1 gliadin peptide, called
HLA-DQ8-glia-a1 (180). As explained in Chapter 3, rCD2 is an auxiliary molecule that binds
rCD48t1924 on the surface of Jurkat T cells with a 3D Ks of 11 pM and a 2D Ky of 6
molecules/um? (114, 119). Both HLA-DQ8-glia-a1 MHC and rCD481924 are not naturally
expressed on the surface of T cells, but by using this model system signaling effects that result
in cellular alterations such as receptor reorganization and cytoskeletal rearrangements can be

avoided since they can potentially influence the obtained binding kinetics (181-183).
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Figure 4.2. Schematic and corresponding representative images of rCD2 and hCD4
accumulation under the same cell-SLB contact at low densities of bound rCD2 (Brcp2 < 200

molecules/um?). The scale bar is 8 pm.
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For free rCD2 densities, Frcp2, of more than 30 molecules/um?, nearly all Jurkat T cells were
able to bind to SLBs and create homogeneous cell-SLB contact formations. At low ligand
densities of bound rCD2 (Brcp2 < 200 molecules/um?), hCD4 was able to accumulate to a
significant extent and distribute homogeneously within most cell contact areas (Figure 4.2).
Under these conditions, Frcp2 was below 50 molecules/um? which resulted in an average bound
rCD2 density, Brcpz, of 117+40 molecules/um? (mean + SD) in the formed cell-SLB contacts.
It is important to note that these low values for F are comparable to the physiological densities
of rCD2 (hCD2) and rCD48 (hCD58) on a naive (inactivated) T cell (50 — 100 molecules/um?)
(184, 185). At the same time, the free hCD4 density, Fcp4, was 926 molecules/um? and the
bound hCD4 density, Bcp4, was 427 molecules/pum?.

On the contrary, average free rCD2 densities of ~180 molecules/um? on the SLB resulted in an
increase of bound rCD?2 in the cell-SLB contacts. More specifically, bound rCD2 densities of
above 300 molecules/um? (average Brcp2 = 5244160 molecules/um?) substantially affected the
amount of bound hCD4 proteins inside the cell-SLB contacts and led to a visible exclusion of
the co-receptor from most of the formed contacts (Figure 4.3). In this case Fcpa and Beps were

460 molecules/um? and 131 molecules/um?, respectively.
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Figure 4.3. Schematic and corresponding representative images of rCD2 and hCD4 exclusion
under the same cell-SLB at high densities of bound rCD2 (B > 300 molecules/um?). The scale
bar is 8 um.
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Figure 4.4 displays the single-cell Zhu-Golan plot of different cell-SLB contacts quantifying
the binding behaviour of hCD4 for low (Figure 4.4 A) and high (Figure 4.4 B) densities of
bound rCD2. Every single dot in the graph represents an individual cell-SLB contact formation
at a certain rCD2 density and the average of all the dots would mark a single Zhu-Golan point
(see section 3.3.2.1). The B* and F'* values are not corrected for the exclusion of free ligands
inside the formed cell-SLB contacts hence they correspond to the values of B and F if there
was an equal amount of free ligands inside the contact as outside. In greater detail, the plots
have two distinct regimes characterizing the CD4’s depletion or accumulation. The first
regime, marked on the left of the dashed lines in the single-cell Zhu-Golan plots where the B*/
F* remains approximately constant, are cells which do not have any visible hCD4
accumulation and therefore represent the exclusion of free hCD4 in the formed cell-SLB
contacts. The B*/ F* values are negative due to the exclusion of free ligands from the cell-SLB
contacts making the effective density of ligands inside the contacts very low for weak protein-
protein interactions such as CD4 bind pMHC. From the data in Figure 4.4 the exclusion is 25%
and 41% at low and high densities of rCD2, respectively. The increased exclusion observed for
high bound rCD2 densities would result in a lower effective affinity for hCD4. Two possible
explanations for this phenomenon are that the increased rCD2 density excludes free hCD4 and
its counter receptor from the cell-SLB contacts due to steric effects or that the presence of rCD2
influences the on- and off- rates of hCD4 due to a possible competition between rCD2 and
hCD4 in forming receptor-ligand complexes thus lowering the latter’s affinity. These effects
can especially arise when there is a height difference between the auxiliary binding molecules
and the studied ligand-receptor pair (168, 186). A height difference between the protein-protein
pairs would lead to a higher entropy penalty for bond formation as a result of membrane

deformation.

