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Popular Science Summary 

The human body is exposed to pathogens such as bacteria or viruses on a daily basis. 

Most of these pathogens are neutralised immediately. However, in rare cases the 

pathogens are infectious and cause diseases such as the common cold (flu). Typically, 

we feel sick only for a couple of days after which we can go back to our daily routine. 

This is possible due to the body’s defence mechanism, the immune system. The 

immune system is composed of specialised cells that circulate through blood and 

tissue constantly searching for unwanted invaders. These cells are called immune 

cells and have the ability to distinguish between healthy and infected cells. When the 

immune cells find the pathogens, they eliminate them without damaging the body’s 

healthy cells. A specific type of immune cells are called T cells. They possess very 

important receptors, which are small molecules that can bind to other molecules, on 

their surface. These T-cell receptors can recognise specific molecules from pathogens 

that are presented by a second type of receptors, called MHC proteins (short for 

major histocompatibility complex), on other cells in the body and bind to it. This 

interaction is similar to a ‘key-in-lock’ principle and only one specific T-cell receptor 

(key) can recognise one specific pathogenic molecule on the MHC (lock). As soon 

as they find the right ‘lock’ the T cells become activated. Activated T cells cross-talk 

with several different cells that are part of the immune system to eliminate the 

pathogen. T cells that bind to healthy cells with MHC proteins presenting body own 

sequences typically do not get activated and continue the scanning process for 

pathogenic molecules. 

The work in this thesis focussed mainly on the ‘key-lock’ interaction between a 

healthy and an infected cell to better understand how the T cell gets activated. Even 

though it seems there are only two molecules involved in this process it actually 

requires many different molecules or proteins similar to the T-cell receptor. Among 

these, adhesion proteins play an important role in the formation of a cell-cell contact 

essential for the T-cell receptor (TCR) to bind to its MHC (see Schematic Figure). 

Other proteins inhibit T-cell activation and are important to be excluded from the 

contact to decrease their effect. CD45, a tall protein, is such an inhibitory protein 

and is believed to be excluded from the contact due to its large size guaranteeing T-  



 

cell activation. It is known that CD45 is a complex built protein containing a folded 

region which is connected to a long-unfolded chain governed by a lot of negatively 

charged sugars, however, important structural data of CD45 at the cell surface are 

missing (see Schematic Figure). The focus of the first subproject was therefore to 

study the structural properties such as how repulsive (due to the sugars) and tall 

CD45 is on a model membrane since taller, more upright standing proteins are more 

likely to be excluded from the contact area. I found that CD45 is highly repulsive 

and exists in its extended structure (it looks like a rod rather than a ball). However, 

CD45 seemed to be more flexible around its anchoring point to the membrane 

causing it to have a lower height compared to if it would stand upright like a rigid 

pole. The cell surface is a very crowded place with various amounts of different 

proteins. Especially large proteins such as CD45 are covering more than 10% of the 

cell surface forming a cushion hair-like layer, the glycocalyx, around the cell (see 

Schematic Figure). This high amount of proteins is most likely decreasing the 

flexibility of CD45 forcing it into a more upright, constrained, position causing its 

exclusion. 



 

The second project focussed on trying to understand how T-cell receptors 

distinguish between infected and healthy cells. It is hypothesised that binding to 

infected cells will be stronger than to healthy cells. This binding strength dictates if 

the T cell is activated or not. Weak binding interactions such as the T-cell receptor 

binding to healthy cells are hard to study and depend on the addition of adhesion 

molecules to ensure contact formation. However, the effect of this addition on 

binding strength is unknown. Furthermore, the effect of protein crowding has also 

not been looked at in these systems when measuring binding strength. To 

understand this better I investigated a system in which a T-cell receptor binds to a 

pathogenic molecule presented by MHC at (i) low and high protein densities as well 

as (ii) in the presence of an adhesion molecule. I show an increased amount of 

binding at high protein densities and that the binding strength was reduced when 

high densities of adhesion molecules were added to the system. This finding has 

important implications for future studies of protein binding interactions, especially 

of weak ones such as the T-cell receptor binding to MHCs on healthy cells.  

Taken together, I have found further structural support for CD45 exclusion from 

contact areas that is considered to be crucial for T-cell activation and how to measure 

the binding strength between a T-cell receptor and MHC in a cell-cell contact model 

I have investigated how this is influenced by protein density and protein composition 

with the latter providing insights into how different factors can affect cell-cell 

binding. It underlines how binding in cell-cell contacts are influenced by more 

parameters than just the receptor-ligand interaction. 

 

 



Populärwissenschaftliche Zusammenfassung  

Der menschliche Körper ist täglich einer Vielzahl von Krankheitserregern wie 

Bakterien oder Viren ausgesetzt. Während die meisten dieser sogenannten 

Pathogene sofort neutralisiert werden und somit keinen Schaden anrichten können, 

sind manche infektiös und damit Krankheitsverursachend. In der Regel fühlt man 

sich aber nur für einige Tage schlecht, nach denen man schnell wieder in den 

normalen Alltag zurückkehren kann. Das ist nur möglich durch unseren 

körpereigenen Abwehrmechanismus, das Immunsystem. Unser Immunsystem 

besteht aus speziellen Zellen, die kontinuierlich durch Blut und Gewebe zirkulieren 

und dabei nach unerwünschten Eindringlingen suchen. Diese sogenannten 

Immunzellen können leicht zwischen gesunden und infizierten Körperzellen 

unterscheiden und die “kranken” Zellen gezielt eliminieren. Besonders wichtig dafür 

sind die T-Zellen. Sie besitzen spezielle T-Zell-Rezeptoren (TCR) auf ihrer 

Oberfläche, die es ihnen ermöglichen, Sequenzen von Krankheitserregern zu 

erkennen und von körpereigenen Proteinsequenzen zu unterscheiden. Diese 

Sequenzen werden von einem zweiten Rezeptortyp, dem MHC Protein (kurz für 

den englischen Begriff major histocompatibility complex), der auf vielen Körperzellen 

sitzt, präsentiert. Die Interaktion zwischen dem T-Zell Rezeptor und dem MHC 

ähnelt dem „Schlüssel-Schloss“-Prinzip, bei dem nur ein bestimmter T-Zell 

Rezeptor (Schlüssel) eine bestimmte pathogene Sequenz auf dem MHC (Schloss) 

erkennen kann. Sobald ein Eindringling gefunden ist, werden die T-Zellen aktiviert, 

die sich im Anschluss mit anderen Immunzellen austauschen, um den 

Krankheitserreger zu eliminieren. Wenn jedoch T-Zell Rezeptoren an MHC 

Proteine binden, die körpereigene Sequenzen präsentieren, wird die T-Zelle nicht 

aktiviert womit garantiert wird, dass unsere T-Zellen nicht unsere gesunden 

Körperzellen angreifen. 

 

Das Ziel meiner Arbeit bestand hauptsächlich darin, die "Schlüssel-Schloss"-

Verbindung zwischen einer gesunden Immunzelle und einer infizierten Körperzelle 

zu untersuchen und zu verstehen, wie T-Zellen aktiviert werden. Obwohl zunächst 

nur zwei Proteine an diesem Prozess beteiligt zu sein scheinen, werden tatsächlich 



 

viele weitere benötigt, die dem T-Zell Rezeptor strukturell ähnlich sind. Ein Bespiel 

hierfür sind Adhäsionsproteine, die für die Kontaktbildung zwischen Immun- und 

Körperzelle essentiell sind und somit eine Voraussetzung für die Wechselwirkung 

zwischen dem T-Zell Rezeptor und MHC darstellen (siehe Schematische 

Abbildung). Im Gegensatz dazu gibt es jedoch auch Proteine, welche die T-Zell-

Aktivierung hemmen und daher von dem Zell-Zell-Kontakt ausgeschlossen werden 

sollten. Ein Beispiel für ein solch hemmendes Protein ist CD45. Trotz dessen, dass 

CD45 eine so wichtige „negative“ Rolle einnimmt ist aufgrund seiner komplexen 

Struktur nicht bekannt wie sich dieses Protein auf der Zelloberfläche verhält. CD45 

ist zum Teil mit einer großen Anzahl negativ geladener Zuckermoleküle versehen, 

die keine wirkliche Struktur einnehmen und daher mit aktuellen analytischen 

Methoden nicht genau bestimmt werden kann wie groß dieses Protein ist. Deswegen 

lag der Fokus meines ersten Teilprojekts dieser Arbeit auf der Untersuchung von 

CD45 hinsichtlich seiner Größe und darauf, wie stark sich CD45-Proteine 

gegenseitig abstoßen, wenn sie sich in unmittelbarer Umgebung befinden. Diese 

Abstoßung wird durch die Zuckermoleküle verursacht. Im Rahmen meiner Arbeit 

habe ich herausgefunden, dass CD45 eine längliche Struktur einnimmt und sehr 

abstoßend ist. CD45 scheint sich jedoch nicht wie ein starrer Pfahl auf der Membran 

zu verhalten, sondern ist flexibel und kann sich rotierend bewegen was im 

Umkehrschluss dazu führte das CD45 in meinen Messungen kleiner erschien als von 

der theoretischen Struktur angenommen. Da die Zellmembran mit sehr vielen 

Proteinen ausgestattet ist, wird die Flexibilität von CD45 verringert, wodurch es in 

eine aufrechte Position gebracht und somit vom Kontakt zwischen T-Zelle und 

Körperzelle ausgeschlossen wird (siehe Schematische Abbildung).  

 
In einem zweiten Teilprojekt habe ich untersucht, wie T-Zell Rezeptoren zwischen 

infizierten und gesunden Zellen unterscheiden können. Es wird angenommen, dass 

T-Zell Rezeptoren stärker an infizierte Zellen als an gesunde Zellen binden. Diese 

Bindungsstärke bestimmt dann wiederum, ob die T-Zelle aktiviert wird. Schwache 

Bindungen sind schwer zu untersuchen und können nur in Gegenwart von 

Adhäsionsproteinen gemessen werden. Ob diese Adhäsionsproteine allerdings die 

Bindungsstärke der untersuchten Proteinbindung beeinflussen, ist derzeit nicht 

bekannt. Es ist auch nicht klar, ob die von Natur aus hohe Proteindichte auf der  



Zellmembran einen Einfluss auf die Bindung zwischen dem T-Zell Rezeptor und 

MHC hat. Um diesen Aspekt besser zu verstehen, habe ich die Bindungsstärke von 

einem T-Zell Rezeptor das an ein Pathogen-präsentierendes MHC bindet gemessen, 

und dabei den Effekt (i) von niedriger und hoher Proteindichte sowie (ii) vom 

Vorhandensein eines Adhäsionsprotein untersucht. Ich habe herausgefunden, dass 

eine hohe Proteindichte für eine erhöhte Rezeptorbindung sorgt und dass die 

Bindungsstärke zwischen dem T-Zell Rezeptor und MHC abnimmt, wenn dem 

System hohe Mengen von Adhäsionsproteinen zugesetzt werden. Diese Ergebnisse 

sind wichtig für zukünftige Studien zu Proteinbindungswechselwirkungen, vor allem 

von schwachen wie der von T-Zell Rezeptoren die an körpereigene-Sequenz-

präsentierende MHCs binden, da diese nur in Abhängigkeit von 

Adhäsionsproteinen stattfinden können.  

Zusammenfassend habe ich einen weiteren strukturellen Beweis für den Ausschluss 

von CD45 aus Zell-Zell-Kontakten geliefert, der wiederum ein entscheidendes 

Kriterium für die T-Zell-Aktivierung darstellt. Zudem habe ich gezeigt, wie die 

Bindungsstärke zwischen dem T-Zell Rezeptor und MHC in einem Zell-Zell-

Kontakt gemessen werden kann und wie diese durch die Proteindichte und die 



 

Proteinzusammensetzung beeinflusst wird. Letzteres gibt Aufschluss darüber, wie 

unterschiedliche Faktoren die Zell-Zell-Bindung beeinflussen können und 

unterstreicht, dass die Proteinbindung in Zell-Zell-Kontakten von mehreren 

Parametern als nur der Rezeptor-Rezeptor-Wechselwirkung bestimmt wird. 

 

 





 

                     Background 

 

Come to me Eragon, for I have answers to all you ask. 

-Christopher Paolini, Eragon, 2002- 



 



An Introduction to the Human 

Immune System  

Contents 

The Immune System 4 

MHC Classes and Co-Receptors 6 

T-Cell Activation 6

Organisation of Immune-Cell Proteins in Cell-Cell Contacts 9 

The Role of Adhesion Molecules 11 

The Role of Glycoproteins 11 

Aims of the Thesis 12

Thesis Outline 13

The body’s immune system protects us from harmful infections every minute of the 

day and is orchestrated by many cells and proteins. The most important interaction 

is between two cells bearing the two key receptors, TCR and MHC, through which 

an infected state of the body is translated into a defensive immune response. This 

interaction is governed by many different proteins and the main subject in this thesis 

was to investigate the dimensions, lateral interactions and binding strength of some 

of the most important ones in the cell-cell contact. To help understand the TCR-

MHC interaction and all the terminology used the important processes and proteins 

involved in initiating an immune response are set out in this introductory chapter. 

The aims and the outline of the thesis are summarised in more detail at the end of 

the chapter. 

3



Background 

The Immune System  

The body is continually exposed to a large variety of microorganisms many of which 

cause diseases such as malaria, influenza and chicken pox. In most cases these 

pathogens are eliminated by the body’s defence mechanism, the immune system. 

White blood cells also known as lymphocytes are one of the most important effector 

cells within this system. They recognise and target the pathogenic microorganism 

for elimination or destruction. Lymphocytes are part of the adaptive immune system 

which develops during an individual’s lifetime. The adaptive immune response 

typically takes days to develop and is dependent on a more rapidly acting primary 

defence mechanism, the innate immune response, which evaluates the severity and 

kind of threat. The link between the innate and the adaptive immune system is made 

by dendritic cells (DC). Dendritic cells migrate through the bloodstream and tissues 

and take up matter by phagocytosis. Through this process pathogens are ingested 

and destroyed intracellularly. Engulfed pathogenic proteins are degraded into 

peptides, which are small amino acid hetero oligomers, and displayed on the cell 

surface of DCs to activate the adaptive arm of the immune system. Immune cells 

capable of performing this function, such as DCs, are known as antigen presenting 

cells (APC). The peptides are presented on special receptors called major 

histocompatibility complex (MHC) proteins. MHC molecules are transmembrane 

glycoproteins of which many different variants exist within the population, i.e., they 

are highly polymorphic molecules. This guarantees a wide range of bound and 

presented peptides. MHC molecules present mainly naturally occurring peptides 

from the body’s own peptide pool and carry only a few pathogenic ones upon 

infection. T-cell receptors (TCR) expressed by a special type of lymphocyte called T 

cells recognise these peptide MHC molecules specifically. Each T cell bears about 30 

000 identical TCRs that differ on each of the billions of T cells circulating in the 

body creating a huge variety of possible interactions1. The TCR consists of two 

different polypeptide chains, with each chain composed of two immunoglobulin (Ig) 

domains characterised by an amino acid sequence that is folded in an antiparallel β-

sheet structure (Figure 1). The two chains are typically expressed in complex with 

the signalling protein cluster of differentiation 3 (CD3). Structurally the TCR 

molecule is very similar to the antigen binding fragment of an antibody and possesses  
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β

α β

highly variable membrane distal Ig domains (Figure 1). A high variability of the 

antigen binding domain results in an immense TCR repertoire with one TCR being 

specific to at least one individual peptide presented by a particular MHC molecule. 

This specificity enables the recognition of a pathogenic peptide among a sea of self 

peptides causing T-cell activation, initiation of an adaptive immune response and 

destruction of the pathogen.  
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MHC Classes and Co-Receptors 

T cells respond to a wide range of pathogens that can infect the cell either 

intracellularly or extracellularly and must exert different effector functions 

accordingly. There are several types of T cells characterised by the kind of TCR they 

express and by certain T cell markers like co-receptors. Most T cells express either 

CD8 or CD4 as co-receptors which define the two main functional classes of T cells, 

cytotoxic and helper T cells. Cytotoxic T cells express CD8 and act against virus 

infected cells by directly killing the cell and preventing further viral replication. CD4 

expressing T cells typically recognise antigens that were taken up by phagocytosis 

from the extracellular milieu. They act indirectly by producing cytokines which 

activate other effector mechanisms such as antibody production by B lymphocytes 

(B cells) to protect against the pathogen. The co-receptors are argued to stabilise the 

TCR-MHC interaction and are known to be crucial in the signalling process by 

associating with an activating kinase and carrying it to the TCR-MHC complex4–7. 

Moreover, CD8 and CD4 recognise different subclasses of MHC molecules, i.e., 

MHC class I and MHC class II, respectively. MHC class I molecules present viral 

peptides and are expressed on most cells providing an important defence mechanism 

against intracellular viral infections. MHC class II molecules, in contrast to MHC 

class I, are primarily expressed by professional APCs such as DCs or B cells and 

present extracellularly derived peptides from bacteria or fungi.  

T-Cell Activation 

T-cell activation follows the interaction of a TCR with a peptide MHC. However, 

the binding of the TCR to its MHC faces several obstacles. One of the major 

problems is the affinity of agonistic TCR-MHC interactions which have been shown 

to be relatively low in solution, more than two magnitudes lower, than what has 

been found for structurally similar antibodies binding their antigen8. This difference 

may be facilitated by the fact that B cells, the producers of antibodies, commonly 

undergo an affinity maturation process to produce antibodies of high affinity for 

their antigen. In contrast, T cells with a high affinity TCR for self-peptide MHCs 
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get eliminated during their development and also do not undergo an additional 

affinity maturation process, both preventing self-reactivity. The selection of low 

affinity TCRs has also been speculated to be important for a rapid scanning of the 

MHC molecules9–11. It is unclear how this rather lower affinity receptor can activate 

the signalling machinery so effectively. Intriguingly, it has been shown that the TCR-

MHC affinity is similar to that of a strong adhesive binding-pair interaction when 

measured in a cell-cell contact suggesting that the lateral confinement through the 

membrane increases specificity12. However, measuring the affinity in a cellular 

context is difficult and the existing data are limited. The second problem, as pointed 

out above, is the low amount of specific peptides presented by an APC. An APC 

presents many different peptides of both ‘self’ and pathogenic (agonist) origin and 

the number of agonist MHC molecules among these is likely to be very low. To 

respond effectively T cells must be able to recognise these few complexes. Estimates 

suggests that T cells can become activated by fewer than 10 agonistic peptide MHC 

molecules representing this sensitivity13–15.  