On the other hand, the data points on the right of the dashed lines in the single-cell Zhu-Golan
plots where the B*/ F'* increases, indicate cells in which there is hCD4 binding and therefore
describe the accumulation of hCD4 in the formed cell-SLB contacts. As it is apparent, different
cells exhibit different co-receptor binding which could be attributed to differences in binding
kinetics or amount of cell surface receptors, but the average B*/F* value of CD4 was 1.8 times
lower when having a high concentration of bound rCD2 compared to low concentrations of

bound rCD2.
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Figure 4.4. Single-cell Zhu-Golan plots in the presence of low (A) and high (B) bound rCD2
in the cell-SLB contacts. The dashed lines distinguish the areas without (left) and with (right)

hCD4 accumulation in the contacts.

Interestingly, a similar behaviour as the one observed for hCD4 was observed when
investigating how high and low concentrations of rCD2 binding rCD48t1924 affect the binding
kinetics of a phenotypical TRBV? TCR (L3-12) binding HLA-DQ8-glia-al (117). The 2D K
for L3-12 TCR binding to HLA-DQ8-glia-al was 14 + 5 molecules/um? (mean + SD) (117).
The bound ligand density and the binding affinity of L3-12 TCR to HLA-DQ8-glia-a1 MHC
were marginally influenced by including low rCD2 densities in the system (B:cpz < 200
molecules/um?) whereas the effective binding affinity was reduced by a factor of 1.9 (effective
Ka = 26 £ 1 molecules/um?) at high densities of bound auxiliary molecules (Brcp2 > 300
molecules/um?) (117). At the same time, the maximum amount of bound L3-12 TCR was
reduced by 37% compared to the TCR binding in the absence of rCD2 (117). It is important to
notice that the limits for the low and high densities of auxiliary molecules were selected through
empirical observation and depend upon the receptor-ligand interaction and each auxiliary
molecule. In consequence, a similar decrease in binding affinity by a factor of 1.5 was observed
when having the L3-12 TCR as an auxiliary molecule to rCD2/rCD48t924 interaction leading
to larger 2D Kq values of 9 + 1 molecules/um? for the latter complex. However, for this system,
the thresholds for low and high densities of bound L3-12 TCR were 700 molecules/um? and
900 molecules/um?, respectively. Lastly, it should be noted that the density at which the

auxiliary proteins affect the binding affinity might be cell dependent, since no significant
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change in the binding of hCD4 to MHC class II molecules on Raji B cells was observed for

auxiliary concentrations of human CD2 from 200 to 1200 bound molecules/um? (27).

4.4 Effects of TCR on CD4 Binding

The next step was to investigate whether the presence of TCR would affect CD4 binding in the
same way as the rCD2 protein did. Since TCR binds the same ligand as CD4, it is interesting
to study whether the TCR-MHC II binding will influence the CD4-MHCII interaction. For this
reason, SLBs functionalised with fluorescently-labelled hCD4 and low densities of L3-12 TCR
were studied after incubating them with Jurkat T cells expressing HLA-DQ8-glia-a1 MHC
(Figure 4.5 A).
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Figure 4.5. (A) Schematic and corresponding representative images of L3-12 TCR and hCD4
accumulation beneath a Jurkat T-cell expressing HLA-DQS8-glia-a.1 MHC. The scale bar is 8
um. (B) Single-cell Zhu-Golan plot in the presence of low bound L3-12 TCR (blue) and low
rCD2 (green) in the cell-SLB contacts. The dashed lines represent the mean values of the two

data sets.

For free L3-12 TCR densities of ~ 35 molecules/um?, all Jurkat T cells were able to bind to the
bilayer and create homogeneous TCR-pMHC II contact formations. It is important to notice
that, once more, all Jurkat T cells created TCR contacts with the SLB excluding any
possibilities for L3-12 TCR exclusive binding to cells that express high densities of MHC II.
Under these conditions, the average bound L3-12 densities, B, in the formed cell-SLB contacts
was 1759 + 504 molecules/um? (mean + SD). At the same time, hCD4 was also able to
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accumulate and distribute homogeneously within the observed cell-SLB contacts (Fcps= 140
molecules/um?) (Figure 4.5 A). Figure 4.5 B shows the single-cell Zhu-Golan plot of different
cell-SLB contacts quantifying the binding behaviour of hCD4 in the presence of low L3-12
densities. The data are compared to the single-cell Zhu-Golan graph obtained for the hCD4
binding in the presence of low densities of rCD2 (see section 4.3). Once more, the B* and F'*
values are not corrected for the exclusion of free ligands inside the formed cell-SLB contacts.
According to Figure 4.5 B, the presence of L3-12 TCR did not lead to a noticeable “non-
binding” regime where the B*/ F'* remains approximately constant, as was the case with rCD?2.
The lack of this regime signifies the exclusive CD4 accumulation inside the contacts in the
presence of L3-12 TCR. Furthermore, the average B* F* of hCD4 was 0.520+0.319 in the
presence of low densities of L3-12 TCR in comparison to 0.091£0.245 in the presence of low
densities or rCD2, even though the bound L3-12 TCR was almost fifteen times higher than the
bound rCD2 densities. Comparing the L3-12 TCR and rCD2 populations presented in Figure
4.5 B with a two-sample t-test indicated that the data are statistically different with p<0.001.

The experiment was later repeated for higher L3-12 TCR densities (Frcr = 89+32
molecules/um?) (Figure 4.6 A). Once again, the co-receptor was able to accumulate within all
the cell-SLB contacts even at an average bound L3-12 TCR concentration of Brcr = 2616+545

molecules/um? (Fcpsa= 156 molecules/um?) (Figure 4.6 A).
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Figure 4.6. (A) Schematic and corresponding representative images of L3-12 TCR and hCD4
accumulation beneath a Jurkat T-cell expressing HLA-DQ8-glia-al MHC. The scale bar is 8
pum. (B) Single-cell Zhu-Golan plot in the presence of high bound L3-12 TCR (blue) and high
rCD2 (green) in the cell-SLB contacts. The dashed lines represent the mean values of the two
data sets.
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Comparing the single-cell Zhu-Golan graph obtained for the hCD4 binding in the presence of
high densities of L3-12 TCR and rCD2 highlights the difference between the two proteins. In
the presence of high densities of bound rCD2, there was a clear exclusion of hCD4 from inside
the formed cell-SLB contacts (Figure 4.6 B green) (see section 4.4) as ~ 40% of the cells were
in the non-binding regime. On the other hand, despite the presence of bound L3-12 TCR at
high densities, hCD4 was able to accumulate and create homogeneous contacts between all the
observed cells that interacted with the bilayer (Figure 4.6 B blue). The average B*/ F* of hCD4
was 0.432+0.165 in the presence of high densities of L3-12 TCR in comparison to -
0.191£0.219 in the presence of high densities of rCD2. A two-sample t-test indicated once
more that the abovementioned data are statistically different with p<0.001. On the other hand,
a two-sample t-test for the B*/ F'* of hCD4 in the presence of high and low L3-12 TCR did not
show any statistical difference (p =0.245). Overall, the presence of TCR results to significantly
more CD4 binding in the cell-SLB contacts, but the binding is still very weak. These data are
in agreement with other biophysical studies that support that co-receptors rarely bind MHC,
but their binding is augmented by the presence of TCR (155, 187). The average accumulation
of hCD4 beneath the cell-SLB contacts in the presence of L3-12 TCR and rCD?2 is presented
in Table 4.1.

Table 4.1. Summary of hCD4 accumulation in the presense of L3-12 TCR and rCD2.

Auxiliary
F Auxiliary molecule =~ B Auxiliary molecule B*/F* of hCD4
molecule
L3-12 33 molecules/pum? 1759 molecules/pum? 0.520
L3-12 89 molecules/pum? 2616 molecules/pm? 0.432
rCD2 46 molecules/um? 117 molecules/pm? 0.091
rCD2 171 molecules/pum? 524 molecules/pm? -0.191

4.5 Kinetic Binding Theory for the Effects of TCR on CD4 Binding

In the previous sub-chapter, it was shown that TCR augments the binding of CD4 to MHC 1I.