How exactly the extracellular interaction between the TCR and peptide MHC is 

transmitted across the membrane to activate the T cell is not clear and an area of 

active research. Several models exist explaining this phenomenon and will be 

discussed in more detail below (Chapter 2). However, more is known about the 

intracellular signals generated after the T cell has bound an APC. The first signal is 

phosphorylation of the TCR in complex with the CD3 molecule by the lymphocyte-

specific protein tyrosine kinase (Lck) (Figure 2). The phosphorylated TCR-CD3 

complex is a binding site for the tyrosine kinase ZAP-70 (zeta-chain associated 

protein kinase 70), a signalling protein. ZAP-70 recruitment to the cell membrane 

gives rise to an amplified signal (the second signal) and allows the activation of the 

scaffold protein LAT (linker for activated T cells) and other adaptor proteins which 

together form a signalling complex16 (Figure 2). This signalling complex activates 

additional enzymes affecting (i) transcription of genes such as the cytokine 

interleukin-2 (IL-2) which is crucial for sustained clonal expansion of the interacting 

T cells, and (ii) cell metabolism by promoting cell survival and increasing the 

utilisation of glucose. The third intracellular signal enhances the stability of the 

TCR-MHC   interaction   by   localising   the   TCR-MHC   complex   into   an 
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immunological synapse (described in the next section)17–19. The immune synapse 

forms within minutes upon TCR-MHC interaction, promoting sustained TCR 

engagement and signalling17,19. It is characterised by a specific organisation of 

receptors and integrin family adhesion molecules, with the latter forming a ring-like 

structure surrounding the TCR-MHC complexes. Together with the formation of 

an immune synapse a reorganisation of the actin cytoskeleton is stimulated and is for 

example required to ensure cytokine secretion from the T cell to the target cell. 
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Organisation of Immune-Cell Proteins in Cell-Cell Contacts 

A further obstacle for T-cell activation is that TCR as well as MHC are small 

molecules, approximately 7 nm in size, compared to the glycoproteins forming the 

negatively charged barrier of the cell, the glycocalyx, which can extend up to 40 nm 

from the cell surface. Additionally, the tall glycoproteins bury and shield the TCR 

and MHC molecules from each other and hamper their engagement. However, cell-

cell contacts do form and hence the adhering cells must overcome this repulsive layer. 

Most of the attractive force to do so is suggested to come from adhesion molecules 

such as the lymphocyte-function associated antigen-1 (LFA-1)8,17,22. LFA-1 is 

relatively tall, 16 nm, and extends well into the glycocalyx. It is expressed on the 

surface of T cells and binds, on non-activated T cells, weakly to its counter receptor 

ICAM-1 (intracellular-adhesion molecule-1) which is expressed on a wide variety of 

cells. This interaction supports the initial contact formation between a T cell and an 

APC. Importantly, LFA-1 can undergo a conformational change upon T-cell 

activation causing the interaction with ICAM-1 to be of high affinity which stabilises 

the cell-cell contact. Another adhesion molecule is CD2, a small molecule that is 

similar in size to the TCR and buried within the glycocalyx. It binds to its counter-

receptor CD58 and does not undergo any conformational changes. It has been 

suggested that CD2 mediates adhesion sufficiently enough to bring the two 

membranes in close proximity (approximately 15 nm) helping the TCR-MHC to 

make contact22,23. Based on this small gap size molecules like LFA-1 or larger 

glycoproteins are unlikely to ‘fit’ in and have been shown to be excluded from the 

contact area19,24. This principle is an important characteristic of synapse formation 

which occurs in the following steps (Figure 3). Initially, the migrating T cell binds 

via weak LFA-1-ICAM-1 interactions to the APC overcoming the barrier of 

repulsion. This step causes the generation of close contact areas where smaller 

molecules such as the TCR and CD2 can bind their respective counter-receptor. The 

second step involves the active transport of TCR-MHC complexes distributed in 

small contact areas from the periphery to the center of the contact. The TCR-MHC 

complexes thereby exchange their position with the tall LFA-1 molecules causing the 

exclusion of LFA-1 to the outer area of the cell-cell contact. Rearranging the proteins 

leads  to  the  formation  of  a  central  supramolecular  activation  cluster  (c-SMAC)  
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containing TCR-MHC complexes as well as other similarly-sized receptors such as 

CD2, and a peripheral SMAC (p-SMAC) containing LFA-1-ICAM-1 complexes 

(Figure 3). Additionally, tall glycoproteins orientate themselves in a distal SMAC 

around the p-SMAC (Figure 3). The rearrangement occurs after the TCR has been 

activated or ‘triggered’ and includes the reorganisation of the cytoskeleton, aligning 

different cellular components for example the secretory Golgi-apparatus to the 

immune synapse18. Immune synapse formation results in the stabilisation of the T 

cell-APC interaction and without this process T-cell activation terminates. 
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The Role of Adhesion Molecules 

LFA-1, CD2 and TCR all play a role during T-cell activation and immune synapse 

formation. Both LFA-1 and CD2 are believed to aid in contact formation of 

apposing APC and TCR membranes to facilitate TCR-peptide-MHC interactions8, 

thus effectively increasing the sensitivity of the TCR for its agonist-peptide 

MHC8,17,22. However, it has also been demonstrated that TCR and peptide MHC 

can interact without these supporting molecules27. The order of LFA-1, CD2 and 

TCR binding events therefore remains unclear as all three could enhance the ability 

of the others to bind. For example, TCR activation alters LFA-1’s conformation into 

a higher affinity state17. However, prior to this LFA-1 can exist in a lower affinity 

state which could facilitate TCR-MHC interaction, TCR triggering and its own 

conformational change. Ultimately, it is likely that all three proteins act 

synergistically. 

The Role of Glycoproteins 

The glycocalyx is an outer layer around the cell formed by glycolipids and 

glycoproteins extending from the cell membrane and has crucial roles in cell-cell 

recognition, adhesion and communication. It further protects the cell membrane 

from physical stress maintaining its integrity. Transmembrane glycoproteins that 

possess an elongated, flexible and highly glycosylated extracellular region are 

important components of the glycocalyx. These structures are commonly called 

mucins and are very similar to a polymer brush structure describing long, flexible 

extended or loop-containing polymer chains grafted onto a surface28. Two of the 

most abundantly expressed glycoproteins are CD43, resembling an extended 

polymer brush, and CD45 that has a more complex structure comprised of a mucin-

like region attached to a rigid domain (Figure 3). Interestingly, the expression levels 

of CD43 and CD45 vary with the developmental stages of lymphocytes and the size 

and charge density of the protein can change accordingly29,30. Of these, CD45 is a 

particularly interesting molecule as it contains an intrinsic phosphatase domain able 

to dephosphorylate tyrosine. As noted above, tyrosine phosphorylation is crucial for 
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T-cell activation through the TCR-CD3 complex. Dephosphorylation of the TCR 

complex, facilitated by CD45, inhibits T-cell activation and the subsequent immune 

response. However, due to its extended structure the glycoprotein CD45 gets 

excluded from the contact area similar to LFA-1. This causes the spatial segregation 

of the phosphatase and the phosphorylated TCR-CD3 complex, which in the 

immunological synapse organise into the distal SMAC and the central SMAC, 

respectively. The phosphatase exclusion from the contact area has also been 

suggested to cause the initial step in TCR triggering and is described by the kinetic 

segregation (KS) model offering one explanation for how the TCR and MHC 

interaction can be translated into a cellular signal. 

Aims of the Thesis 

The lion’s share of the above presented knowledge is based on in vitro studies and 

may not precisely reflect what happens in vivo, however, the findings provide a great 

insight into the role of TCR-MHC interactions. The main mechanism of how the 

TCR is triggered, despite many proposed models, is unresolved. One popular 

attempt to explain the initial TCR phosphorylation is given by the KS model 

suggesting an important role of CD45 in the process. Nevertheless, crucial evidence 

for the model as well as certainty of the structure of CD45 on the cell surface are 

missing. The first main aim of this thesis was to understand the complex structure 

of CD45 better and to resolve the question of whether it extends upright from the 

membrane. For this a model system has been used in which the extracellular region 

of the protein has been attached to a model membrane. CD45 was studied together 

with the smaller proteins CD2 and CD4 to investigate the impact of glycosylation 

and flexibility on the organisation and orientation of various-sized proteins. 

It has been suggested that the binding strength of the TCR-MHC interaction 

regulates the activation of the T cell. Strong binding to agonist peptides mounts an 

immune response and weak binding to self-peptides does not. However, to measure 

affinities particularly in a cellular environment has been challenging. Relatively few 

data exist on the binding strength of the TCR to foreign peptides and information 

about binding to self-peptide MHC is lacking. To measure weak interactions like 
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‘self’ the presence of adhesion proteins such as CD2 to support contact formation 

and possible binding is necessary. It is unknown whether auxiliary proteins or high 

protein densities commonly occurring in the contact area effect the binding strength. 

This inspired the second main aim of this thesis: to investigate the affinity of a TCR 

binding an agonist MHC in a model cell-cell contact, and to determine whether the 

binding is affected by high ligand densities and the presence of auxiliary binding 

molecules. The results were finally put in context to set up a working model for 

measuring ‘self’ interactions. 

Thesis Outline 

A graphical outline of the thesis is shown in Figure 4 and summarises the three main 

subjects included. 

 

Chapter 1 

One of the most common ways to study complex cell-cell interactions is by using 

reconstituted membranes either in the form of lipid vesicles or model membranes 

supported by a solid material known as a supported lipid bilayer (SLB). Various 

microscopy techniques allow for the visualisation of these interactions and with that 

a greater understanding of protein organisation such as that in the immunological 

synapse. I have used SLBs mimicking the cell membrane of a T cell and fluorescence 

microscopy to image the studied processes. An introduction to the reconstitution of 

cell membrane models and the microscopy techniques used in this work is given in 

Chapter 1. 

 

Chapter 2 

After clarifying what systems I have been using and why, I will move on to Chapter 

2, which summarises the main findings of Paper I and Paper II. The focus in 

Chapter 2 is on structural studies of the tall glycoprotein CD45 including two major 

isoforms of CD45 called CD45RABC and CD45R0 and the rigid domain region  
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CD45D1-D4, of CD43 as well as of CD2 and CD4. I introduce a more detailed 

concept of TCR triggering with a focus on the KS model and then summarise the 

main structural features of CD45 and CD43. This lays the foundation for a better 

understanding of the results in Paper I, which will be presented next. Finally, the 

findings of Paper I and II are complemented with more recently obtained data and 

Chapter 2 ends with an outlook towards future experiments. 

 

Chapter 3 

In Chapter 3, I will explain the concept of affinity and why it is important followed 

by an introduction into the common techniques used to measure either three-

dimensional (solution) affinities or two-dimensional (cell-membrane confined) 
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affinities. The focus will then move on to the fluorescence-based method used to 

measure the two-dimensional affinities in this work. I will give a summary of the 

results in Paper III where I have studied how TCR binding to an agonist MHC is 

affected by ligand density and the inclusion of an auxiliary binding molecule, and 

elaborate on preliminary results regarding affinity measurements of TCR binding to 

self-peptide presenting MHCs. The Chapter ends with a short outlook.  
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You jump - I jump, Jack. 

-Amy Sherman-Palladino- 



 



1 Supported Lipid Bilayers and 
Fluorescence Microscopy 

Contents 

1.1 Cell Membranes 20

1.2 Supported Lipid Bilayers 21 

1.2.1 Formation of Supported Lipid Bilayers 21 

1.2.2 Transmembrane Proteins in SLBs  22 

1.2.3 Non-Covalently Linked Proteins in SLBs 23 

1.2.4 Bilayer Formation and Protein Production 26 

1.3 Microscopy Techniques to Quantify Functionalised SLBs 28 

1.3.1 Epifluorescence Microscopy 29 

1.3.2 Total Internal Reflection Microscopy 31 

1.3.3 Confocal Microscopy 34 

1.3.4 Spinning Disk Confocal Microscopy 37 

1.3.5 Fluorescence Recovery After Photobleaching 38 

1.3.6 Transmission Light Microscopy  39 

1.3.7 Summary of the Applied Methods  40 

Chapter 1 will give an introduction of the theoretical background to the techniques 

used in the following chapters. The focus is herein on supported lipid bilayers used 

as model membranes for all conducted studies, and on the applied microscopy 

techniques for image acquisition. The main reasons why these techniques were 

chosen are summarised at the end of subchapter 1.2 and 1.3. Chapter specific 

techniques and methods are explained within their respective chapter. 

19



Chapter 1 

1.1 Cell Membranes 

Cell membranes are 5-10 nm thin semi-permeable biological membranes that 

separate the cell interior from the outside environment protecting the integrity of 

cellular components. Cell membranes are involved in many cellular processes such 

as protein transport, cell growth and cell signaling31. Typically, they are negatively 

charged and composed of proteins, lipids and sterols such as cholesterol (Figure 

1.1.1). Of those, proteins can constitute up to 50% of the cell membrane. Most of 

them are embedded into the membrane either partly (integral membrane proteins) 

or fully spanning through it (transmembrane proteins) (Figure 1.1.1). The 

membrane itself is formed by lipids which arrange into a thin sheet of two opposing 

lipid molecules, i.e., a lipid bilayer (Figure 1.1.1)32. The most prominent membrane 

lipids are phospholipids, which are amphiphilic molecules that contain a water-

attracted, hydrophilic, part (head group) and a water-repelled, hydrophobic, part 

(tail). In an aqueous solution, the hydrophilic head group of the phospholipid will 

orient itself towards the water and the hydrophobic tails will orient towards each 

other excluding water by forming a double layer or bilayer. Due to this amphiphilic 

characteristic of the lipid bilayer incorporated proteins can freely diffuse laterally 

through the membrane which is crucial for many cellular processes and protein 

functions. Mixing of proteins into the lipids gives the membrane a mosaic-like 

structure and is, together with its high fluidity, commonly described with the fluid 

mosaic model of the cell membrane33.  
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1.2 Supported Lipid Bilayers  

Over the last decades cell membranes and especially the function of many 

transmembrane proteins involved in cell signalling have been intensely studied34. 

However, the shear amount of membrane proteins made it challenging to study the 

function of single membrane proteins that play important roles in cell-cell contacts 

and signalling. The very first approach to circumvent this problem was the use of 

cell membrane models, so called black lipid membranes35. This system is based on 

the painting of phospholipid molecules across a less than one-millimeter hole 

between two opposing walls that separate two chambers. One major advantage of 

this method is the absence of an underlying substrate35,36, which allows for the 

inclusion of transmembrane proteins and access of the planar bilayer from both sides. 

However, the stability of the formed membrane is low and possible detection 

methods limited36. A major breakthrough was achieved by McConnell et al. in the 

early 1980s by introducing glass-supported lipid bilayers37. These act as model 

membranes in cellular assays wherein one contacting cell is exchanged with the 

phospholipid bilayer formed on a solid surface. Supported lipid bilayers (SLBs) have 

since then become a very popular tool both because of their high stability and 

accessibility of detection methods as well as the freedom of controlling and 

manipulating them for every user’s need. 

1.2.1 Formation of Supported Lipid Bilayers 

There are various methods of forming SLBs38. The three main methods are (i) the 

deposition of a monolayer from an air-water interface and the formation of a bilayer 

following the transfer of a second monolayer onto the first one (Figure 1.2.1A)37,39, 

(ii) the spreading of lipids from a lipid reservoir onto the solid substrate and the 

formation of a bilayer upon hydration (Figure 1.2.1B)40, and (iii) lipid vesicle fusion 

(Figure 1.2.1C)41,42. All methods result in the formation of a 5 nm thick continuous 

lipid bilayer on a solid surface but vesicle fusion, originally introduced in 1984, is to 

date the most commonly used method of forming SLBs43. Lipid vesicles form 

immediately after the hydration and mixing of dry lipids. These vesicles can be 

unilamellar or multilamellar and of various sizes ranging from nm to μm. However, 
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to enable the formation of SLBs through vesicle fusion the vesicles have to be small 

and unilamellar, commonly known as small unilamellar vesicles (SUVs). They 

typically have a radius of 15-30 nm and are less stable (more prone to fuse) than 

larger sized vesicles. The most efficient method to produce SUVs is using sonication, 

in which sound energy or sonic waves are applied to the vesicle solution agitating the 

vesicles. This leads to a continuous rupture and reformation of vesicles until SUVs 

are formed. SUVs added to a solid surface adsorb to it, rupture and subsequently 

fuse together forming a continuous and fluidic phospholipid bilayer. The fluidity or 

free lateral diffusion of the lipids is preserved by a thin water layer (~1-2 nm) between 

the supporting material and the bilayer. The glass surface can either be planar or in 

the shape of microbeads (1-10 μm diameter) allowing for various applications such 

as the investigation of proteins in cell-SLB contacts19,39,44. 

1.2.2 Transmembrane Proteins in SLBs 

Most proteins in the cell membrane that are important in cell-cell contacts are 

transmembrane proteins. However, using supported model membranes to study 

transmembrane proteins has been problematic especially because the proteins are 

immobile in SLBs39,41. This immobilisation is based on direct interactions of the 
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proteins with the solid support45. The surrounding lipids are not affected by the 

insertion of transmembrane proteins and maintain their lateral diffusivity. However, 

many interactions such as the formation of the immunological synapse are 

dependent on both the diffusivity of lipids and of proteins. Thus, lateral mobility of 

the studied proteins in supported bilayers is important and can be achieved by 

forming SLBs on a polymer cushion, which prevents non-specific binding of the 

protein to the support by separating the lipid bilayer sufficiently far from the solid 

surface. Extracting and purifying transmembrane proteins from the cell is a difficult 

process and demands less complex methods to tether proteins to SLBs. It is well 

known that many cell membrane proteins do not necessarily have a transmembrane 

domain but are modified with a glycosylphosphatidylinositol (GPI) linker. GPI is a 

glycolipid that is post-translationally attached to the C-terminus of proteins and 

results in the incorporation of these GPI-anchored proteins into the membrane 

(Figure 1.2.2)46. In addition to naturally occurring GPI-anchored proteins, many 

proteins can be genetically engineered and linked to GPI46–48 simplifying their 

extraction and the subsequent formation of protein tethered SLBs (Figure 1.2.2). 

The GPI-anchored proteins are laterally mobile and have been widely used for 

membrane protein studies using SLBs47,48. Even though extracting these proteins and 

incorporating them into SLBs is easier than for transmembrane proteins it is still a 

complex and time-consuming procedure and has been in many cases exchanged with 

a simpler method linking proteins non-covalently to the model membranes. 

1.2.3 Non-Covalently Linked Proteins in SLBs 

Streptavidin-Biotin SLBs 

Besides anchoring GPI-linked proteins into SLBs there are several techniques 

involving non-covalent attachment of proteins to supported model membranes. The 

very first approach was using phospholipids with modified head groups that can be 

recognised by antibodies specific for these altered lipids49,50. About twenty years later, 

a second, more widely applicable method evolved using biotinylated lipids and 

avidin as a linker51. Biotin is a B-vitamin and plays a key role in many carboxylation 

reactions especially in the citric acid cycle that produces energy in the form of 

adenosine  triphosphate  (ATP).  It  is  predominantly  found  in  food  but  is  also  
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synthesised by intestinal bacteria. This small molecule can be strongly bound by 

avidin, a protein that has been found in egg whites of birds, reptiles and amphibians 

and that is thought to act as an antibiotic protecting the embryo from bacterial 

growth. Avidin is a highly glycosylated protein and has a tetrameric structure with 

which it can bind up to four biotin molecules. Another, structurally very similar, 

protein, streptavidin has a comparable affinity for biotin but lacks glycosylation 

making it more specific. The binding strength of avidin or streptavidin to biotin is 

the strongest known non-covalent interaction between two proteins which has been 

made use of in many biological applications52,53. Both, avidin and streptavidin, bind 

to biotinylated lipids and the unoccupied binding sites can be engaged by genetically 

modified proteins that have, instead of a GPI-anchor, a biotin molecule attached to 

the C-terminus enabling the anchoring of biotinylated proteins to SLBs (Figure 

1.2.3A).  