However, it is not clear if the presence of TCR influences the binding affinity of the CD4-

pMHC complex or if it just increases the local density of MHC II therefore facilitating CD4-
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pMHC interactions. In order to answer this question, we need to compare the dissociation
constant for CD4 binding free pMHC 1I (K¢) with the dissociation constant for CD4 binding
TCR-pMHC II (Kc2). When having both CD4 and TCR in the SLB binding of the ligands can
be both to free pMHC II but also to TCR-pMHC II and to CD4-pMHC 1I for CD4 and TCR,
respectively. Therefore, the Zhu-Golan equation (Eq.3.4) needs to be modified:

Bepa _ NiotXf (Bcpat+BTCR-pMHC 11) XD + BTcr-pMHCII (Eq.4.1)
Fcpa  ScenkKc Kc Kez o

where Bcps and Feps is the density of bound and free CD4, respectively and Brcr-pmuc i is the
density of TCR-pMHC II complexes. The first two terms on the right side of Eq. 4.1 describe
CD4 binding to pMHC II while the third term describes CD4 binding to TCR-pMHC 11.
However, due to CD4’s very weak binding to pMHC 11, Brcr >> Bcp4 and thus Brer-pMHC 11 =
Brcr. Therefore, Eq. 4.1 simplifies to:

—_— N —

Bcps __ NiotXf  BrcrXP + Brcr (Eq.4.2)
Fcpa ScellKc Kc Kca

The relative change in Brcr*p between SLBs with different TCR densities is generally much
larger than the relative change in Brcr and plotting Bcpsa/Fepsa vs BrerXp will therefore

approximately give a line with negative reciprocal slope Ke.

This is presented in Figure 4.7 for Fcp+=210 = 100 molecules/um? (Figure 4.7 A) and Fcps=550
+ 65 molecules/um? (Figure 4.7 B). A linear fit to the data gave a K. of 2000 molecules/um?
and 1250 molecules/um? for Fcps=210 + 100 molecules/um®> and Fcps=550 + 65
molecules/um?, respectively. By omitting the last data point in the two fits due to possible cell
lamellipodia formation that could influence the obtained binding affinities (117), the two K-
values are now 2300 molecules/um? and 1800 molecules/um?, for Figure 4.7A and 4.8B,
respectively. Hence, an average K. of 2000 molecules/um? was obtained for CD4 binding free
pMHC II. This 2D binding affinity value is smaller than the value measured by Jonsson et al.
in a previous study between Raji B cells interacting with SLBs containing CD4 and human
CD2 to align the contacts (27). However, this discrepancy could be due to the difference in cell

lines and in pMHC II types expressed. For the rCD2 data presented in section 4.3, using an
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average (B/F)cpa = 0.46 and (B/F)cp4 = 0.37 for “low” and “high” rCD2 and a NiotXf/Scent = 580
molecules/um? (27), the 2D binding affinity of CD4 to pMHC II is 1260 and 1570
molecules/um?, for “low” and “high”, respectively. Once again, the differences in affinity can
be attributed to measurement uncertainty but is of the same order of magnitude as the value
obtained from Figure 4.7. Hence, TCR does not seem to significantly influence the affinity of

CD4 towards free pMHC II.
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Figure 4.7. (A) Zhu-Golan plot of B/F of hCD4 vs Bxp for the L3-12 TCR binding HLA-DQ8-
glia-al for Fcps~210 + 100 molecules/um? which resulted in a Kc of 2000 molecules/um?. (B)
Zhu-Golan plot of B/F of hCD4 vs Bxp for the L3-12 TCR binding HLA-DQ8-glia-al for
Fcps=550 + 65 molecules/um? which resulted in a K. of 1250 molecules/um?. The data points

represent mean = SEM from 10-20 different cell-SLB contacts.

Inserting the values presented in Figure 4.7 into Eq.4.2 where Nio:*f/Scert = 707 molecules/pm?
and K. is 2000 molecules/um?, the K2 can be obtained. Using the first point in Figure 4.7, with
the lowest amount of bound TCR, a K2 value of 2080 molecules/um? was obtained when
having Fcps = 210 molecules/um? and a K2 value of 3170 molecules/um? was obtained when
having Fcps = 550 molecules/um?. The spread in the corresponding K. values is attributed to
measurement uncertainties. However, both K. and K> are on the same magnitude which

indicates that CD4 binding free MHC II is not very different than CD4 binding TCR-MHC II.