Nickel-Chelating SLBs 

A third similar, yet more simple, approach makes use of nickel-chelating lipids. 

Chelators are molecules that strongly bind to metal ions which become chemically 

inert upon binding. The first theory of metal-ligand binding was proposed by Alfred 

Werner in 1893 and the most common chelator ethylene diamine tetra acetic acid 

(EDTA) has been known since the 1920s were it was used in the textile industry to 

remove calcium during the processing of fabric54. Today it is a widely used chemical 

in medicine and science. Besides EDTA other chelating molecules such as 

iminodiacetic acid (IDA) or nitrilotriacetic acid (NTA) have been developed. Both 



Supported Lipid Bilayers and Fluorescence Microscopy 

  

are commonly used as a resin in immobilised metal affinity chromatography (IMAC) 

a method in which proteins are purified from cell lysates. IMAC was first introduced 

by Porath et al. in 1975 when they made use of the strong binding characteristic of 

histidine to zinc or cupper ions55. Fixing the ions in an IDA including resin and 

passing through human serum led to the prominent binding of histidine containing 

proteins to the resin55. Nowadays this process is more specific. Proteins of interest 

are genetically modified with six or more consecutive histidine molecules at the C-

terminus (His-tag), which enables their efficient binding during IMAC and a 

subsequently better purification from other, non-binding, proteins in the solution. 

The principle of IMAC has been applied to SLBs by synthesizing lipids with 

chelating head groups able to bind His-tagged proteins (Figure 1.2.3B)56–58. The 

most common chelating agent linked to phospholipids is Ni2+-NTA.  

Both proteins that are linked to lipids via streptavidin-biotin or Ni2+-NTA possess, 

like GPI-anchored proteins, lateral mobility at the SLB and are a perfect tool when 

studying inter- or intra-protein interactions. However, these two methods work 

mainly for genetically engineered, so called recombinant, soluble proteins and not 

for naturally occurring ones such as transmembrane or GPI-linked proteins.
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1.2.4 Bilayer Formation and Protein Production 

Lipid Bilayer Formation 

For the work following in the next chapters SLBs were prepared using vesicle fusion 

and subsequent protein attachment via NTA-His-tag interactions. Consequently, 

95% of phospholipids were mixed with 5% NTA-chelating lipids. To ensure a 

successful formation of SLBs the vesicle solution was sonicated yielding SUVs and 

the glass support was thoroughly cleaned with piranha solution, a mixture of sulfuric 

acid and hydrogen peroxide. The cleaning step was necessary to remove any traces 

of organic residues on the support as well as to render the support hydrophilic. The 

vesicles were added to the support and incubated for one hour. Unruptured vesicles 

were washed off before the His-tagged proteins were added and attached to the SLB. 

The main advantage of using vesicles was the formation of continuous and robust 

unilamellar bilayers through a very simple approach (Figure 1.2.4A-C). Spin coating 

is also a simple way of distributing lipids onto a support but gives inconsistent 

unilamellar or multilamellar bilayers after hydration (Figure 1.2.4D-F). Moreover, 

the lipids are distributed over the whole area of the supporting material resulting in 

an excess use of lipids and proteins. Working with vesicle-solutions allowed for a 

high freedom over the total area of the formed SLBs since the solutions can be added 

to either the whole support or a confined area on it reducing the amount of added 

lipids and proteins (Figure 1.2.4A, D). Distributing a bilayer from the water-air 

interface is particularly useful in preparing asymmetrical bilayers, but the method 

due to its complexity and specific usage is not further considered. 

Producing and Tethering Proteins 

All of the studied proteins in this work (besides Streptavidin) were attached to the 

SLBs via His-tags. The recombinant proteins were modified with a single (6x His) 

or double (12x His) His-tag in place of the transmembrane and cytoplasmic 

domains, and were produced via transient transfections in human cell lines59. 

Transient transfection is the process of incorporating genetic material (e.g., DNA) 

into cells temporarily, i.e., the DNA does not incorporate into the cell’s genome59. 

The gene of interest was carried on a plasmid (circular DNA) into the cells via a 
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cationic polymer (polyethyleneimine (PEI) or gene juice®) to allow the entrance of 

the negatively charged nucleic acid into the cell. Once the DNA is in the cell it is 

delivered to the nucleus ready to be transcribed and translated into the respective 

proteins. The introduced DNA contains a specific signal sequence that directs the 

cells to transport the newly synthesised proteins to the cell membrane. Since the 

proteins no longer express a transmembrane and cytoplasmic domain this transport 

leads to the secretion of the His-tagged proteins into the cell media, i.e., supernatant. 

The protein containing supernatant was collected over 5-7 days. To separate the His- 

tagged proteins from other proteins (especially bovine serum albumin (BSA)) and 

chemicals in the supernatant Ni2+-NTA-beads were used to bind the His-tagged 

proteins according to the IMAC principle. To further remove trace contaminants 

and protein aggregates size exclusion chromatography (SEC) was used. IMAC and 

SEC in combination allowed for purification of pure, concentrated protein. The 

proteins were then labelled with fluorophores called Alexa Fluor® 647, a red 
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fluorescent dye, or Alexa Fluor® 488, a green fluorescent dye, and stored at -80°C in 

HBS-buffer (HEPES buffered saline) until further.  

The use of non-covalently linked proteins was preferred over the use of GPI-linked 

proteins due to the simplicity in producing, purifying and attaching them to the 

SLBs. Moreover, the aim of the thesis work was to investigate protein interactions 

and binding affinities. As outlined above there are two established methods to non-

covalently link proteins to SLBs either via NTA-chelating lipids or biotin-

streptavidin interactions. Of these NTA-chelating lipids were preferred here as (i) 

NTA-chelating lipids introduce only a minor extension of the protein to SLB 

distance and (ii) interaction studies are not affected by the bulk of a second protein. 

This was especially critical for the work in Chapter 2, were the height of proteins 

and interprotein interactions were studied as well as for Chapter 3 investigating the 

binding behaviour of two receptor/ligand systems spanning an important membrane 

to membrane distance of ~15 nm. Using streptavidin-biotin linked proteins would 

have extended the protein-SLB distance by at least 5 nm, the height of streptavidin, 

and would have had hard to distinguish effects on the effective height and 

intermolecular interactions of the studied proteins as well as their binding behaviour 

in cell-SLB contacts. A minor drawback of attaching proteins via the ionic Ni2+-

NTA-Histidine interaction is that the proteins detach from the SLBs over time60. 

This is particularly problematic when working with more than one protein species 

at the bilayer since they compete for the same binding positions. However, this can 

be compensated for by adjusting the protein concentrations and/or limiting the time 

of the measurements. 

1.3 Microscopy Techniques to Quantify Functionalised SLBs 

Microscopy has evolved as the main method to visualise and quantify SLBs and 

proteins or cells bound to it. This is facilitated by the planar geometry of the support 

and various possible material choices ranging from glass over silicon to mica. A non-

invasive and widely used microscopy technique to examine functionalised SLBs on 

glass is fluorescence microscopy. It is an optical imaging technique used in light 

microscopes which allows for the excitation of fluorophores. Fluorophores are 
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chemical compounds that can absorb and re-emit light. The absorption of a photon 

(a light particle) leads to a brief excitation of an electron in a fluorophore that 

subsequently enters the ground state again by emitting the energy as a photon of a 

longer wavelength (lower energy) in comparison to the shorter wavelength (higher 

energy) of the absorbed photon. The emitted photons are detectable by a camera or 

photomultiplier tube creating an intensity dependent grey scale image. Fluorescence 

microscopy is a highly sensitive and reliable method used to study the localisation of 

molecules as well as to visualise dynamic processes in cells, cell membranes or at 

SLBs. Different microscopy techniques based on fluorescence exist allowing for a 

wide range of image resolution and extracted information. Whereas conventional 

fluorescence microscopy techniques, such as confocal microscopy or epifluorescence 

techniques can resolve structures to a maximum of 200 nm, super-resolution 

techniques can distinguish structures down to a level of 20 nm. These are however 

not yet applicable to a high variety of studied systems due to major potential 

drawbacks such as the requirement for special fluorophores, slow image acquisition 

and the occurrence of high phototoxicity (for further information see references61,62). 

The applied microscopy methods in this work are explained in the following 

subsections. 

1.3.1 Epifluorescence Microscopy  

Fluorescence microscopy is a powerful tool that became particularly popular in the 

1960s after J.S. Phloem refined the use of epi-fluorescence microscopy63–65. “Epi” 

originates from the Greek, meaning “same” and describes the illumination of a 

sample with an incident light ray coming from the same side at which the emitted 

light is collected (Figure 1.3.1). To allow for epifluorescence or epi-illumination a 

dichroic mirror is used separating the excitation light from the emission light (Figure 

1.3.1). It does this by reflecting shorter wavelengths coming from the light source 

and transmitting longer wavelengths of the emitted fluorescence from the sample. 

Additionally, excitation filters as well as emission filters are commonly used together 

with the dichroic mirror. The excitation filter preselects the excitation wavelength 

and the emission filter allows specific longer wavelength to pass through to the 

detector (Figure 1.3.1). Hence, in epifluorescence microscopy the excitation light 
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interferes less with the fluorescent signal from the sample than in transmission light 

microscopy (see Section 1.3.5), generating more reliable data. Epifluorescence 

microscopy has been widely used for co-localisation studies of different fluorescently-

labelled molecules as well as for structural studies in cell biology. However, objects 

that are less than 200 nm apart cannot be resolved using conventional 

epifluorescence microscopy. Moreover, in-focus as well as out-of-focus light will be 

collected by the detector causing low resolution in three dimensions. The need for 

techniques avoiding out-of-focus light and with the development of more powerful 

light sources (lasers) than arc lamps (mercury or xenon), two, more technically 

advanced, methods evolved from epifluorescence microscopy: Total Internal 

Reflection Fluorescence Microscopy (TIRF) and Laser Scanning Confocal 

Microscopy (LSCM). 
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1.3.2 Total Internal Reflection Fluorescence Microscopy 

Fluorescence microscopy techniques are the natural choice to observe single events 

and molecules at high resolution. Most of the common techniques such as 

epifluorescence and confocal microscopes, however, are not optimal for imaging near 

the plasma membrane or SLBs. In epifluorescence, as mentioned above, strong 

background fluorescence appears from fluorescent proteins in the bulk or from the 

autofluorescence of other cellular structures in the cytosol. Hence, small structures 

and single molecules near the membrane cannot be distinguished from the 

‘background-noise’. A development that overcame this problem was evanescent field 

fluorescence microscopy. TIRF microscopy is one of the most common techniques 

using the advantage of an evanescent field or wave66–68 and allows for the selective 

excitation of fluorophores near the sample surface while minimising background 

fluorescence from the bulk. 

 

Principle of TIRF 

There are two main optical arrangements for TIRF, one that uses a prism and 

another one that uses a high numerical aperture (NA) microscope objective to direct 

the light towards the total internal reflection interface. The latter one is also called 

the “through-the-objective” TIRF and is today the most commonly used TIRF 

technique. This section focusses therefore on through-the-objective TIRF 

microscopy. Total internal reflection is the basis of TIRF microscopy and occurs 

when light passes from a high refractive index (n1) medium into a medium with a 

low refractive index (n2) (Figure 1.3.2). The refractive index (n) describes how fast 

light travels through a specific medium in respect to how fast it travels in vacuum. A 

high refractive index means that the light travels slower through the medium. At the 

interface of two media that differ in their refractive indices, the light beam 

experiences a change in speed and direction of propagation due to refraction which 

can cause total internal reflection. Total internal reflection is dependent on two 

angles, the incident (θ1) and the critical angle (θcritical). The incident angle is usually 

smaller than the critical angle and the light that hits the sample (medium with the 

low refractive index) passes through it (Ray A, Figure 1.3.2). If the incident angle  
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θ

θ

θ

increases and reaches the value of the critical angle, the light does not pass through 

the sample but travels along the interface (Ray B, Figure 1.3.2). An even further 

increase of the incident angle leads to a total internal reflection at the interface 

between the sample and the cover slip (Ray C, Figure 1.3.2). In that case, no incident 

light is passing through the sample but some of the incident energy penetrates across 

the interface and creates an energy wave called the evanescence wave or evanescence 

field. This thin electromagnetic field has the same frequency as the incident light 

and has enough energy to excite fluorophores near the surface. The electromagnetic 

field decays exponentially in intensity with distance from the surface avoiding any 

excitation of fluorophores farther into the sample. A minimal exposure to light leads 

to a very low background and almost no out-of-focus fluorescence. Hence, captured 

images are of high contrast with a maximum penetration depth of about 100 nm 

which gives a better resolution along the z-axis than what can be obtained using 

epifluorescence microscopy. 
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Advantages 

Through-the-objective TIRF has advantages that were particularly useful for the two 

projects in this thesis. First, TIRF is compatible with other microscopy techniques 

as the angle of incident light can be adjusted and turn the TIRF mode into 

epifluorescence mode and vice versa (Figure 1.3.3A). The optical fiber micrometer 

(or mirrors) plays a key role in adjusting this angle. Moving the micrometer (or 

mirrors) leads to a change of the optical fiber position with respect to the optical axis 

and increases or decreases the axial radial distance. TIRF occurs at an increased axial 

radial distance at which the critical angle is exceeded (Figure 1.3.3B). Decreasing 

the axial radial distance positions the laser beam into epifluorescence mode (Figure 

1.3.3C). As mentioned before, another advantage is that by using TIRF only a very 

thin section at the lower part of the sample is excited and thus illuminated, whereas 

the rest of the sample is not exposed to excitation light. This results in less out-of-

focus fluorescence as well as a low amount of phototoxicity throughout the cell
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Dependent on the sensitivity of the camera and the depth of the evanescent field 

TIRF microscopy allows for imaging of single molecules and their motion across the 

sample view. These motions can be used to calculate the diffusion coefficient of the 

molecule. At higher molecule or protein densities the diffusion coefficient is obtained 

by bleaching an area of fluorescently-labelled proteins and following the intensity 

recovery of the fluorescent signal due to the exchange or motion of other proteins 

into the bleached region. This process is called fluorescence recovery after 

photobleaching (FRAP) and is commonly used together with TIRF (see Section 

1.3.4). One major drawback of TIRF is that despite TIRF allowing for a higher z-

resolution (<100 nm) than confocal microscopy, with a resolution limit of around 

300 nm, it is limited by the evanescent wave to areas near the objective (close to the 

surface). Thus, TIRF does not allow for imaging of thicker samples such as a 

complete cell for which confocal microscopy was the method of choice.  

1.3.3 Confocal Microscopy 

Confocal microscopy, similar to TIRF microscopy, has the advantage of a decreased 

out-of-focus glare over epifluorescence microscopy and is furthermore able to collect 

serial optical sections throughout the sample offering an important advantage over 

TIRF microscopy too. It was originally introduced by Marvin Minsky in 1957 and 

has since become one of the standard techniques used in biomedical science69. The 

most important feature of a confocal microscope is the placing of a pinhole in front 

of the detector rejecting most of the out-of-focus information, which increases the 

z-resolution but at the cost of signal intensity. A specific technique of confocal 

microscopy is LSCM where the illumination of the sample is achieved by scanning 

the sample with a focussed beam of light usually generated by a laser. This focussed 

laser beam is considered to be a point light source that illuminates the sample 

consecutively and builds up the image point by point, in contrast to conventional 

widefield microscopy in which the entire sample is illuminated at once.  
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Principle of Laser Scanning Confocal Microscopy 

LSCM is based on the principles of epifluorescence microscopy (see Section 1.3.1) 

with just minor differences in the setup of the microscope. Light emitted by the laser 

system, the excitation source, passes through a pinhole aperture placed in front of 

the light source resulting in a point-like laser beam (Figure 1.3.4). The laser beam 

then hits a dichroic mirror and is reflected through an objective onto the sample in 

defined focal planes scanning various sections of the sample. The emitted light from 

the sample passes back through the objective as well as the dichroic mirror towards 

a second pinhole that is placed in front of the detector (Figure 1.3.4). The pinhole 

is placed in a conjugated plane to the focus point on the sample describing the main 

feature of confocal microscopy in which the emitted light is focussed as a confocal 

point on the detector’s pinhole aperture. As for epifluorescence the dichroic mirror 

is accompanied by an excitation and emission filter. Any fluorescent signal that 

occurs below or above the original focal plane is predominantly not confocal with 

the detector’s pinhole aperture and thus not collected by the detector, typically a 

photomultiplier tube (Figure 1.3.4). The focus on the sample (z-axis) can be 

changed by the user. This shifts the excitation and emission points to a new (x-y) 

plane along the z-axis that is automatically confocal with the pinhole apertures in 

the system. By laterally scanning the point-like laser beam over the specific x-y plane 

that was placed in focus (at a particular z-axis depth) the sample’s fluorescence 

intensity in that plane is reconstructed pixel-by-pixel in an x-y image. Scanning 

through various z-depths and recording an x-y image on each allows for a three-

dimensional (3D) reconstruction of the sample (Figure 1.3.5). The resolution in the 

z-axis is not the same as in x and y, and mainly controlled by the pinhole size and 

the amount of rejected light. Thus, the smaller the pinhole the better the z-axis 

resolution. However, the collected light minimises with decreasing pinhole sizes 

limiting the minimum useful size of a pinhole, which is typically of one Airy unit 

(the diffraction limit of light) (see below). 

 

Resolution in the Horizontal and Vertical Plane 

Resolution describes the distance at which two objects remain distinguishable from 

each  other.  Lateral  resolution  depends  on  the  wavelength  of  light  (λ)  and  the 
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numerical aperture (NA), which is a dimensionless value that represents the range of 

angles over which light can be collected by the optical system, and is given by: 

   Eq. 1.1 

where r is the minimum resolved distance between two points. This relation is 

commonly known as the Rayleigh criterion and is based on the model of Airy disks. 

An Airy disk describes a point-focussed spot of light limited only by diffraction and 

is basically the image of a single point object in a microscope image. It appears as a 

bright circular region surrounded by less intense concentric rings and is dependent 

on the wavelength of light and the NA (see Eq. 1.1). Thus, in the Rayleigh criterion, 

r is the radius of the Airy disk describing the distance between the maximum 

intensity in the center and the first minimum of the Airy disk. The radius of the 

maximum intensity within the Airy disk, i.e., one Airy unit, defines the minimum 

pinhole radius used in confocal microscopy and thus the minimum distance at which 

two points can be individually distinguished. Light intensities along the vertical axis 

vary in a different manner compared to the horizontal plane. Thus, the Rayleigh 

criterion cannot easily be transferred to explain vertical or axial resolution (z-axis) 

since the axial resolution is mainly dependent on the amount of light that is excluded 

by the pinhole and the relation between the area of the out-of-focus light and the 
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pinhole size. The amount out-of-focus light spreads is dependent on the NA and a 

higher NA increases the axial resolution. However, whereas the horizontal resolution 

depends linearly on the NA, the axial resolution changes with NA2 71. Hence, the 

resolution in the vertical plane is constantly worse compared to the horizontal plane 

(Figure 1.3.5).  

1.3.4 Spinning Disk Confocal Microscopy 

LSCM is generally appreciated for its high-image quality however, there is a trade-

off between image resolution and speed. Capturing the full image by scanning the 

sample pixel by pixel is accompanied by a system dependent time delay for images 

covering larger areas72, introducing a substantial error in time dependent image 

acquisition. For fixed samples this might not be a limiting factor, however when 

analysing mobile proteins or cell signalling events this time effect might be 

significant. Spinning disk confocal microscopy overcomes this limitation by using 

an expanded collimated beam illuminating a collection of micro-lenses prearranged 

on a (collector) disk (Figure 1.3.6)73,74. To each micro-lens there is a pinhole aperture 

laterally co-aligned. All pinholes are arranged on a second disk which is axially 

positioned at the focal plane of the micro-lenses (Figure 1.3.6). An electric motor 

drives the disc to rotate at high speed leading to an array of focussed laser beams that 

scan the sample at various positions simultaneously. This approach decreases the 

time it takes to scan the entire image considerably and was here used for measuring 
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the diffusion coefficient of cell membrane proteins (see Section 1.3.5).  

1.3.5 Fluorescence Recovery After Photobleaching 

Bleaching is an unwanted side-effect of fluorophores and describes the permanent 

loss of fluorescent signal emitted from the fluorophore. Theoretically the excited 

electrons can cycle between ground state and excitation state infinitely, but this is 

not the case in reality and exposure to high energy light can lead to photochemical 

alteration and hence, bleaching of the fluorophore. This phenomenon was used in 

the 1970s by Axelrod et al. to measure the two-dimensional (2D) lateral mobility or 

diffusion of fluorescently-labelled molecules in a single region of a cell membrane75. 

To that end a small area of the fluorescent sample is exposed to a focussed laser beam 

of high intensity resulting in the bleaching of the fluorescent signal in this area 

(Figure 1.3.7). The recovery of the fluorescence can subsequently be visualised by 

the same but attenuated laser beam (Figure 1.3.7). Hence, the method is called 

fluorescence recovery after photobleaching, in short FRAP. Since bleaching is a 

permanent reaction the recovery of the fluorescence is observed due to new 

fluorescent molecules mixing with the bleached ones by moving in and out of the 

bleached region, respectively (Figure 1.3.7). Following fluorescence recovery gives 
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information about the mobility of the molecules within the surface they are moving 

in, and about the fractions of mobile and immobile proteins. FRAP measurements 

are an important tool for estimating the diffusion coefficient of the fluorescently-

labelled molecules and were done on a routine basis in this work to estimate the 

fluidity of the proteins on the SLBs. It was mainly a measure of successful bilayer 

formation since fluorescently-labelled proteins on glass or on a disrupted bilayer are 

immobile and thus, no fluorescence recovery occurs. Moreover, FRAP was used in 

Chapter 3 to estimate both the mobility of the studied cell membrane receptors as 

well as the diffusivity of proteins within a cell-SLB contact (Paper III). 

1.3.6 Transmission Light Microscopy  

Transmission light microscopy is a light microscopy technique that does not require 

a fluorescent sample. It is based on a white light ray passing through the sample 

towards the objective of the microscope. Before the light reaches the sample, it is 
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directed through a condenser that controls the angle at which the concentrated light 

ray hits the sample allowing for the right contrast and resolution. Both, the 

condenser and the light-collecting objective are oriented on two separate axes that 

need to be aligned to permit a sharp image. Transmission light microscopy is a very 

useful technique to observe whole living organisms or thicker tissue structures. One 

technique based on transmission light microscopy is bright field microscopy. In this 

technique transmitted light is attenuated by thicker parts of the sample leading to 

darker, sample defined, areas on a light background. Using bright field in this study 

permitted distinction of dead and live cells bound to protein functionalised SLBs. 

1.3.7 Summary of the Applied Methods 

Most of the work in this thesis involved protein-functionalised SLBs, and TIRF was 

chosen as the main microscopy method to visualise these. TIRF was preferred over 

epifluorescence due to a diminished effect of background fluorescence from the bulk 

improving the image quality. Additionally, TIRF has a faster throughput and higher 

laser intensity than LSCM. This combined with a sensitive camera allows for the 

distinction of fine structures in the membranes or fine intensity changes such as the 

process of bilayer formation from vesicle fusion (Figure 1.3.8). For complete cell 

imaging confocal microscopy was favoured over TIRF owing to its better resolution 

in the z-axis. The mobility of proteins within cell membranes and cell-SLB contacts 

was measured using a spinning disk confocal microscope allowing for a higher 

sensitivity and faster image acquisition. 
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Sie hat alles, was sie braucht, alles außer den Eiern. Eier…  

sind schwer aufzutreiben. 

-David Benioff, Stadt der Diebe, 2008- 
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2.1 T-Cell Receptor Triggering 

Central to the body’s immune system are TCRs that recognise pathogenic peptides 

presented on MHCs. This process must be highly specific since the expressed MHCs 

on an infected cell display abundant numbers of self (body’s own) peptides and only 

a few pathogenic peptides. A common belief is that the affinity with which the TCR 

binds to foreign or self-peptide MHCs varies and that high affinity complexes and/or 

complexes of a long lifetime induce signalling. This supports the kinetic 

proofreading model proposed by McKeithan in 199576. The model suggests that the 

TCR-MHC interaction does not cause an immediate signal for T-cell activation but 

that instead several intermediate events occur and accumulate to a final (critical) 

event necessary for signalling76. All of those steps take time separating the initial 

binding event from the signalling outcome. Thus, only ‘long-lived’ and/or higher 

affinity TCR-MHC interactions induced by pathogenic peptides lead to activation 

of the TCR. Short lived interactions between TCRs binding to self-peptide MHCs 

dissociate before the final signalling event(s) can occur maintaining the cell in a non-

activated state. It has been argued that a high affinity characterised by a fast on-rate 

(how fast the TCR binds to the MHC) and a slow off-rate (how slowly they 

dissociate) determines the lifetime of the TCR-MHC complex8. However, in other 

studies it has been shown that a fast on-rate alone is sufficient for T-cell 

activation12,77. A fast on-rate lowers the number of TCRs that need to be engaged for 

successful peptide MHC binding increasing the overall fraction of bound TCRs to 

agonist MHCs. It is yet to be determined whether affinity, lifetime, or both 

determine the levels of T-cell activation. 

The activation of a T cell is, as noted in the Introductory Chapter, a multistep 

process and starts with the phosphorylation of the TCR. The TCR itself has no 

signalling components but associates naturally with the CD3 co-receptor and ζ-

chains forming the TCR-CD3 complex. The cytoplasmic domains of CD3 and the 

ζ-chains contain the immunoreceptor tyrosine-based activation motifs (ITAM) that 

are the sites for phosphorylation by Lck78. Lck is either freely diffusing or associated 

with the cytoplasmic tail of the CD4 or CD8 co-receptor that colocalise with the 

TCR-MHC complex bringing Lck in close proximity to the TCR-CD3 complex78. 
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Once the ITAMs are phosphorylated they create binding sites for ZAP-70 which 

causes subsequent T-cell activation79. Whereas all the following downstream signals 

are well known (reviewed for example here80,81) the mechanism of how the TCR 

complex is triggered has, despite extensive studies, not been resolved. Several models 

have been proposed to explain what causes the initial phosphorylation by Lck upon 

MHC binding and these include conformational changes in the TCR, 

mechanotransduction and kinetic segregation of TCR and CD45 molecules16,82,83. 

CD45 is a key molecule in the latter model due to its structure82 but structural 

information about this complex molecule on the cell membrane is lacking. Hence, 

there is a need for new techniques to obtain structural data about CD45 as well as 

other large glycoproteins such as CD43 to fully understand their role in the cellular 

context including the KS model. Before the KS model will be described in detail a 

brief introduction into other competing ideas will be given. 

2.1.1 Conformational Change and Force 

The kinetic proofreading model led to several possibilities on what defines the first 

step in T-cell activation. One model type suggests that the TCR-MHC interaction 

causes a conformational change in the TCR resulting in dimerisation or aggregation. 

However, comparing the structures of TCRs that are bound to MHC or not, 

revealed structural changes mainly in the hypervariable loops which are part of the 

variable Ig domains responsible for binding to the peptide and the MHC cleft 

holding it but not distal to this binding site16,84. Other studies suggest a 

conformational change by a reorientation of the TCR versus its associated CD3 and 

ζ-chains85,86. These conformational changes could be of various types including, e.g., 

that the ITAMs of CD3 and the ζ-chains associate with acidic phospholipids in the 

membrane burying the tyrosine residues (Figure 2.1.1A). Binding to MHC would 

release these ITAMs, which become immediately accessible for phosphorylation 

(Figure 2.1.1A). Another conformational change model involves the two ζ-chains 

that are spread apart when the TCR complex is in an unbound state but reorient 

after TCR-MHC binding leading to signalling (Figure 2.1.1B)87. What exactly 

causes these conformational changes is not obvious but recent experimental evidence 

suggests that the TCR complex responds to mechanical forces16,87–89. This force can  
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ζ

be exerted by a cytoskeletal mechanism acting internally on the receptors or by the 

T cell crawling over the APC while binding to the MHC. In the latter case TCR-

MHC binding exerts a bending force on the TCR, because of the T cell movement, 

inducing conformational changes (Figure 2.1.1C). Direct evidence for TCRs acting 

as mechanosensors was shown experimentally using optically trapped beads and 

exerting shear forces onto the TCR-MHC complex or by using a biomembrane force 

probe (see Chapter 3), revealing that force can, dependent on its magnitude, induce 

signalling events90,91. Despite some compelling studies the exact mechanism by 

which the structural changes occur is not known and thus, more research is required 

to understand and clarify the role of force and TCR conformational changes in 

initiating TCR phosphorylation. 
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2.1.2 Kinetic Segregation 

The KS model is based on the dynamic phosphorylation of the TCR by kinases and 

phosphatases82. This occurs as T cell membrane proteins freely diffuse laterally in the 

membrane exposing the ITAMs of the TCR-CD3 complex to kinases like Lck and 

phosphatases such as CD45 (Figure 2.1.2A). The continuous phosphorylation 

(activation) and dephosphorylation (deactivation) does, however, not lead to T-cell 

activation since the phosphorylated TCR-CD3 complex is only short lived as the 

phosphatases are in large excess. When a T cell encounters an APC CD2 or other 

small sized cell-cell recognition proteins initiate close contact formation by spanning 

a ~15 nm distance between the two opposing membranes82. The close contacts 

facilitate the surface scanning of APCs by TCRs and subsequent binding of the TCR 

to agonist-peptide MHCs, as well as the passive exclusion of tall glycoproteins such 

as the phosphatase CD45 (Figure 2.1.2B and C)8,82. This shifts the kinase 

phosphatase balance within the contact, resulting in net phosphorylation of the 

TCRs distributed in the contact zones82. TCRs not engaged will diffuse out of the 

contact and will be dephosphorylated before any downstream signalling can occur. 

To ensure this the close contact zones must be of small enough size (contact radius 

< 220 nm) as large areas will cause ligand independent signalling82,92 which could 

lead to aberrant signalling and autoimmune disease. TCRs bound to agonist-peptide 

MHC molecules, however, stay sufficiently long in the contact to become 

phosphorylated, recruit ZAP-70 and cause T-cell activation. The potency of the 

TCR-MHC interaction is therefore related to both its half-life (lifetime) and its 

affinity which determine whether the TCR stays in the contact zone or diffuses out 

abrogating signalling.  

Important to keep in mind is that the formation of close contacts occurs before the 

formation of an immunological synapse (see Introductory Chapter) and is triggering 

independent. Thus, no signalling dependent processes such as cytoskeletal 

rearrangement are involved in the initiation of TCR triggering by CD45 exclusion. 

In addition, the KS model requires that the excluded CD45 molecules possess a large 

and rigid extracellular domain to allow for steric effects causing exclusion. However, 

only parts of the full-length CD45 have been structurally resolved as the N-terminal 

mucin-like  segment  cannot  be  crystallised  or  clearly  visualised  using  currently  
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available methods such as electron microscopy (EM)24. Thus, only an approximation 

of the full-length protein’s dimensions on the cell surface can be made (see Paper II) 

and a summary of these will be given below. Despite the absence of detailed 

structural insights at the cell surface, several studies have shown that glycoproteins 

like CD45 are excluded from areas of TCR triggering as well as that a truncation of 

CD45’s extracellular domain inhibits TCR triggering supporting the KS model93,94. 

This effect was reversed by replacing the truncated domain of CD45 with the large 

extracellular domain of CD4394. Moreover, elongation of peptide MHCs in complex 

with TCRs have been shown to inhibit TCR triggering by diminished CD45 

exclusion96,97. By mimicking TCR triggering in a reconstituted system, using non-

immune cells transfected with key molecules involved in T-cell activation such as 

Lck, ZAP-70, TCR-CD3 and CD45, it has been shown that ZAP-70 recruitment 
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was connected to CD45 exclusion and that neither conformational changes nor actin 

had essential roles in initial T-cell activation27. All these studies offer support for the 

KS model24,27,93,94,96–98. However, the uncertainty about the structural properties of 

the extracellular region of CD45 at the cell surface remain and resolving these is 

important to better understand the feasibility of the KS model and the protein 

organisation in a cell-cell contact as a whole. 

2.2 Large Glycoproteins 

2.2.1 CD45 and its Isoforms 

CD45 is one of the most abundant glycoproteins comprising up to 10% of the cell 

surface area. It is a type-I transmembrane protein containing two cytoplasmic 

tyrosine phosphatase domains, one transmembrane domain and a highly 

glycosylated extracellular region24,99. The extracellular region consists of four 

membrane-proximal domains that belong to the type III fibronectin domain family 

characterised by a β-sandwich structure (domain D1-D4). The most membrane 

distal domain is rich in cysteines and connects the fibronectin domains to the N-

terminal region that does not have a domain structure but exists in an extended 

polypeptide sequence bearing O-linked glycan side chains (Figure 2.2.1). Of the 

CD45 domains only the cytoplasmic membrane proximal domain is enzymatically 

active. The cysteine-rich domain is likely to stabilise the protein by forming inter- 

and intradomain disulphide bonds and the N-terminal or mucin-like region is the 

source of various CD45 isoforms arising from alternative splicing varying the length 

of this region24,29,30,99. Which isoform is expressed depends on the cell type, the 

development stage and the activation stage of the cell29,30. So far at least five different 

isoforms have been identified in humans and EM measurements revealed that 

CD45R0 is the shortest (~20 nm) and CD45RABC the largest (~40 nm) isoform 

(Figure 2.2.1)24,29,30,99. There is little to no evidence for a clear functional difference 

between these isoforms, but it is suggested that the expression level of the CD45 

isoforms is a critical parameter29,30. Moreover, it has been argued that CD45R0 forms 

homodimers in greater proportion than CD45RABC does, which can be accounted  
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for by a lower amount of charged carbohydrate repulsion due to a shorter mucin-

like region29,30. It is controversial whether these dimers exist in vivo and if they form 

via an interaction of the intra- or extracellular domains29,30,100. Since, in regard to the 

KS model, only the largest and smallest isoform are of interest the other isoforms 

will not be further considered. 

2.2.2 CD43 

CD43 is an abundant glycoprotein on most hematopoietic cells. It comprises a 

cytoplasmic domain, a transmembrane domain and an extracellular domain103. 

However, it does not contain any phosphatase function and the extracellular region 

is characterised only by an elongated, unfolded, mucin-like structure (Figure 

2.2.1)103,104. The carbohydrates contribute up to 50-60% to the molecular weight. 

Despite its high abundance the precise function of CD43 has not been resolved. 

However, CD43 exclusion from the immune synapse has been observed105 and 

several studies have shown that inefficient exclusion of CD43 results in the 
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inhibition of IL-2 production, a marker of activated T cells106,107. Therefore, CD43 

has been suggested to function as a negative regulator in T-cell activation. It was 

initially assumed that CD43’s extracellular domain acts as a barrier for cell-cell 

contacts due to the high amount of negative charges108 but newer data suggest instead 

that the cytoplasmic domain has a role in the active transport of CD43 away from 

the cell-cell contact area109. The existing functional studies are controversial and an 

uncertainty about the role of the extracellular domain remains. Structural and 

functional analyses would help to resolve these uncertainties. 

2.2.3 Structural Studies Using Microscopy 

Several studies have investigated the height of the extracellular region of 

CD45RABC (40-50 nm)99,101 and CD45R0 (22 nm)24 as well as of CD43 (45 nm)102 

using EM. These measurements consider the orientation and dimensions of the 

protein in solution but not their orientation on the membrane or what effective 

height they possess in a cellular context. Using other microscopy techniques based 

on fluorescence bypasses this problem by allowing the investigation of proteins 

attached to a surface while achieving high axial resolution. An overview of the 

microscopy methods used to obtain structural insights together with some of the 

recent findings from their application will be given. 

 

Protein Height Measurements 

One of the above mentioned fluorescence microscopy techniques is called variable-

angle TIRF (VA-TIRF) (Figure 2.2.2A) and has been used to determine the relative 

heights of different CD45 isoforms on an SLB showing a similar relation between 

CD45RABC and R024. In VA-TIRF the position of a fluorophore attached to for 

example the N-terminus of the studied protein can be determined by varying the 

angle of the incident light and translating the subsequent changes in the emitted 

fluorescence intensity to the distance between the surface and the fluorophore110. 

Despite being a versatile method VA-TIRF is experimentally difficult to apply. 

Fluorescence interference contrast microscopy (FLIC) is a wide-field microscopy 

technique  just  like  TIRF  but  has  a  greater  range  providing  more  topographic  
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θ

information (Figure 2.2.2B)111. It was used to gain information about the 

orientation of rod-like polymers mimicking mucin-like glycoproteins bound to a 

lipid membrane112 but could be applied to CD45 or CD43 measurements. FLIC is 

based on the principle that incident light will be reflected by the surface and emitted 

by the fluorophore attached to the object of interest, i.e., a protein, causing a specific 

interference pattern and height dependent intensity that is measured. Scanning angle 

interference microscopy, SAIM113 (Figure 2.2.2C) uses the same principle as FLIC 

but the structure of the interference pattern can be controlled by varying the incident 

angle of the excitation light as in VA-TIRF114. This technique is powerful in 

distinguishing differences in thin structures due to a high axial resolution. However, 

calibration and image analysis in SAIM are complex and it has so far only been used 

in a limited number of studies. One of those studies has shown that CD45RABC 
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and R0 are excluded from contact areas formed between a giant unilamellar vesicle 

(GUV) and an SLB. The contact formation was studied using either a strong binding 

receptor-ligand pair, called FRB-FKBP, or the weaker interaction pair, TCR-MHC. 