84



On the other hand, for TCR binding pMHC II in the presence of CD4 the Zhu-Golan equation

(Eq.3.4) needs to be modified once more:

Brcr _ NeotXf (BTCR+BCD4—pMch)><IJ + Bcpa—pMHC 1T (Eq 4 3)
Frcr Scenk K K3

where Brcr and Frer is the density of bound and free TCR, respectively, K is the 2D Kq for
TCR binding free pMHC II, Bcpa-pmuc 1 is the density of CD4-pMHC II complexes and K> is
the 2D Ka for TCR binding CD4-pMHC II. The first two terms on the right side of Eq. 4.3
describe TCR binding free pMHC II and the third term describes TCR binding CD4-pMHC II.
Generally, Brcr >> Bceps and therefore CD4 will only have a minor influence in the density of
TCR binding free pMHC II. Nevertheless, since p << 1, CD4 can still produce a noticeable
effect on the binding of TCR to CD4-pMHC II. The amount of Bcp4-pmic 11 can be calculated

from the following expression:

NtotXf _ BTcrRXP (Eq.4.4)

B, _ ~
CDa-pMHCIl ¥ ¢ Ke

4.6 Effects of CD4 on the TCR-MHC II Interaction

The effect of CD4 on the TCR-MHC II binding was investigated next. For this reason, Jurkat
T cells expressing HLA-DQS8-glia-a1 MHC were initially incubated with SLBs functionalised
only with different densities of fluorescently-labelled L3-12 TCR (Figure 4.8 A). As expected,
the relative accumulation of L3-12 TCR in the cell-SLB contacts, B/F, decreased as the
concentration of free L3-12 TCR increased on the SLB. Fitting the data in Figure 4.8 B to a
line according to Eq. 3.4 (see section 3.3.2.1) gave a 2D Kq of 13 molecules/um? for the 1.3-12
TCR bind HLA-DQ8-glia-a1, a value similar to previously obtained 2D K of this interaction
measured at 37 °C (14 molecules/pm?) (117). Moreover, the total amount of mobile HLA-DQS-
glia-al receptors on the cells” surface was 550 000 receptors per cell which was obtained from
the x-intersect in the Zhu—Golan plot using Sceit = 700 um? and assuming /= 0.9. These results
explain the high bound L3-12 densities observed in the previous sub-chapter for low free

densities of TCR on the SLB.
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Figure 4.8. (A) Schematic illustration showing Jurkat T cells expressing HLA-DQ8-glia-a.l
binding to SLBs with increasing L3-12 TCR densities (1*' to 4™ SLB). (B) Zhu-Golan plot of
B/F vs Bxp for the L3-12 TCR binding HLA-DQ8-glia-a1, which resulted in a K4 of 13
molecules/um? for L3-12 TCR binding HLA-DQ8-glia-al.

In order to investigate if the presence of CD4 influences TCR-MHC 11 binding, the Kq value of
13 molecules/um? which was obtained when having only L3-12 TCR on the SLB was
compared to the one obtained when having two different concentrations of hCD4 on the SLBs
(Figure 4.9 A). Having hCD4 at free average densities of 210 molecules/um? (Figure 4.9 B
green) and 550 molecules/um? (Figure 4.9 B purple) did not significantly affect the 2D Ka of
the L3-12 TCR binding HLA-DQ8-glia-al interaction as it was 13 molecules/um? and 12
molecules/um?, respectively. Comparing the two 2D Kq values in the presence of hCD4 with a

two-sample t-test indicated that the data are not statistically different with p=0.933.

From Eq. 4.4 using Kc = 2000 molecules/um? and NiotXf/Sceit = 707 molecules/pum?, the density
of bound CD4-pMHC 1II complexes was determined as 61 molecules/um? and 139
molecules/um? for the first data point in Figure 4.7A and 47B, respectively. Inserted in Eq. 4.3
with NiotXf/Seett = 707 molecules/um? and K = 13 molecules/um? gives a 2D Kq for L3-12 TCR
binding CD4-pMHC 1I of K> = 12 molecules/um?. The values are close to the K = 13
molecules/um? obtained without CD4, signifying again that the TCR binds with similar affinity
to CD4-pMHC 1II as to free pMHC II. Therefore, even though CD4 binding to pMHC influences
the sensitivity of the T cell (169, 174), it is possible that CD4 does not affect the strength of
agonistic TCR-pMHC interactions (188, 189). These results are in agreement with previous
studies that showed a negligible effect of CD4 on the binding kinetics of the TCR-pMHC II
complex (190, 191).
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Figure 4.9. (A) Schematic illustration showing Jurkat T cells expressing HLA-DQ8-glia-al
binding to SLBs in the presence of Fcps = 210 molecules/um? or Fcps = 550 molecules/um?.
(B) Zhu-Golan plots of B/F vs Bxp for the L3-12 TCR binding HLA-DQ8-glia-al in the
presence of Fcps = 210 molecules/pum? (green) and Feps = 550 molecules/pum? (purple) hCD4
concentrations. The black dashed line is the Zhu-Golan plot for the L3-12 TCR binding HLA-
DQ8-glia-al without hCD4. The obtained 2D Ku values were 13 molecules/um?® (green) and
12 molecules/um? (purple) for low and high hCD4 concentrations, respectively while the 2D

Ka value without the co-receptor was 13 molecules/um?.

4.7 Single-Cell Binding Affinities of the CD4 Co-receptor

Lastly, the single-cell binding affinity method that was presented in Chapter 3 (see section
3.5.2) was used to obtain single-cell Kq values for the CD4 co-receptor. Since having only
hCD4 on the SLBs did not result in any observable cell-SLB contacts, rCD2 and L3-12 TCR
were used once more to ensure successful contact formation between the co-receptor and the
cells. For the first set of experiments, SLBs functionalized with fluorescently-labelled rCD2
and hCD4 were used which interacted with Jurkat T cells expressing HLA-DQS8-glia-al MHC
and rCD48t924. For low densities of bound rCD2 (Brcp2 < 200 molecules/um?), the co-receptor
was able to accumulate and distribute homogeneously within the cell-SLB contacts (see section
4.3). After allowing the system to reach an equilibrium, imidazole was used to reduce the
concentration of hCD4 in steps. The hCD4 and rCD2 proteins were genetically modified at the
C-terminus with a single histidine tag (6xH) and a double histidine tag (12xH), respectively
(27, 183). It was thus speculated that CD4 would detach quicker under imidazole treatment.
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However, an imidazole concentration of 5 mM to 13 mM inside the well for 30 to 60 seconds
resulted in reducing both ligands and various changes in the imidazole concentration or
incubation period did not change this outcome. Reducing the rCD2 concentration as well
resulted in positive Zhu-Golan plots for the hCD4 and therefore the 2D K4 could not be obtained
(data not shown). It is not yet understood how reducing the concentration of rCD2 affects the
CD4 binding. Also, by reducing the concentration of the auxiliary ligand, eventually the CD4
contacts disappeared since CD4 binding MHC 1II is so weak that it cannot maintain contact
formations. A solution to this problem could be to anchor the rCD2 proteins on the SLB without
DGS-NTA, for example using a GPI-linker (70) or biotin-streptavidin linked proteins (69),
which would mean that only the his-tagged CD4 would be titrated with imidazole.

The experiments were later repeated by replacing the rCD2 with the L3-12 TCR (Figure 4.10
A). This time the imidazole did not significantly influence the L3-12 TCR density on the SLB
which remained approximately 90 molecules/um? and only the hCD4 densities decreased
(~1700 molecules/um?to 1200 molecules/um?). Both L3-12 TCR and rCD2 had equally many
histidine tags (12xH) but the TCR has one histidine tag (6xH) on the C-terminus of each of the
a- and B- chains, so it is possible that it has a bigger area to bind stronger to the SLB than the
rCD2 and therefore it was less influenced by imidazole. Figure 4.10 B shows the fluorescence
images for L3-12 TCR and hCD4 of a cell-SLB contact before (i) and after (ii) an imidazole
titration. A second imidazole step reduced the CD4 concentration further and the CD4 contacts
disappeared. Therefore, a single-cell Zhu-Golan plot was obtained for only two hCD4 densities
(Figure 4.10 C). The average Ku value for CD4 binding pMHC II was 3200 + 1400
molecules/um? (n = 12) which is comparable to previous results (27). It would be interesting
to anchor the L3-12 TCR proteins on the SLB without DGS-NTA and compare the obtained
single-cell Ksvalue of CD4 in the presence of rCD2 and L3-12 TCR.
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Figure 4.10. (A) Schematic illustration showing Jurkat T cells expressing HLA-DQ8-glia-o1
binding to SLBs functionalized with L3-12 TCR and CD4. (B) Fluorescence images of a cell-
SLB contact at two hCD4 densities in the presence of stable L3-12 TCR concentration. The
images were captured 40 min after the cells adhered on the SLB (1% density) and 40 min after
an imidazole titration (2"¢ density). The scale bar is 8 um, and the scale is the same for all
images. (C) Zhu-Golan plot of B/F vs BXxp for the hCD4 binding HLA-DQ8-glia-al in the
presence of L3-12 TCR presented in (B). The obtained 2D single-cell Ka value is 3333