Both were able to initiate an SLB-GUV contact but caused a difference in the 

percentage of excluded CD45 showing a dependence of CD45 exclusion on the 

affinity of the receptor-ligand pair98. Moreover, it has been observed that in the 

presence of TCR-MHC complexes (the weaker binding pair) the amount of 

CD45R0 exclusion was lower compared to CD45RABC with 15% vs 40% 

exclusion, respectively98. The estimated size of CD45R0 on the GUV was in 

agreement with the height of an extended protein structure (~22 nm) and thus 

suggests an upright orientation of CD45R0 on the membrane, which was also 

predicted by another study using VA-TIRF24,98. The size of CD45R0 was estimated 

from the membrane distance of the GUV to the SLB using SAIM. Another, more 

common, method to measure this distance is RICM, reflection interference contrast 

microscopy, which is able to measure membrane distances in the absence of 

fluorophores (Figure 2.2.2D)115. It has previously been used to measure distances of 

membrane contacts formed by two interacting proteins and contains information 

about the axial dimensions of these proteins116,117. RICM is physically similar to 

FLIC and can be used for absolute height measurements but results in images of 

lower contrast compared to the images obtained with FLIC111. Additionally, this 

method cannot be used for non-interacting, free molecules in the SLB since it is 

dependent on the presence of a second surface above the first one.  

To summarise, these studies revealed structural insights into the (upright) 

orientation of CD45RABC and R0 on the membrane and estimated the height of 

the short isoform CD45R0 to be ~22 nm 24,98. CD45RABC seemed to be of similar 

height as CD45R0 but was not directly measured in any of the cases. Moreover, 

CD43 was not addressed in those studies and information about CD43’s structure 

at the cell membrane is lacking. 

 

Orientation of Proteins 

Experiments have shown that membrane anchored molecules can adopt different 

surface heights depending on the orientation and/or free rotation around their 
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anchoring point at the membrane indicating that height measurements need to be 

obtained in an environment affecting the orientation and rotational freedom of the 

proteins112. This environment likely includes lateral protein crowding on the surface 

or in the cell contact which was not considered in the above-mentioned studies. 

Schmid and colleagues approached this issue by studying differently sized proteins 

of binding or non-binding character in contacts between SLBs and GUVs using 

RICM117. They showed that the organisation at the membrane interface was 

dependent on the protein size (as suggested by other studies24,98) but also on lateral 

crowding117. While no information about how this affects the orientation of the 

protein was obtained it was shown that lateral crowding resulted in the exclusion of 

non-binding proteins from the contact area regardless of their height. This protein 

exclusion was further affected by axial crowding which considers a steric effect with 

proteins on the opposing membrane117. A similar effect was seen by James and Vale 

in a reconstituted cell system, however, the investigated protein density was much 

lower (50 molecules/μm2) than that of Schmid et al. who had a protein density (at 

the interface between the SLB and the GUV) ranging from 1 000 – 11 000 

molecules/μm2 showing that the crowding effect is system dependent and probably 

of different nature in the two experiments27,117. Whereas the crowding effect observed 

by James and Vale is comparable to what we and others have seen and most likely 

accounted for by the interaction with the contacting cell expressing naturally high 

levels of various membrane proteins27,118,119 the crowding effect observed by Schmid 

et al. is mainly due to lateral crowding117. Thus, the exclusion of non-binding 

proteins such as CD43 and CD45 during cell-cell contact formation might not be 

solely size-dependent but can also be affected by protein crowding on the surface. 

Whether protein crowding affects the relative height of these tall or flexible 

molecules is unknown. A new technique called hydrodynamic trapping, that has 

been used in this thesis, allowed investigation of the dimensions of membrane bound 

proteins as well as the interaction-potential between them over a wide range of 

concentrations and provided the possibility to answer some of the remaining 

questions120,121. Hydrodynamic trapping has here been used to characterise CD45, 

the adhesion molecule CD2 and the T-cell co-receptor CD4 (Paper I) as well as 

CD45R0, CD45D1-D4 and CD43 (Figure 2.2.1).  
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2.3 Trapping of CD2, CD4 and CD45RABC 

The main aim of the study in Paper I was to investigate the dimension and 

orientation of the large isoform CD45RABC on a model membrane. It has been 

shown that the folded part of CD45, which comprises the four domains D1-D4, as 

well as CD45R0 are rather rigid and both proteins were suggested to orient upright 

from the membrane24,98. Nevertheless, structural information about CD45RABC at 

the cell surface is missing. Hydrodynamic trapping was here used to obtain further 

structural information about CD45RABC and to relate those findings to previous 

observations made in cell-contact assays.  

2.3.1 Principle of Hydrodynamic Trapping 

In hydrodynamic trapping a micropipette is placed in a fixed position above an SLB 

anchoring fluorescently-labelled proteins (Figure 2.3.1A). Applying a negative 

pressure through the micropipette causes an inward flow which drags on the proteins 

moving them towards the area beneath the pipette where the proteins accumulate 

(Figure 2.3.1B). A higher pressure results in greater protein accumulation which 

continues until steady state is reached (Figure 2.3.1C). The hydrodynamic force that 

is acting on the molecules is dependent on (i) the size and geometry of the protein 

and on the surface concentration of the protein all summarised by the hydrodynamic 

area, Ahydro, as well as on (ii) the shear force (or the force that drags on the molecules) 

which is defined by the dimensions of the pipette, the applied pressure and the 

distance between the pipette and the SLB (Figure 2.3.1D). The thermodynamic 

effect this has on the molecules is described by εhydro which is a measure of the work 

required to move one membrane bound molecule from infinite distance to a radial 

distance, r, from the center of the trap (Figure 2.3.1C). At steady state the resulting 

force can be related to the concentration of the molecules via their chemical 

potential, μ(c), at the distance r by:  

  Eq. 2.1 
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At low surface coverage, c0 (the dilute regime at which the concentration of the 

molecules equals the concentration before trapping), the chemical potential is equal 

to μ(c0) and Ahydro will change to Ahydro(0) which is the hydrodynamic area the 

molecule experiences at dilute conditions, c0. For this situation, Eq. 2.1 simplifies 

to:  

  Eq. 2.2 

where kB is the Boltzmann constant and T the temperature. By plotting ln(c) vs εhydro 

information about the hydrodynamic dimensions of the molecule at low surface 

coverage can be obtained from the slope Ahydro(0)/kBT of the so-called interaction 

curve (Figure 2.3.1E). Each protein has its own characteristic interaction curve 
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which contains information about the hydrodynamic area as well as existing 

intermolecular forces between the studied molecules, i.e., if the proteins are attracted 

or repulsed by each other.  

To verify the method of hydrodynamic trapping it was initially tested on the 

structurally well-studied protein streptavidin bound to biotinylated SLBs. The data 

obtained were in good agreement with the crystallographic data confirming the 

applicability of the method. The findings regarding streptavidin will not be further 

discussed here (see Paper I for more details). 

2.3.2 Considerations of the Method 

The effective height of proteins can be estimated using hydrodynamic trapping. The 

measurements contain crucial information about how the proteins orient on the SLB 

as well as how they interact over a wide range of concentrations, which is hard to 

measure with other methods. The here studied immune-cell proteins were not 

incorporated into the SLB as full-length proteins since they are transmembrane 

proteins in vivo and generally difficult to work with in SLB studies (see Chapter 1). 

Thus, only the extracellular region of each protein was anchored to the membrane 

and measured using hydrodynamic trapping. From this, no definitive conclusions 

on how these proteins behave in vivo can be drawn as no transmembrane or 

intracellular interactions are accounted for. However, the effective dimensions, effect 

of glycosylation or molecular flexibility are not expected to be significantly different.  

In order for hydrodynamic trapping to produce reliable data there are many 

important, success rate determining, steps (see Figure 2.3.2 for the experimental 

setup). This starts with a clean environment in which the experiment is conducted 

since the pipette can easily block hampering the outcome of the experiment. Another 

important step is to make sure that the buffer in the pipette and in the sample-holder 

are filtered and exactly the same. The electrode in the micropipette must be 

chlorinated to avoid fluctuations in the measured resistance, as this must be stable 

for estimating the distance to the SLB. Additionally, the applied pressure needs to 

be constant for at least 30 minutes and hence, the air-tube system should not leak at 

any connecting point between the pump and the pipette. While acquiring the images  
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a steady stage and focus is of immense value since a drift in the focus can induce 

significant errors into the measurements. Regarding the bilayer preparation it was 

always made sure that, besides a high fluidity of the proteins, all unbound vesicles 

and proteins in the bulk are washed off since they can block the pipette. A blocked 

pipette is usually the end of the experiment and can only infrequently be saved by 

exchanging a blocked pipette with a fresh one. Generally, a quick but precise and 

accurate handling of the pipette and the trapping system as a whole is important to 

guarantee a successful experimental outcome.  

2.3.3 The Measured Proteins 

CD45 is, as described above, a rather structurally complex molecule comprising the 

rigid domains (D1-D4) and a large mucin-like region. It differs strongly from the 

globular model protein streptavidin and thus two, structurally more similar, 
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immune-cell proteins, CD2 and CD4 were additionally studied. CD2 and CD4 are, 

like CD45, suggested to be rod-like proteins protruding upright from the membrane 

but are smaller in size and do not contain any mucin-like regions (Figure 

2.3.3)20,23,122. The crystal structures of these two proteins show a typical Ig β-sheet 

structure for each of the extracellular domains with CD2 comprising two Ig domains 

(7.5 nm tall) and CD4 consisting of four Ig domains (11 nm tall) (Figure 2.3.3). 

Both proteins play an important part in APC-T cell contacts, but it is not well 

defined how they orient on the membrane or how these glycosylated proteins 

interact laterally. Hence, they were included in the present study. 

2.3.4 Dimensions and Orientations of CD2, CD4 and CD45RABC 

CD2 and CD4 

The obtained slopes and thus Ahydro(0) values from the interaction curves of CD2, 

CD4 and CD45RABC attached to an SLB are in good agreement with their 

respective protein size. CD45RABC, being the tallest molecule, possessed the 

steepest slope and highest Ahydro(0) value followed by CD4 and then CD2 (Figure 

2.3.4A). The effective protein heights were estimated from the measured Ahydro(0) 

values with 8±0.3 nm for CD2 and 11±0.6 nm for CD4 and are well in line with 

the protein heights obtained from their crystal structures, suggesting that the 

proteins orient in an upright position on the SLB24,98. The CD4 accumulation 

levelled off at a higher concentration in the trap than that for CD2 which could be 

aided by a higher glycosylation of CD2 with four N-linked oligosaccharides on the 

protein compared to two on CD4 (Figure 2.3.3). To obtain information about the 

protein’s intermolecular interactions and thus, the effect of glycosylation, the excess 

chemical potential, μex, was calculated with the values obtained from the interaction 

curves. The excess chemical potential is mainly dependent on the concentration of 

the studied protein and would be zero for non-interacting and infinitely small 

molecules. As soon as molecules start to interact the system can be characterised with 

μex which is negative if the molecules are attractive to each other and positive if they 

are repulsive. In simple terms it describes if an interaction is energetically favoured 

or not. Both, CD2 and CD4 are highly repulsive observed by an increase in μex with 

increasing  protein  concentration  in  the  trap  (Figure 2.3.4B).  Thus,  the  more  
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proteins accumulated in the trap the harder it was to trap further proteins. A high 

amount of glycosylation would cause the molecule to take up more lateral space, 

which increases the intermolecular repulsion. Indeed, CD2 is more repulsive than 

CD4 (Figure 2.3.4B). Therefore, CD2 molecules cannot be ‘packed’ as closely as 

CD4 resulting in a lower concentration of accumulated CD2 in the trap (Figure 

2.3.4A). The lower glycosylation and decreased repulsion observed for CD4 is in 

line with its suggested ability to freely diffuse within the cell-cell contact providing 

the TCR with Lck. Moreover, it has been previously shown that non-binding 

proteins are, independent of their size, excluded from cell-cell contact areas (see 

above: Orientation of Proteins). It is possible that this is partly aided by the 

glycosylation levels of the binding proteins in the contact area increasing lateral 

repulsion. CD2 is one of the main binding proteins causing the adhesion of T cells 

and APCs and is suggested to have a key role in initiating close contacts, which leads 

to CD45 exclusion and subsequent TCR triggering. It is not clear if and what role 

glycosylation has in this system, but it could act as a repulsive force increasing the 

lateral crowding effect. Thus, it might ‘help’ to regulate the initial protein 

segregation following close contact formation.  

 



Dimensions and Orientations of Glycoproteins on Model Membranes 

 

Monte Carlo simulations were used to further investigate the impact of protein 

glycosylation on the protein’s interaction potential. Varying amounts of sugars were 

therefore added as side chains (‘arms’) to a theoretical protein model by adding small 

beads-on-a-string-structures extruding laterally from the protein simulated as a 

‘three-beads-on-string’ structure (see Paper I). These ‘proteins’ were studied 

theoretically on a surface with increasing surface coverage of the same type of protein 

from which the theoretical μex was calculated (Figure 2.3.5A). For rigid and upright 

standing ‘proteins’, the effect of glycosylation on the intermolecular repulsion was 

relatively high at already small numbers of added sugars supporting the observation 

of highly repulsive CD2 and CD4 molecules possessing only few glycosylation sites 

and the idea that this might have an effect on cell-cell contact formation (Figure 

2.3.5A). 

 

CD45 

Despite having the steepest slope and thus highest Ahydro(0) value CD45RABC had 

an effective calculated height of 22 nm, which is roughly half the size observed for 

CD45RABC’s extended structure in EM (40 nm)99. Moreover, the excess chemical 

potential and consequently the repulsion was much higher for CD45RABC than for 

CD2 or CD4 and μex changed almost linearly with an increasing amount of 
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accumulated CD45RABC which was not observed for CD2 and CD4 (Figure 

2.3.4B). Whereas the obtained data for CD2 and CD4 could be fitted to a ‘hard-

disk’ model describing the protein structure in a simplified form as a cylinder, it did 

not describe the excess chemical potential curve of CD45RABC accurately. There 

are two possible explanations for this finding. One is that the mucin-like region did 

not experience the same hydrodynamic drag force as the more rigid folded region 

(D1-D4) due to a more extended structure (no folding). However, this would mainly 

explain the difference in height but not necessarily why CD45RABC is highly 

repulsive. The other possibility is that CD45RABC has a much higher flexibility 

than the other two molecules which can cause the molecule to rotate around its 

anchoring point at a low surface coverage (higher free space per molecule). This was 

further investigated using Monte Carlo simulation. Hereby, a bead-on-a-string 

structure including either three or six beads represent two different sized protein 

species such as CD2 and CD45RABC. Investigating the behaviour of these ‘proteins’ 

on a theoretical surface assuming rotational freedom of the protein showed that with 

increasing surface coverage the rotational freedom decreased. This occurs due to 

steric hindrance which also forces the proteins to be in an upright position (Figure 

2.3.5B). The obtained theoretical excess chemical potential for the ‘six-beads-on-a-

string’ structure increased linearly with the surface coverage which is in line with the 

μex behaviour observed for CD45RABC’s. Thus, CD45RABC’s behaviour at the 

membrane was well described with a ‘±90° rotating rod’ model fit and explains why 

it differs from what has been found for CD2 and CD4 which could be better 

described with a ‘hard-disk’ model (Figure 2.3.5C). The flexibility of CD45RABC 

could affect either the protein as a whole or the mucin-like region only. Independent 

of what exactly is affected by this flexibility it causes the protein to have a lower 

effective height (22 nm), similar to what has been measured by others, and could 

explain why CD45RABC is not fully excluded from close-contact areas24,98. 

Nevertheless, this effect might be reduced on the crowded cell membrane (high 

protein surface coverage) since close packing of various proteins including 

CD45RABC and other tall glycoproteins could cause an upright position of 

CD45RABC due to steric limitations of its rotational freedom. Indeed, by using 

Monte Carlo simulation a 5 nm increase in the effective height of CD45RABC was 

observed in a crowded environment of 2000 molecules/μm2. The assumed density is  
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however much lower than the physiological density at the cell surface with roughly 

30 000 molecules/μm2 117,123 predicting a stronger effect of crowding in vivo. Thus, 

exclusion depends not only on the relative protein height but also on the protein’s 

glycosylation and the protein density on the membrane. 

 

CD45RABC trapped with CD2 or CD4 

The trapping of two proteins at the same time showed their height dependent 

separation in the trap, with the taller molecule accumulating in the center of the trap 
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and the small molecule orienting around it (Figure 2.3.6). This effect was more 

significant for CD2 than for CD4 trapped together with CD45RABC (Figure 

2.3.6). Thus, the force acting on the molecules is higher for taller proteins and shows 

an inside-out segregation process emphasising that protein size is an important 

property of the trapping results. Under any of the examined conditions neither of 

the studied proteins formed dimers or bigger aggregates as previously argued100,124–

128. Whereas CD2 is generally believed to be in monomeric form, CD4 and CD45 

are more controversially discussed. Nevertheless, the obtained data here are in line 

with the previous observations that (i) CD4 exists in a monomeric form binding to 

MHC and TCR as seen in the crystal structure20,122 as well as that (ii) only 

monomeric CD45 molecules have been found in solution and that the crystal 

structure of CD45D1-D4 did not reveal any important oligomerisation interfaces24. 

2.3.5 Conclusion  

In conclusion, the dimensions as well as the orientations of the three immune-cell 

proteins, CD2, CD4 and CD45RABC were estimated using hydrodynamic 

trapping. The obtained sizes for CD2 and CD4 were well in agreement with the 

crystal structure’s top-to-bottom heights. For CD45RABC this value was smaller 

than the estimated height from EM measurements and was attributed to a higher 

flexibility of the protein at low surface coverage at the SLB. A higher flexibility could 

also explain the similar height values observed for CD45R0 and CD45RABC in 

other studies24,98. The flexibility of CD45RABC, however, is reduced on the crowded 

cell membrane causing it to orient in a more upright position. All three measured 

proteins were highly repulsive which is attributed to their glycosylated side chains, 

which are further suggested to counteract dimer or aggregate formation. 