molecules/um?.

4.8 Summary

The first part of this chapter focused on the influence of rCD2 as an adhesion molecule on the
obtained binding kinetics of the CD4 co-receptor. The obtained data showed that the average
accumulation of CD4 was 1.8 times lower when having a high concentration of bound rCD2
compared to low concentrations of bound rCD2 inside the cell-SLB contacts highlighting the
impact of auxiliary proteins on the measured binding kinetics. The second part of the chapter
focused on the CD4-pMHC-TCR ternary complex. It was demonstrated that the presence of
L3-12 TCR strongly supported the CD4-pMHC interaction, but it did not seem to significantly
affect the binding of CD4 to pMHC. Moreover it was found that CD4 did not noticeably affect
TCR-MHC 11 binding at two distinct CD4 concentrations.

4.9 Discussion & Outlook

Adhesion molecules, such as CD2, assist the cell-cell contact formation (13, 14) and in doing
so promote the binding of lower affinity proteins such as CD4 (27). This was also noticed in
the aforementioned studies since the presence of rCD2 in the SLB was essential for forming
CD4-MHC 1I contacts. However, the data presented in this chapter show that, at certain
densities, the presence of an auxiliary molecule can give rise to protein exclusion which would
result in a lower efffective affinity for the studied ligand-receptor interaction. It is therefore
possible that there is an optimal concentration range within which adhesion molecules promote
contact formation without affecting the affinities of other interactions. Since these results
indicate that there is not a single parameter defining the 2D binding affinity of protein-protein

interactions, it is of utmost importance to better understand how different parameters affect the
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obtained binding values for future binding kinetic studies. In particular, more studies are
needed in order to determine how the presence of various auxiliary binding molecules of
different lengths and affinities affect the under-study receptor-ligand binding. These studies
would help understand if and how auxiliary binding molecules influence the protein affinity in

vivo where numerous ligand—receptor pairs are acting in unison (179).

On the other hand, it was interesting to observe the distinction between CD4’s binding
behaviour in the presence of TCR compared to CD2. At greater length, our data showed that
the presence of TCR strongly facilitates CD4 binding which is in agreement with previous
biophysical studies (155, 187, 191). This is achieved by increasing the local density of MHC
IT inside the cell-SLB contact and not by significantly affecting the binding affinity of CD4 to
MHC 11 since the affinity of CD4 to TCR-pMHC 11 is of the same order of magnitude as that
to free pMHC II. At the same time having physiological levels of CD4 in the SLB (~200
molecules/um?) did not noticeably affect TCR-MHC II binding in agreement with previous
studies that showed a negligible effect of CD4 on the binding kinetics of the TCR-MHC
complex (190, 191). These results could possibly suggest that an initial TCR-MHC II
interaction is followed by a CD4-MHC II interaction. It is likely that the co-receptor’s main
role is to recruit Lck to the TCR complex and thus phosphorylate it or to recruit Lck to a pre-
phosphorylated TCR-CD3 complex to augment a pre-existing activation. The latter hypothesis
is termed the two-step co-receptor recruitment model and was proposed by Xu and Littman in
1993 (192). Several studies have provided experimental evidence supporting the two-step
cooperative binding model while studying the CD8-TCR-pMHC interaction (188, 193). This
model would also agree with theoretical models that showed that the recruitment of Lck by the
CD4 to a pre-phosphorylated TCR resulted in an up to 40-fold increase in the rate of receptor
phosphorylation compared to when the Lck was recruited to an unphosphorylated TCR (27).
Lastly, the two-step co-receptor recruitment model also agrees with studies showing that the
co-receptors are not essential for triggering (194) or that they have a surprisingly small Lck
occupancy as it was reported recently (195, 196). It would be interesting to perform the
experiments presented in this chapter while having the full-length transmembrane proteins into
the model membrane and investigate whether the presence of Lck in CD4’s cytoplasmatic tail
would affect the obtained data. It is also a pursuit for future studies to determine if CD4
recruitment follows an initial TCR-MHC interaction as well as to determine the lifetime of