Interestingly, already a low amount of carbohydrates on the molecules did have a 

significant effect on their intermolecular interaction. Thus, studies of protein 

binding behaviour comparing the glycosylated to the non-glycosylated protein 

would be valuable and could give further insights into the organisation of proteins 

in a cell-cell contact. 
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2.4 Dimensional Studies of CD45 and CD43 

The dimensions of CD45R0 and CD45RABC on membranes as well as their 

exclusion from cell-contacts have been investigated in several studies using various 

microscopy techniques. Only few structural data exist for CD45D1-D4 and CD43 

and contain mainly solution-based information. Evidence about their organisation, 

orientation and dimensions on SLBs are missing. Thus, the studies of CD45RABC 

using hydrodynamic trapping were extended by including the rigid domain part of 

CD45, i.e., CD45D1-D4, the shortest isoform CD45R0 and the tall glycoprotein 

CD43. To complement these studies all four proteins were further investigated with 

scattering techniques characterising their dimensions in solution. This work was 

done together with Amélie Fuentes, who did the trapping experiments and Dr. Luigi 
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Gentile who measured and analysed the soluble unlabelled proteins with dynamic 

light scattering and small angle x-ray scattering.  

2.4.1 Trapping of CD45D1-D4, CD45R0 and CD43 

The trapping experiments were conducted the same way as described in Paper I with 

either CD45D1-D4, CD45R0 or CD43 on the SLB. All three proteins were, like 

CD45RABC, labelled with Alexa Fluor® 488 which allowed for a better comparison 

to the previously measured CD45RABC (Paper I). Furthermore, an initial trapping 

experiment was done on CD45RABC to compare the newly obtained with the 

previous trapping results. The slope of the measured interaction curve was almost 

identical to the previous results (see above and Paper I). The next step was to obtain 

the interaction curves for CD45D1-D4 and CD45R0 to estimate their respective 

Ahydro(0) values. As expected, CD45D1-D4, being the smallest protein, had the 

lowest Ahydro value with 450 nm2, and CD45R0, which is size-wise between 

CD45D1-D4 and CD45RABC, had an Ahydro value of 890 nm2. The estimated 

heights of these two proteins, 10 nm and 16 nm, were, however, lower than their 

expected heights from crystallography and EM measurements with 15.2 nm and 22 

nm, respectively. One explanation could be that these two molecules rotate around 

their anchor point similar to what has been described for CD45RABC decreasing 

their effective height on the SLB. However, it could also be that the observed initial 

concentrations on the bilayer were too high (c0 = 300 molecules/μm2) compared to 

what has been used for CD45RABC with c0 = 100 molecules/μm2. It is possible that 

the proteins start shielding each other at this higher surface concentration decreasing 

their effective Ahydro values. This would cause a change in the initial slope of the 

interaction curve and consequently in the calculated height. The here obtained 

height shall therefore be seen as a lower limit value. The concentrations of 

accumulated CD45RABC and CD45R0 in the trap seem to level off at a similar 

value of around 6000 molecules/μm2 (Figure 2.4.1). CD45D1-D4 follows this trend 

but at much higher trapping strengths. This suggests that all three proteins eventually 

orient upright and have, at 6000 molecules/μm2, a similar effective cross-sectional 

area as non-trapped CD2. Interaction curves for CD43 were harder to obtain than 

for  the  other  proteins,  which  was  mainly  accounted  for  by  the  poor  labelling  
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ε

efficiency of the protein resulting in very dim fluorescence at the SLB. This was 

compensated for by the addition of large amounts of CD43 to be able to visualise 

protein binding to the SLBs. However, the used concentration was too high to 

measure a prominent slope in the interaction curves and thus, no Ahydro value, i.e., 

height for CD43 could be calculated. In addition, CD43 accumulation in the trap 

levels off at a concentration of 2000 molecules/μm2, a third of what has been found 

for the trapped CD45 versions, suggesting that CD43 has a higher effective cross-

sectional area than any of the other tested proteins (Figure 2.4.1). One other 

possibility for this behaviour could be that the protein collapsed on the bilayer 

increasing its intermolecular repulsion and decreasing its maximum ‘packing’ 

density. A third possibility is that due to the poor labelling efficiency some of the 

CD43 are unlabelled which might have falsified the calculated protein concentration 

at the SLB. The next step was to use fluorescence independent scattering methods 

to analyse the structure of the glycoproteins. These measurements, similar to EM, 

are done on proteins in solution but give, together with the results obtained on SLBs, 

a broad picture of important structural features of the here studied glycoproteins. 
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2.4.2 Dimensions in Solution  

Dynamic Light Scattering 

Neither of the CD45 isoforms nor the CD43 extracellular domains have, to the best 

of my knowledge, been structurally analysed in solution using dynamic light 

scattering (DLS) or small angle x-ray scattering (SAXS). However, both techniques 

are powerful tools to measure the size of molecules in the submicron region (< 1 

μm). In DLS a light ray is focussed onto a spot illuminating a delimited part of the 

molecules in solution. The molecules move randomly in and out of this volume, due 

to Brownian motion, and scatter the light leading to a fluctuating intensity signal 

captured by a detector (Figure 2.4.2A). Small proteins generally diffuse quicker out 

of the detection volume than large ones causing more rapid fluctuations in the 

scattered light (Figure 2.4.2B). How the signals correlate at different times thus gives 

a measure of how fast the molecules diffuse (Figure 2.4.2C). This is represented in 

an autocorrelation function from which the translational diffusion coefficient, D, is 

obtained and used to calculate the hydrodynamic diameter, dhydro, of the protein 

assuming a spherical shape via the Stokes-Einstein equation given by: 

  Eq. 2.3 

where T is the temperature, kB the Boltzmann constant and  the viscosity of the 

system. The hydrodynamic radius (dhydro/2) and calculated protein length of the four 

measured proteins can be found in Table 2.1. The length of the proteins was 

estimated assuming a linear chain of domains (similar to the bead-on-string-

structure) in which the orientation of two consecutive domains towards each other 

follow a gaussian distribution129. The estimated height of CD45D1-D4 with 15.5 

nm, of CD45R0 with 19.2 nm and of CD45RABC with 38 nm were in line with 

previous findings (Table 2.1)24,98,99. The protein length found for CD43 is almost 

half of what would have been expected from EM measurements (Table 2.1)102. 

Small-angle x-ray scattering was used to better characterise the structure of CD43 

and to obtain information about the size and the flexibility of CD43 as well as 

CD45D1-D4, CD45R0 and CD45RABC. 
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Small-Angle X-Ray Scattering 

In SAXS a highly focussed x-ray beam is directed onto the sample containing the 

soluble protein of interest. The proteins in the sample scatter the x-rays at small 

angles onto a detector and produce a scattering pattern that contains information 

about the structure of the protein. The SAXS pattern obtained for the three CD45 

molecules and CD43 was fitted to a model describing a flexible cylinder130,131 and 

was in good agreement with the data observed in the DLS measurements (Figure 

2.4.3). From the fit, information about the total length or contour length, L, can be 

obtained (Figure 2.4.3 and Table 2.2). The contour length in the flexible-cylinder 

model describes the number of locally stiff segments of a certain length, lP, i.e., the 

persistence length, in the protein chain not assuming any folding. High values like 

those seen for CD45RABC can for example occur due to a fully extended protein 

(Table 2.2). Thus, the displacement length, <R>, the distance between one end to 

the other end (‘top-to-bottom’) of the coiled protein, is a better description of the 

actual  protein  height. <R> is  also  called  the  end-to-end  distance  and  is  calculated 
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with <R2>  lk  L (Figure 2.4.3A), where lK is the Kuhn length which is two times 

lP. Both, lP and/or lK are used to describe the stiffness of the protein chain (Table 

2.2). However, a large Kuhn length does not automatically mean that the protein is 

stiff because the flexibility also depends on the contour length of the protein. The 

more similar the Kuhn length and the contour length are the more rigid the protein 

is. For CD45D1-D4 lk is very similar to the contour length (Table 2.2) suggesting a 

rigid molecule as shown previously24. The end-to-end distance was 15.4 nm for 

CD45D1-D4 which is in well agreement with what has been found here using DLS 

and from the crystal structure24. CD45R0 has a slightly smaller lk in respect to 

CD45D1-D4, whereas L is larger, thus, CD45R0 is slightly more flexible than 

CD45D1-D4 and could explain the observed lower height of CD45R0 using 

hydrodynamic trapping. Whether the apparent flexibility originates solely from the 

mucin-like region as well as why the herein estimated height of CD45R0 is slightly 

smaller than what has been shown previously is unknown24,98. An explanation could 

be that the assumed mathematical model in both methods is not the best-fitting 

model to describe the molecule. CD45RABC is among all proteins the most flexible 

one and spans an end-to-end distance of 42 nm, which is in agreement with what 

was measured in DLS herein and in EM by others99. Concluding, CD45RABC has 

an extended structure in solution and most likely also on the SLBs but due to its 

high flexibility acquires a smaller effective height (see Paper I). Interestingly, the 

estimated height of CD43 using SAXS was comparable to the height measured in 

DLS but was only half the size of what has been found in EM102. The estimated 

Kuhn length to contour length ratio for CD43 describes a structure that is less 

pronounced in flexibility than CD45RABC but more flexible than CD45R0. A 

possible explanation could be that the protein is aggregated or collapsed on itself 

forming a rather globular structure similar to a polymer in a theta solvent129. This is  



Dimensions and Orientations of Glycoproteins on Model Membranes 

 

also supported by the fact that the ratio between the radius of gyration and the 

hydrodynamic radius is approximately 0.77 (typical of spherical objects). The radius 

of gyration, rg, which is the root-mean-square distance of the molecule’s segments 

from its center of mass can be estimated by using the Guinier approximation (Table 

2.2)132. This approximation is valid for any particle shape, which means that no 

assumptions are made on the structure of the molecule132. To note is that the here 

denoted ‘globular’ structure of CD43 is still of 20 nm in height and thus very similar 

to the upright oriented CD45R0 shown to be excluded from contact regions. It 

could be that the globular structure resembles a bent over protein chain. The 

‘globular’ structure could also explain the poor labelling quality since CD43 does 

not have many lysines (5% lysine content) necessary for the ester reaction with the 

fluorophore and hence, could easily be buried within the aggregated molecule 

decreasing the labelling outcome. It needs to be investigated if the ‘globular’ 

structure of CD43 is an artefact of the preparation or purification process of the 

protein or whether the structure for CD43 also deviates from an extended rod-like 

structure in vivo which could have significant consequences on the cell-cell contact 

organisation. 
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2.4.3 Summary  

Overall, the new data support the previous findings of this work and of others 

suggesting a dominantly flexible structure of CD45RABC which could affect its 

effective height on the membrane. Moreover, CD45D1-D4 and CD45R0 seem to 

be rather rigid molecules with CD45R0 possessing some flexibility in itself as 

suggested by SAXS. In contrast, CD43 appears to be ‘globular’ in structure and of 

moderate flexibility in solution. Information about CD43’s dimension and 

orientation on a model or cell membrane however are still missing. 

2.4.4 Outlook 

More insights into how the glycoproteins orient and interact on model membranes 

could be obtained by repeating the hydrodynamic trapping measurements with a 

lower surface coverage of the proteins. This would be especially interesting for CD43 

since it seems to be in a globular or collapsed shape in solution. An alternative 

approach to estimate the height of CD43 could be to compare its exclusion to the 

exclusion level of different sized proteins on a model membrane in contact with a 

cell since protein exclusion has been shown to be size dependent117. For this the 

comparison to CD45RABC would be particularly interesting as their reported 

height in solution is similar. It can further be tested how the exclusion depends on 

the densities of the contact forming receptor-ligand pair such as CD2-CD58. Both 

could answer some remaining questions about the effective height of CD43 on the 

bilayer and how glycoproteins in general affect and are affected by cell-cell or cell-

SLB contact formation. 
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Knowing is better than wondering, waking is better than sleeping and even 
the biggest failure, even the worst, beats the hell out of never trying. 

-Shonda Rhimes- 
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3.1 Introduction 

A crucial step in initiating an immune response is the activation or triggering of 

TCRs upon binding to MHC molecules presenting agonist peptides. However, in 

the presence of self peptides, TCRs typically do not trigger. This phenomenon is 

described as self-tolerance. Self-tolerance is ensured by negative selection of T-cell 

precursors during thymic development in which T cells are screened for recognition 

of self-peptide MHCs (positive selection) and are eliminated when they bind those 

too strongly (negative selection)133. Most T cells undergoing the selection process die 

by controlled apoptosis leaving a pool of mature T cells which can distinguish 

between self-peptide and foreign-peptide MHCs. This guarantees that mature T cells 

leaving the thymus are not self-reactive against the body’s own antigens which would 

result in autoimmune diseases, i.e., harmful chronic attacks against the body’s own 

tissue. However, not all self peptides are presented in the thymus and a few 

autoreactive T cells can complete their maturation and migrate to the periphery. 

Those cells are naturally destroyed or inactivated due to varying mechanisms of 

peripheral tolerance such as activation-induced cell death or anergy (functional 

unresponsiveness). It is believed that the distinction between positive and negative 

selection is merely based on the affinity differences between TCRs binding self-

peptide MHCs76,133. Where this cut-off is and how the binding or affinity differs in 

the periphery when mature T cells meet an actual (non-self) antigen is not fully 

understood and has been the subject of extensive studies for decades9,12,19,134–139. An 

approach early on to shed some light onto this conundrum was to measure the 

affinity of various peptide TCR-MHC interaction pairs in solution (ranging from 

agonistic to antagonistic interactions) with one receptor bound to a surface and one 

freely diffusing in solution. However, the obtained three-dimensional affinities 

cannot be translated to the more complex cellular environment in which the TCR 

and MHC receptors are laterally confined by cell membranes and subject to cellular 

mechanisms and other proteins such as CD2, ICAM-1 and cell-specific co-receptors. 

If, and how, the binding of these other molecules in the contact area affect TCR-

MHC binding has not been studied. This is because binding or affinity studies of 

membrane-proteins are generally difficult to conduct, even more so when 

considering more than one binding pair. Two-dimensional affinities are therefore 
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also much harder to measure than 3D affinities but crucial for understanding key 

interactions in a cell-cell contact. To date only a few studies have succeeded in 

measuring 2D affinities of TCR-MHC interactions but information about different 

parameters in the cell-cell contact such as the role of auxiliary proteins are mostly 

lacking. The aim of the work summarised in this chapter was therefore to measure 

the 2D affinity of a TCR-agonist MHC interaction using fluorescence microscopy 

and to investigate parameters that could affect the affinity such as the presence of the 

auxiliary binding protein CD2 and high ligand densities. The results will help to 

understand how to measure binding affinities between TCR and ‘self’ or weak 

agonist-peptide MHCs and what needs to be done to achieve this. The concept of 

affinity, how to measure it and what is known so far with the main focus on CD2 

and TCR will be discussed first, after which I will move on to summarise the main 

findings of the work in this chapter, including the data from Paper III. 

3.2 Dissociation Constants and Affinity  

A general description of a non-covalent ligand-receptor interaction is given by: 

 Eq. 3.1 

where square brackets denote the concentration of the ligand (L), the receptor (R) 

and the ligand-receptor complex (LR). The ratio of the reactants to the product is, 

at equilibrium, a constant defined as the dissociation constant (Kd) of the reaction. 

The Kd is a measure of how strongly the ligand binds to the receptor. It is usually 

presented in molar units (M) and corresponds to the ligand concentration at which 

half of the receptors are bound. Thus, small Kd values represent strong binding of 

the LR complex, i.e., high affinity (e.g., pM-nM), and larger values signify weak 

binding and hence low affinities (e.g., μM and larger). The dissociation constant can 

also be calculated from the association constant (Ka) as well as by the ratio of the on-

rate (kon, how fast the LR complex forms) to the off-rate (koff, how fast LR 

dissociates): 
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 Eq. 3.2 

A high affinity is usually associated with a fast on-rate (kon) and a slow off-rate (koff). 

Thus, a large association constant reflects strong binding as does a small dissociation 

constant. 

3.2.1 Three-Dimensional Affinities 

One of the earliest technologies to shed some light on the characteristics of TCR-

MHC binding was surface plasmon resonance (SPR). SPR is an optical technique 

that can be used to measure kinetics and affinities of interacting proteins (ligands 

and receptors)140,141. The ligands (e.g., MHC) are immobilised adjacent to a metal 

surface on a sensor chip, over which the receptors (e.g., TCR) are passed in solution. 

Binding of the receptors to the ligands is detected as energy taken from reflected 

light under conditions of total internal reflection (Figure 3.2.1A). The incident light 

causes the electrons in the sensor chip to resonate. At a specific incident angle 

determined by the refractive index of the solution adjacent to the metal strip, this 

resonance frequency is the same as the light, causing it to be absorbed. This leads to 

a loss of intensity (a dip) in the reflected light that is recorded by a detector. Once 

the receptors bind to the ligand the refractive index of the solution containing them 

changes, causing a shift in the angle at which the intensity dip occurs. It is this change 

in angle that the detector records. Thus, the change in depletion angle is a direct 

measure of the changes in mass on the surface, i.e., the amount of binding. These 

changes are visualised in sensograms where the signal is quantified as arbitrary 

response units (RU) vs time (Figure 3.2.1B). Once steady-state or an equilibrium of 

binding and dissociation is reached the maximum RU is measured for binding at the 

conditions studied. These graphs can also give the 3D kinetics, i.e., kon and koff, which 

can along with the affinity be obtained after fitting the data to an appropriate binding 

model (Figure 3.2.1B).  

Initial studies using SPR have shown that the affinities of TCR-MHC interactions 

were rather low (ranging from 1 to 100 μM), which was associated with fast off-rates 

(receptor-ligand  complex  half-life,  t½ < 10  seconds)9,137,142.  Moreover,  it  has  been  
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shown that there is generally a good correlation between the strength of the TCR-

MHC interaction (T-cell activation) and the off-rate9,137,142, meaning that T cell 

activating peptide-MHCs bind longer to the TCRs. However, several exceptions 

have been reported over the years138,139,143. Additionally, studies that measured 

binding affinities between strong activating (agonist) peptides and inhibitory 

(antagonist) peptides showed that the differences in 3D Kds were rather small (e.g., 

52 μM vs 62 μM, respectively)143,144. This makes it more complicated to draw 

decisive conclusions about function based TCR binding kinetics in solution. Besides, 

TCR and MHC molecules are laterally confined molecules in vivo and dissociation 

constants presented as a solution concentration (in molar) are generally hard to 

interpret and to translate into 2D affinities (in molecules/μm2). The important 

parameter to determine is therefore ideally the 2D Kd of these interactions. However, 

as mentioned above, measurements of 2D Kds are difficult to obtain and have only 
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been generated for a few cases, which will be summarised in the next 

section12,18,19,118,136,145. 

3.2.2 Two-Dimensional Affinities 

Early 2D Kd studies were done by Dustin and colleagues for the human CD2-CD58 

adhesion pair119,145,146. This was done by incorporating various amounts of GPI-

anchored human CD58 molecules in SLBs and adding CD2-expressing T cells. The 

fluorescently-labelled CD58 molecules accumulate in the cell-SLB contact upon 

binding to CD2, observed by fluorescence microscopy as an intensity increase inside 

compared to outside of the contact. The principle was based on the study by 

McCloskey and Poo where fluorescently-labelled antibodies were observed to bind 

and accumulate locally in a cell-vesicle contact147. The main difference between these 

two approaches was how the two opposing membranes were brought into contact, 

with McCloskey and Poo147 aspirating vesicles onto micropipettes contacting surface 

immobilised cells and Dustin et al.145 using cells contacting functionalised SLBs. 

Micropipettes have later been used to measure 2D affinities in a mechanical-based 

approach that differs from fluorescence-based methods in which functionalised SLBs 

are used. Both methods will be described in detail below.  

 

Mechanical-Based Methods 

The initial idea to measure two-dimensional affinities and kinetics was based on 

mechanical studies investigating the adhesion behaviour of two cells or a cell and a 

surface via ligand-receptor binding. Various methods developed since the 1990s 

utilise this (in detail reviewed in references22,135). (i) In the flow-chamber method 

cells continuously flow over a ligand-functionalised surface to which they can 

randomly adhere148,149. While adhering, the cells experience an observable change in 

velocity which is recorded as a successful binding event. (ii) In the centrifugation 

method radiolabelled cells are brought into contact with a ligand-functionalised 

surface, incubated and subsequently centrifuged in an inverted configuration150. The 

adherence is measured through ‘left-over’ radioactive signals on the surface. (iii) In 

the micropipette method two cells are aspirated on a micropipette and are brought 
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periodically in and out of contact to measure adhesion events12,134. Since the latter 

approach became the most applied method over the last few years this section will 

focus on the principle of the micropipette approach.  

The micropipette technique allows the formation of transient adhesive interactions 

at the interface of a red blood cell (RBC) placed in close proximity to a nucleated 

cell (Figure 3.2.2A). The RBC and nucleated cell can be modified or genetically 

engineered to present the ligand and receptor of interest, respectively. Both cells are 

aspirated on micropipettes and are micromanipulated to touch allowing receptor-

ligand binding (Figure 3.2.2B). Increasing the distance between the micropipettes 

is used to break that bond by retracting the RBC from the brief contact (Figure 

3.2.2C). If binding between the ligand and the receptor occur the retracted RBC 

changes shape to an elongated instead of spherical form (Figure 3.2.2C). This 

elongation, reflecting adhesion, is visually observed and can be translated into an 

adhesion frequency curve by repeatedly moving the RBC in and out of the contact, 

thus increasing the total contact duration and chance of binding. The off-rate, koff is 

determined from the time that is required to reach half of the steady-state binding22. 

The steady-state binding can be translated into the association constant, Ka, that 

together with koff can be used to determine kon which is proportional to the initial 

slope of the adhesion frequency curve22. A more specific method was achieved by 

using beads attached to the RBC, which allowed for a precise tracking of the bead 

position and thus a higher spatial and temporal resolution12,151. Additionally, it 

ensures ligand-specific binding, i.e., no unspecific binding between endogenously 

expressed proteins on the cells (Figure 3.2.2D)135. This approach is commonly 

known as the thermal fluctuation assay using a biomembrane force probe (BFP).  

Both the RBC- and the bead-based methods have been used to study the 2D Kds of 

TCRs that bind to MHC class I molecules (Table 3.1). The measured 2D affinities 

were in the same range as the high affinity interaction pair LFA-1/ICAM-1 and 

consequently suggested to be of higher affinity than what is conveyed by SPR 

measurements (Table 3.1)12,152. In addition, the off-rates were considerably faster in 

2D than in solution implying that the apparent ligand potency will differ depending 

on whether 2D and 3D measurements are made12. The study showed further that 

the  on-rate  and  therefore  also  contact  formation  was  highly  dependent  on  the 
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presented peptide supporting this as being an important source of peptide specific 

TCR-MHC recognition12. The observed fast off-rates, however, were inconsistent 

with the finding of a ~100-fold slower off-rate in 2D vs 3D measured using a 

fluorescence-based method12,153. What effect the micropipette aspiration has on the 

cells and how these observations would translate in vivo is not known. Furthermore, 

while the micropipette approach is very useful in determining the koff, affinities (and 

kon values) are harder to obtain and appear always as the product of the contact area, 

Ac, which cannot be accurately defined and thus determined for the single bonds 

formed using this approach. The difficulty to measure the contact area is also based 

on the unpredictable orientation of this area to the microscope’s field of view as well 

as irregular contact sites that cannot yet be resolved with current microscopy 

methods22. The affinities measured in the mechanical approach are generally lower 

compared to affinities measured in fluorescence-based methods in which contact 

areas are easier to define since they are formed by multiple protein bonds22,156. In 

addition, the adhesion frequency method is best used for one receptor-ligand pair 

interaction (single-bond interaction) and is not a suitable approach for studying two 

different receptor-ligand pairs since the individual contributions to the adhesion 

would be difficult to discriminate. Alternative approaches to study this problem are 

fluorescence-based methods.  
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Fluorescence-Based Methods 

The main fluorescence-based method is the one described above where cells are 

attached to protein-functionalised SLBs and from which 2D affinities can be 

calculated using the Zhu-Golan method119 (this will be described in detail below, see 

Section 3.3). As introduced earlier, advantages of the Zhu-Golan method are: (i) the 

contact area can be determined separately thus allowing estimates of the Kd value, 

and (ii) auxiliary binding proteins can be introduced into the system and easily 

distinguished from the main binding pair by labelling the ligands with different 

fluorophores. This allows for measurements of very weakly interacting proteins as 

has been shown by Jönsson et al. where the 2D Kd of the weakly interacting co-

receptor CD4 to MHC II was estimated to be ~4800 molecules/μm2 (Table 3.1)118. 

A similar approach was used by Grakoui et al. to estimate the 2D Kd of the MHC 

class II restricted 2B4 TCR19. The obtained two-dimensional 2B4 TCR-MHC 

affinity (2D Kd = 10 molecules/μm2)19
 is twice that of the moderate 2D affinity of 

the human CD2-CD58 interaction pair (average 2D Kd = 5 molecules/μm2)119,145 

(Table 3.1). In contrast, the average 3D Kd of the 2B4 TCR-MHC interaction pair 

in solution (~65 μM)9,137 was six-fold higher than the average 3D Kd of human CD2-

CD58 (~11 μM)23,145 (Table 3.1). Thus, the TCR seemed to bind with weaker 
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affinity in solution than in 2D when compared to the respective values for human 

CD2-CD58. This observation is similar to the findings by Huang et al. on 

comparable protein systems using the micropipette approach12. It has been suggested 

that the depth of the third dimension is small when two cell-membranes are in close 

proximity supporting the interaction or adhesion of laterally confined proteins22,145. 

This leads, in effect, to a higher concentration of molecules in the contact area which 

favours bond formation and alignment of the opposing membranes, facilitating 

receptor-ligand binding22,145,156.  

The trade-off with this method is that absolute kon and koff values are not directly 

obtainable. Nevertheless, other techniques such as FRAP or single molecule 

measurements including fluorescence resonance energy transfer (FRET) can be used 

to measure koff values136,153,154. Using single-molecule FRET the off-rate as well as the 

2D Kd of a TCR-MHC class II system, 5c.c7 TCR/MCC/Ek, similar to the 2B4 

TCR investigated previously, have been measured (Table 3.1). The off-rate was 

found to be ~12-fold faster compared to the off-rate in solution and the effective 2D 

Kd was 39 molecules/μm2 (Table 3.1)136. Faster off-rates in 2D have also been 

observed in the mechanical-based measurement by Huang et al. (see above)12. 

However, other studies have shown that 2D off-rates are in line with the off-rates 

obtained by SPR measurements emphasising the apparent discrepancy between 

measurements77,154.  

 

Conclusion 

To conclude this section, several 2D Kd values have been reported in the literature 

using various techniques (Table 3.1). However, the obtained 2D affinities and 

kinetics varied between the applied 2D methods. The off-rates, which have the same 

units of measure (time), also varied between 2D and 3D measurements and showed 

by comparison that the half-lives in 2D can be faster than the respective half-lives in 

3D when measuring on living cells156. This might be facilitated by cellular 

mechanisms regulating bond dissociation156. Moreover, affinities measured using 

mechanical-based methods can be up to five orders of magnitude lower than when 

measured using fluorescence-based methods (see Figure 2C in Zhu et al.156) a 

difference that might, at least partly, be accounted for by the effective contact area 
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formed which varies between these two methods. Therefore, a broader range of 2D 

Kds needs to be measured to allow for a better comparison between the proteins and 

the applied methods. These Kd measurements need to be further extended to the 

multi-protein setting since TCR and MHC interact in an environment containing 

adhesion molecules and co-receptors.  

3.3 The Zhu-Golan Method 

2D dissociation constants of a ligand-receptor complex can be obtained by analysing 

the binding behaviour of receptor-expressing cells in contact with fluorescently-

labelled ligand functionalised SLBs119. Initially, the receptors on the cell bind to few 

ligands on the SLB leading to a decrease of free ligands in the contact. Consequently, 

due to the law of mass action, free ligands diffuse into the contact area increasing the 

number of receptor-ligand interactions. The accumulation of the ligand in the 

contact can be observed as a fluorescence intensity increase beneath the cell and 

continues until steady state (equilibrium) is reached (see Eq. 3.1) (Figure 3.3.1). The 

affinity of a ligand binding to a receptor was commonly analysed using the Scatchard 

analysis140,144,146, given by: 

  Eq. 3.3 

with [LR] being the concentration of receptor-ligand complexes at equilibrium and 

[LR]max the maximum concentration of receptor-ligand complexes. This expression 

assumes that the ligand is monovalent and that [LR]max is constant. Applying this 

equation to the above described system and substituting [LR] by the amount of 

bound ligands in the contact, B, and [L] by the amount of free ligands, F, on the 

SLB (Figure 3.3.1) gives: 

  Eq. 3.4 

Plotting B/F vs B allows fitting of the data by linear regression. The negative 

reciprocal slope of this curve equals the 2D Kd and the intercept with the x-axis equals 

the total number of binding sites, Bmax. However, the Scatchard analysis assumes that 
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the receptor concentration in the contact area is constant, which is not the case for 

cell-cell or cell-SLB contacts, where the receptors are mobile and can diffuse into the 

contact from the outside. 

To account for this lateral mobility Zhu et al. introduced the Zhu-Golan analysis 

which considers the total amount of mobile receptors, Ntot  f, where Ntot is the total 

amount of cell surface receptors and f is the mobile fraction of these119. Zhu and 

colleagues further introduced the dimensionless factor p to account for the amount 

of receptors in the contact by incorporating the total cell surface area, Scell, as well as 

the contact area, Sb, as variables in the analysis119. This resulted in the Zhu-Golan 

equation: 

  Eq. 3.5 

where p = Sb/Scell. The contact area is obtained by visible differences in the intensity 

beneath and outside the cell using RICM or fluorescence microscopy and the total 

cell surface area is estimated by: 

  Eq. 3.6 

where r is the measured radius of the cells in bright field and 1.8 is a correction factor 

for the cell’s surface roughness157 (Figure 3.3.1B and D).  

Note, that for the Zhu-Golan equation to be true, it was assumed that the free 

receptor number in the contact area is, at equilibrium, equal to the receptor number 

outside the contact area and that only the laterally mobile receptors are capable of 

migrating into the contact area, binding to their respective ligand119. In addition, the 

measured B values are the sum of mobile and immobile receptors. Since the number 

of bound immobile receptors is not measurable the Zhu-Golan analysis is an 

approximation. Errors introduced by this approximation have however been shown 

to be small for most practical situations118,119. Similar to the Scatchard analysis the 

2D Kd can be obtained from the negative reciprocal of the slope in the B/F vs B p 

plot. This plot is henceforth referred to as a Zhu-Golan plot (Figure 3.3.1E). The 

intercept with the x-axis, X, where B/F = 0, gives the total amount of mobile receptors 

on the cell by: 
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  Eq. 3.7 

f can be independently determined by FRAP and together with Scell and X be used to 

estimate the total amount of receptors given by: 

  Eq. 3.8 

Determined Ntot values can be further compared to the actual total number of 

receptors on the cell measured in flow cytometry, briefly explained in the next 

section. 

 

Flow Cytometry 

Flow cytometry is a technique used to analyse specific characteristics of cells. The 

cells are typically labelled with a fluorescently-tagged antibody against a specific 

antigen, in this case the receptor, and injected into the flow cytometer. While 

injecting, the cells pass through a laser cell by cell. The light scattering and emission 
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profile of the labelled cells are visualised in so called dot-plots. This allows sorting of 

the cells by size, granularity, and fluorescence intensity. These intensities can be 

transformed into actual receptor numbers using calibration beads (QuantiBrite 

Beads, BD Bioscience). The calibration beads contain four different levels (pre-

calibrated) of a specific fluorophore and each level has a known number of 

fluorescent molecules per bead. Relating the four measured intensities of the beads 

in the flow cytometer to the known number of fluorophores per bead gives a 

calibration curve used to determine the receptor number on the cell.  

3.4 The Study of an Agonistic TCR-MHC Affinity 

As discussed above only a few 2D Kds of membrane-proteins that play key roles in 

immune-cell contacts have been obtained using fluorescence-based methods. Most 

of these studies measured the Kds in the presence of an additional ligand such as 

ICAM-1 or CD2. Whether the auxiliary proteins had any effect on the measured 

2D Kd values, however, was thereby not addressed19,118,136,154. Moreover, it is 

unknown if the high protein densities commonly occurring in a contact affect 

receptor-ligand binding. The main aim of my study and thus Paper III was therefore 

to investigate the affinity of a TCR specific for an agonist-peptide MHC class II 

molecule using the Zhu-Golan method, and to understand if this affinity is affected 

by the two following parameters: (i) high ligand densities and (ii) the presence of an 

auxiliary binding molecule, which here was rat CD2 (rCD2). The affinities of rCD2 

and the L3-12 TCR were analysed separately first and then together by having both 

ligands on the same SLB. This was done at low and high ligand densities for both 

proteins. The obtained results showed that the amount of auxiliary proteins can 

affect the 2D Kd which is further discussed in context with recent data studying ‘self’ 

interactions in Section 3.5.  

3.4.1 Receptor Pairs 

The here chosen TCR-MHC system was an agonistic interaction between the L3-

12 TCR and the human leukocyte antigen DQ8 presenting a peptide derived from 
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digested wheat gluten, gliadin-α1 (HLA-DQ8-glia-α1) with HLA-DQ8 denoting 

an MHC class II molecule found in humans. The L3-12 TCR has been found in 

celiac disease patients binding to HLA-DQ8-glia-α1 and is a particularly interesting 

TCR since it is directly related to an autoimmune disorder and has been well 

characterised in 3D but not in 2D158. The 2D Kd was here measured with the Zhu-

Golan method. However, differently to other studies, in which the SLBs were 

functionalised with the MHC molecules19,136,154, the SLBs in this study were 

functionalised with the L3-12 TCR and the MHCs (here HLA-DQ8) were 

expressed on the added cells. This was done in part to minimise signalling effects 

that result in cellular alterations such as cytoskeletal rearrangements which might in 

turn affect the 2D kinetics. That was also the determining factor for the choice of 

the second (adhesion) protein pair. rCD2 binding to rat CD48T92A 

(rCD48T92A), a high affinity mutant of the wild type rCD48, has been shown to 

have no signalling characteristics when transfected in Jurkat T cells24. In addition, 

this interaction has a similar 3D affinity and molecular size as the human CD2-

CD58 interaction pair which has been argued to align opposing cell membranes 

supporting TCR-MHC binding145,159. Thus, rCD2 was used as a non-signalling 

substitute for human CD2. 

3.4.2 Changes to the Zhu-Golan Method 

Cell Binding to Bilayers 

The original approach of the Zhu-Golan analysis is to use several bilayers that are 

functionalised with various (increasing) initial ligand densities. This can range from 

three to five or more bilayers per experiments to which the cells are added and 

incubated for contact formation. However, the added cells on each bilayer are 

‘different’ (not the exact same) cells and might display binding behaviour that would 

be different from that observed if the exact same cells experienced increasing ligand 

densities. It has been shown that cells expressing higher receptor numbers also have 

a higher tendency to bind to low amounts of ligand on SLBs, affecting the cell pool 

that binds to low versus high ligand density SLBs119,145. Thus, for this study an 

experiment was conducted on the same bilayer with one initial ligand concentration 
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to which the cells bound. After washing non-bound cells off more ligand was added 

and incubated. This was repeated three to four times. By doing so the binding 

behaviour of the same cells was observable as the amount of ligand increased. It was 

also tested if the results from this approach differed to the ‘classic’ Zhu-Golan 

method and the same experiments were conducted using both approaches. No 

difference was observed indicating that the effect of biased cell binding is minimal at 

the ligand densities used here (see Supplementary Figure 1, Paper III). However, the 

new approach allows for Zhu-Golan measurements in cases of observably biased cell 

binding or when the receptor number on the cells can vary considerably from 

experiment to experiment. 

 

Free Ligand Density in the Contact 

The fluorescence intensity in the cell-SLB contact contains information about the 

bound as well as the free ligands in the contact. To obtain the number of bound 

ligands, the intensity needs to be corrected by the intensity of the free ligands in the 

contact. In the Zhu-Golan method it is generally approximated that the amount of 

free ligands in the contact is the same as the free ligand density outside the contact 

(see Subchapter 3.3 ‘The Zhu-Golan Method’). This assumption is however not 

considering possible steric effects occurring in the contact area upon ligand binding 

and accumulation which can reduce the free ligand density in the contact27,117,119. 

The more ligands bind the more likely it is that the amount of free ligands will 

decrease in the contact area117. If that is true, then assuming that the free ligand 

density in the contact is the same as outside would cause an error by estimating a too 

low number of bound receptors in the contact. To test this SLBs containing either 

rCD2 and a non-binding TCR (1G4 TCR labelled with Alexa Fluor® 488) or the 

L3-12 TCR and the non-binding TCR (1G4 TCR labelled with Alexa Fluor® 647) 

were studied at different ligand densities (Figure 3.4.1). The binding densities of 

rCD2 varied from 300 to 550 molecules/μm2 causing a decrease, ranging from 15-

30%, in the intensity of the 1G4 TCR in the contact compared to outside the 

contact. The densities of the bound L3-12 TCRs varied from 400-1600 

molecules/μm2 which were up to three-fold higher than the ones obtained for rCD2. 

However, a similar level of 1G4 TCR exclusion (20-40%) was seen. Thus, an average  
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value of the fraction of free ligand density inside versus outside the contact of all 

obtained data was estimated and found to be 0.75. To correct for the observed 

decrease in free ligand density inside the contact the free ligand density outside the 

contact, F, was multiplied with the average value 0.75 obtaining F* which was the 

‘real’ free ligand density in the contact. This number was subtracted from the 

amount of apparent ‘bound’ molecules to obtain the number of actual bound 

ligands, B.  