each protein in the ternary complex. Coupling binding kinetic studies of the CD4-TCR-MHC
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IT interaction to T-cell triggering could also provide a crucial insight into the role of this ternary

complex in T-cell activation and downstream signaling.
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5. Conclusions
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5.1 Summary & Outlook

The main aim of this thesis was to better understand the binding kinetics of proteins at immune-
cell contacts. On that account, a new approach for obtaining 2D single-cell binding affinities
of T cells interacting with SLBs was presented and the obtained results for the rCD2-rCD48t1924
interaction showed a small spread in the 2D Ks values even though the receptor density varied
significantly within the cell population. Moreover, by using single-molecule imaging and
tracking, the lifetime of the rCD2-rCD481924 interaction was estimated which displayed a
similar narrow spread between the various cell-SLB contacts. The next projects focused on the
CD4 co-receptor, a vital protein for proper immune function whose remarkably low binding
affinity renders it a challenging biomolecule for binding studies. The effects of rCD2 on the
CD4 binding were studied in the presence of two distinct concentrations of the auxiliary
protein. It was observed that the density of an auxiliary protein can substantially affect the
binding behavior and therefore the binding affinity of the under-study interaction. Later, the
CD4-pMHC-TCR ternary complex was investigated where it was shown that CD4 binding is
enhanced in the presence of any TCR density. However, this is achieved by increasing the local
density of MHC II inside the cell-SLB contact and not by significantly affecting the binding
affinity of CD4 to MHC II. Lastly, it was demonstrated that the presence of CD4 at
physiological levels did not noticeably affect the TCR-MHC II binding affinity.

Despite the existing knowledge and the expanding number of available techniques to measure
the binding kinetics of receptor-ligand complexes, there is still considerable room for
improvement in future studies. In more detail, future work will involve the use of more complex
compositions of lipids coupled with the incorporation and observation of complex membrane
protein assemblies. In particular, the development and study of membranes with a different
composition on the two bilayer leaflets to better mimic the cell environment is already
attracting considerable attention (197). Including the glycocalyx as well as several auxiliary
binding proteins in the studied systems will augment the accuracy of the obtained data and
moderate the observed differences between in vitro and in vivo. Furthermore, super-resolution
imaging methods such as STED, STORM, PALM, and SIM will be used more extensively to
image the membranes at length scales relevant to macromolecular biological assemblies (198).
Their optimization as well as the emergence of new fluorophores with enhanced brightness and
photostability will continue. Super-resolution techniques can especially be used to study the

function of cilia and microvilli in the movement and sensory functions of the cells, an area that
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remains elusive with other microscopy techniques. On the other hand, novel theoretical models
describing non-equilibrium processes on the membranes will be better established to help
couple the experimental observations with the theory (199). At the same time, the current
models should be reformed to include the effects of membrane deformation and the actin
cytoskeleton in protein diffusion and rearrangement with higher accuracy (199). Integrating
experiments and theory with simulations in future studies is also another successful strategy to
further understand the kinetics of protein-protein interactions. In particular, computational
methods based on molecular dynamic (MD) simulations have proven valuable in understanding
how conformational changes affect the lifetime of a receptor-ligand complex (200) and are
currently emerging as an extremely valuable tool in studying the binding kinetics (201, 202).
Finally, the use of machine learning techniques in identifying overestimated or underestimated
values inside the immense amount of data produced by simulations is very auspicious and
considerable efforts are already taking place in this direction (203, 204). It is evident that the
continuous development of novel biophysical tools and techniques as well as the utilization of
interdisciplinary science approaches in the field of protein-protein interactions will continue to

expand the limits of our knowledge in crucial cellular processes.
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