3.4.3 Single Ligand Affinities 

Initially the accumulation of the single ligands, the L3-12 TCR or rCD2, beneath 

the cells was analysed and the 2D Kds estimated to be 14 ± 5 molecules/μm2 for the 

L3-12 TCR and 6 ± 1 molecules/μm2 for rCD2 (Figure 3.4.2). The 2D Kd of rCD2 

was similar to the 2D Kd of the human CD2-CD58 interaction, as expected from 

the 3D affinities (with 2-20 μM for human CD2-CD58 and 11 μM for the rCD2 

binding CD48T92A23,119,145,153,160), and thus rCD2 seems to be a good non-signalling 

substitute for human CD224,119,145,160. The affinity of the L3-12 TCR was two times 

lower than the affinity of rCD2 but similar to the affinity of the 2B4 TCR measured 

by Grakoui et al. with a 2D Kd of 10 molecules/μm2 19. However, the 3D Kd of the 

2B4 TCR at 40-90 μM is much higher than the 3D Kd of the L3-12 TCR at 7 μM158 

demonstrating that the L3-12 TCR has a much stronger affinity in solution than the 

2B4 TCR, but interestingly a slightly weaker one in 2D. This correlation represents 

a non-linear relationship between 2D and 3D measurements and underlines the lack 
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of understanding of how 3D values should be translated into 2D affinities. 

Moreover, it is hard to tell of what strength an affinity with a 2D Kd of 14 

molecules/μm2 is since there are not many comparable studies, and IL-2 activation 

assays for the L3-12 TCR are missing. 

3.4.4 Multiple Ligand Affinities 

The effect of auxiliary ligands on the affinity of the studied ligand-receptor pair was 

investigated next. For that either (i) rCD2 was added as the auxiliary ligand to the 

L3-12 TCR-MHC interaction or (ii) the L3-12 TCR was the auxiliary ligand to the 

rCD2-CD48 interaction pair on the SLB. At low ligand densities of the auxiliary 

ligand in the system (BrCD2 < 200 molecules/μm2 and BTCR = 700 molecules/μm2) no 

significant change in the binding density or affinity of rCD2 or the L3-12 TCR was 

seen (Figure 3.4.3 - red line). This low density was similar to the average density of 

the counter-receptors at the surface of the modified Jurkat T cells in an unbound 

state, with 143 molecules/μm2 for rCD48 and 647 molecules/μm2 for HLA-DQ8. 

Moreover, the free ligand density, F, was below 60 molecules/μm2 which is similar 

to the endogenous expression level of CD2161 and TCR1,162 on naïve (inactivated) T 

cells with 20-50 molecules/μm2. However, the expression level of rCD48 and even 

MHC class II with 30 to 200 molecules/μm2, respectively, on APCs is at least three- 
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fold lower than the expression level on the here used Jurkat T cells. Thus, it would 

also be important to measure on cells expressing physiological receptor levels, i.e., 

rCD48 and HLA-DQ8, to see whether the binding behaviour differs. 

Increasing the ligand density of the auxiliary proteins, rCD2 or L3-12 TCR, in the 

cell-SLB contact above 300 and 900 molecules/μm2, respectively, affected both the 

bound ligand density, B, and the 2D Kd of the studied proteins. This was observed 

by a decrease in B (data not shown, see Paper III) as well as a shift to the left in the 

Zhu-Golan plot at high bound densities of the auxiliary ligand in the contact (Figure 

3.4.3 - green line). Under these conditions, the affinity decreased by almost 40% for 

both tested ligands but what exactly drives this change in affinity is not clear. One 

explanation could be that the increased density of the auxiliary ligand decreases the 

free density of the studied ligand and its counter receptor in the contact due to steric 

effects. If the repulsive forces are strong enough for this to occur or if the two proteins 

undergo some kind of competition for binding sites in the contact, which in turn 

could have an effect on the affinities, is unknown. It remains to be seen how common 

this effect is among other receptor-ligand pairs and whether it is of significance in 

vivo. Furthermore, this finding raises the question what actually defines the ‘true’ 
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affinity of a receptor-ligand pair. Is it the binding strength of the single receptor-

ligand interaction or more likely the strength of that interaction in concert with the 

multiple proteins important in a cell-cell contact? Thus, the observation shows, 

together with studies like the one by Jönsson et al. where the 2D affinity of CD4 

could only be measured upon the addition of rCD2 in the SLB which promoted 

contact formation, the knife-edge between the advantage and ‘disadvantage’ of 

auxiliary binding molecules118. Attention must therefore be given in future 

experiments to what extent auxiliary protein densities are added and what Kd is aimed 

to be measured, the single interaction dependent affinity or the affinity influenced 

by the presence of the auxiliary ligand at physiological conditions.  

3.4.5 Contact Size and High Ligand Densities 

While analysing the single proteins it became apparent that the binding behaviour 

of the cells was different on the two studied ligands. The cells tended to form larger 

contact areas on L3-12 TCR than on rCD2 functionalised SLBs due to the 

formation of prominent lamellipodia, i.e., thin membrane structures, on the L3-12 

TCR. At high L3-12 TCR densities (F > 100 molecules/μm2) the cell-SLB contact 

sizes could reach up to 40% of the total cell surface area (Figure 3.4.4A). High 

amounts of the L3-12 TCR on the SLB also caused high binding densities which 

were shifted to the right in the Zhu-Golan plot (at high B p values) (Figure 3.4.4B). 

However, at similar free ligand densities of rCD2 the cell contact size reached only 

a maximum of 15% of the total cell surface area (Figure 3.4.4A) and no stronger 

binding of rCD2 in the contact was observed (see Paper III). A reason for this 

difference could be that four times more HLA-DQ8 molecules than rCD48 

molecules are expressed on the surface of the Jurkat T cells. Thus, care was taken 

about which binding densities, B-values, to include in the Zhu-Golan plot since 

strong binding and lamellipodia formation would increase the estimated 2D Kd. This 

was only necessary for the L3-12 TCR for which high ligand densities were excluded 

from the Zhu-Golan analysis. Upon adding both ligands on the SLB large contact 

formation and high binding densities were also seen for rCD2 which was explained 

by the presence of the L3-12 TCR dominating contact formation. 
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3.4.6 High-Binding Interaction 

Large contact areas and high free ligand densities led to strong binding (see Section 

3.4.5). This could either be due to an increase in receptor-ligand complexes or 

trapped ligands in the contact. However, FRAP analysis revealed ~90% ligand 

recovery within 40 seconds, showing an almost complete exchange and thus no 

trapping of the ligands in the contact area (Figure 3.4.5A and B). Moreover, the two 

complexes were estimated to have short to intermediate half-lives of 7-9 seconds or 

faster based on the FRAP measurements. These are comparable to what has been 

measured in 3D for similar soluble interactions158,163–165. Consequently, the high 

binding densities are more likely to appear due to an increase in receptors on the cell 

surface. The syntheses of new receptors within the cell is, however, questionable since 

high binding densities were observed using the ‘classic’ Zhu-Golan method. In this 

approach, the cells had been added directly to high free ligand densities and images 

were captured within 30 minutes, a too-short time window for the production of 

new receptors166. The next step was to investigate if the formation of prominent 

lamellipodia  affected  the  ligand  binding.  Therefore,  the  active  polymerisation  
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of actin was inhibited by treating the cells with latrunculin A minimising 

lamellipodia formation (Figure 3.4.5C and D). This treatment caused a decrease in 

the amount of bound ligands in the contact and apparent high binding densities 

were no longer observed. It has previously been shown that cell activation can lead 

to an increase of cell surface receptors by 1.5-fold, originating from a receptor pool 

stored in cytoplasmic vesicles167,168. Lamellipodia might be a more active site of 

vesicular fusion from the cytoplasm or have, due to their thin structure, a lower 

receptor recycling rate. Both could account for an increased ligand density in the 

contact in a T-cell activation independent manner. Disrupting the actin cytoskeleton 

and lamellipodia formation might inhibit the vesicle transport to the cell surface and 

hence prevent stronger binding. 
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3.4.7 Conclusion 

Taken together, I have measured 2D Kds of the celiac disease related L3-12 TCR 

binding HLA-DQ8 as well as of the high affinity rCD2-rCD48T92A interaction. 

Cells that bound to the ligand present in high amounts at the SLBs formed contact 

areas that were larger than physiological sizes. Adding auxiliary proteins enhanced 

this effect by increasing lamellipodia formation. Moreover, high amounts of the 

auxiliary ligand affected the binding affinities of the studied protein by decreasing 

its effective 2D Kd. If this is representing the ‘true’ Kd in vivo or if it is an artefact of 

the in vitro experiment is unknown. However, the findings have important 

implications for future 2D Kd studies especially of weak binding interactions since, 

although auxiliary proteins are essential for the cell-SLB contact formation118, care 

needs to be taken to keep the amounts to a minimum. 

3.5 TCR Binding to Self-Peptide MHC – a Measurable Affinity? 

It has so far not been possible to measure the affinity of TCRs binding to self-peptide 

MHCs accurately. SPR measurements have shown that any binding of a TCR to a 

self-peptide MHC is below the measurable limit, which is around 300 μM, for 

molecules with the size and solubility of TCRs or MHCs169. However, some studies 

have shown that strong T cell responses to agonist peptides can occur even at 

measured solution affinities > 200 μM suggesting that ‘self’ should have a measurable 

affinity but its determination is limited by the current available methods169. A good 

example is the weak binding co-receptor CD4 whose lower limit for SPR-based-

affinity was estimated to be 2.5 mM. Nevertheless, CD4 binding to MHC class II 

molecules has been proven in a cell-SLB contact where it binds with a 2D affinity of 

~4800 molecules/μm2, the to date lowest ever measured affinity of a transmembrane 

protein118. This study gave hope to being able to measure an affinity for ‘self’ too. 

Thus, the second main aim of this Chapter’s work was to investigate if the affinity 

of a TCR to a self-peptide presenting MHC can be measured using the Zhu-Golan 

method. For this, I have studied two different TCR-MHC systems and the focus 

was then set on the better working, 1G4 TCR-HLA-A02, system (Figure 3.5.1). A 
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short summary about the different systems will be given below and the most 

important results are presented. 

3.5.1 HLA-DQ8 and L3-12 TCR 

For the self-peptide TCR-MHC system B cells of the BSM cell line have been used. 

These cells are expressing self-peptide presenting, endogenous, HLA-DQ8 molecules 

and human CD58 and were added to L3-12 TCR and human CD2 functionalised 

SLBs (Figure 3.5.1B). However, only weak contacts were formed between human 

CD2 and CD58 (at maximum a 2.5 increase of bound vs free molecules/μm2 and a 
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p-value of 0.025) and no binding was seen for the L3-12 TCR to HLA-DQ8. 

Moreover, the cells were sensitive to the environment resulting in inefficient culture 

growth and dying on the SLB, which made them particularly difficult to work with. 

Thus, I turned to investigate a second TCR-MHC system. 

3.5.2 HLA-A02 and 1G4 TCR 

The system 

The next system tested was the well-studied interaction of the 1G4 TCR binding to 

the MHC class I molecule HLA-A02. HLA-A02 is a widely distributed allele in the 

population and has been found to present the tumour related peptide NY-ESO-1170. 

This peptide is not expressed in normal, non-germline tissues but in the testis and 

many tumour types such as breast and melanoma tumors171,172. The 1G4 TCR binds 

to NY-ESO presenting HLA-A02 with a 3D affinity of 13.3 μM and a half-life of 4 

seconds173. An even higher affinity (5 μM) was found for the modified NY-ESO 

peptide 9V in which the ninth amino acid of the peptide (originally a cysteine) was 

exchanged with a valine173. As for most TCRs, 2D affinity information for both 

interactions, the agonist and ‘self’ 1G4 TCR-HLA-A02, are lacking. To measure 2D 

affinities THP-1 cells expressing HLA-A02 were bound to 1G4 TCR (16 mg/ml 

kindly provided by Jamie Rossjohn, Monash University, Australia) and rCD2 

functionalised SLBs. THP-1 cells are a monocyte cell line, and monocytes are a type 

of leukocyte cell that can differentiate into for example DCs. To create an analogues 

system as to what has been used in Paper III, THP-1 cells were stably transfected 

with rCD48T92A.  

 
The results 

The THP-1 cell line was easy to handle and did not show any sensitivity or apoptosis 

when bound to SLBs. Moreover, a strong accumulation of rCD2 beneath the cells 

was observed (Figure 3.5.2). However, similar to the previous system, no 

accumulation of the 1G4 TCR was seen (Figure 3.5.2). It could be possible that the 

strong binding of rCD2 affected the weak binding interaction of the 1G4 TCR to 

the  HLA  molecules  due  to  a  steric  effect  decreasing  the  free  ligand  density 
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of the TCR (and thus the affinity) in the contact area (see above or Conclusions 

Paper III). Indeed, increasing the ligand density (> 1000 molecules/μm2) of the 

auxiliary protein led to a higher exclusion of the 1G4 TCR in the contact from 

initially 20% to more than 50% (Figure 3.5.2). A stronger exclusion than what was 

found for the non-binding 1G4 TCR in contact with the L3-12 TCR at similar B 

values studying Jurkat T cells (see Section 3.4.2). A decrease in free ligand density in 

the contact by more than 50% shows a strong steric effect and supports the 

conclusions drawn in Paper III. This observation underlines the significance of using 

low amounts of auxiliary protein to allow for sufficient contact formation but limited 

exclusion of the weaker binding protein from the contact area.  

The next step was to investigate if the 1G4 TCR binds to the agonist HLA-A02. 

Thus, the THP-1 cells were pulsed for two hours with 100 μM NY-ESO-9V peptide 

(henceforth called 9V peptide) to load the HLA-A02 molecules with the agonist 

peptide. This changes the self-system to an agonist-system and accumulation of the 

1G4 TCR beneath the cell was expected. However, no binding to the 1G4 TCR was 
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seen. This could have had two reasons: either the recombinant 1G4 TCR is 

misfolded or not correctly bound at the SLB, or the peptide loading was not 

successful. The latter was investigated by flow cytometry using an HLA-A02-9V 

specific ImmTac (kindly provided by David Cole, ImmunoCore). An ImmTac is a 

T-cell receptor with a high (picomolar) affinity against the antigen of interest and is 

usually connected to an anti-CD3 single fragment antibody chain. In this case 

however, the antibody fragment was exchanged with biotin. Adding streptavidin 

bound to the fluorophore phycoerythrin (PE) allows for visualising of the ImmTac 

binding to the peptide loaded THP-1 cells. The intensities can further be related to 

the number of molecules per cell (see Section 3.5.1 Flow Cytometry). The number 

of HLA-A02 molecules presenting the 9V peptide was around 3000 molecules per 

cell which was 4% of the total amount of HLA-A02 on the cell surface (Figure 

3.5.3). This number is lower than the minimum receptor number necessary to see 

accumulation of weak binding ligands in a cell-SLB contact145 and could explain the 

non-binding phenomenon. This becomes even more apparent when estimating the 

maximum B/F-value with: 

  Eq. 3.9 

The values for Ntotxf and Scell were measured and found to be 3000 molecules/μm2 

and 900 μm2, respectively. Assuming a 2D Kd of 10 molecules/μm2, the estimated 

(B/F)max was 0.33, a low B/F-value that is difficult to detect. This value will be further 

lowered by high amounts of rCD2 in the system. An improved peptide loading 

protocol could increase the number of agonist-peptide presenting MHC molecules 

and thus sufficient binding of the 1G4 TCR which will be investigated in the future. 

If no binding can be observed, then the reason for non-binding is most likely due to 

a dysfunctional 1G4 TCR, which can be tested using SPR. 

3.5.3 Summary 

Two different TCR-MHC systems have been studied to measure 2D affinities of 

TCRs to self-peptide MHCs. It has not been possible yet to estimate a 2D affinity 

to ‘self’. However, a promising system involving the 1G4 TCR binding to HLA-A02 
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has been identified. To allow for ‘self’ measurements to take place both the amount 

of auxiliary binding protein and the method of the 1G4 TCR binding to agonist 

HLA-A02-9V require optimisation. 

3.5.4 Outlook 

Once an accumulation of the 1G4 TCR beneath the cells expressing agonist-peptide 

MHCs is obtained the next step is to try measuring ‘self’ again considering the use 

of low amounts of auxiliary proteins. In case ‘self’ cannot be measured directly, one 

could estimate the minimum threshold for the weakest measurable interaction and 

thus, set an upper limit on the self-interaction without measuring ‘self’. This can be 

done by loading peptides of various 2D affinities ranging from strong (agonist 

peptide NY-ESO-9V) to very weak (null peptide) affinities onto the HLA-A02 

molecules presented by the THP-1 cells and following the accumulation of the 1G4 

TCR beneath the cells to estimate the 2D affinities using the Zhu-Golan method. 

In the case that an affinity of the 1G4 TCR to self-peptide MHCs can be measured 

these experiments would be complemented by investigating how other auxiliary 

proteins, of lower and higher affinity than the rCD2-rCD48 interaction, can affect 

this binding. In addition, it would be interesting to test if this behaviour is similar 
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when testing primary cells and under physiological levels of protein expression. Of 

course it would be of immense value to then move on to measure a known TCR-

MHC interaction involved in an autoimmune disease such as diabetes or arthritis 

and see if that is related to a difference in binding affinities to ‘self’ and ‘self’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

                      Conclusion 

 

 

Zum Abschied habe ich noch drei gut gemeinte Worte für euch. 

Werdet. Er. Wachsen. 

Was meint er? 

Keine Ahnung. 

-Tino Hanekamp, SO WAS VON DA, 2012- 



 

 



 

Conclusion 

The main aim of this thesis was to better understand the dimensions, lateral 

interactions and binding of key proteins involved in T-cell activation. I focussed first 

on the dimensions and lateral protein interactions of the adhesion molecule CD2, 

the co-receptor CD4 and tall glycoproteins such as CD45 (Chapter 2). I then moved 

on to have a closer look at binding affinities of TCR and rCD2 in a cell-SLB contact 

(Chapter 3). It was previously difficult to measure the dimensions of highly 

glycosylated mucin-like proteins as the sugars interfere with crystal formation. In this 

work, by using the hydrodynamic trapping method, more information about the 

dimensions and thus orientation of CD45 on the membrane was obtained. 

CD45RABC was found to be extended but flexible around its anchor point on the 

membrane causing it to have a lower effective height than what was expected for the 

full-length protein. This observation is a plausible explanation to why similar heights 

for CD45RABC and R0 were found in the literature using different microscopy 

techniques24,98. CD45R0 and CD45D1-D4 were also studied and showed a 

qualitative height difference with CD45D1-D4 being the shortest and CD45RABC 

the tallest molecule among these three versions. The dimensions of CD2 and CD4 

were also measured and are well in agreement with the heights obtained from their 

crystal structures. Additionally, these proteins were highly repulsive, with CD2 more 

so than CD4, which was accounted for by the difference in number of glycosylation 

sites. CD43 has also been tested and appeared to be ‘globular’ in solution. 

Information about the orientation of CD43 on the membrane is still lacking and 

will be the focus of future experiments. In conclusion, I showed by using 

hydrodynamic trapping that the lateral interaction between proteins is affected by 

their glycosylation and flexibility validating this technique for further studies of 

membrane protein characteristics such as aggregation and dimensions. These studies 

will give us important insights into key membrane proteins and their behaviour in 

crucial cellular processes. 

It seems very likely that the affinity of TCR to agonist or self-peptide MHCs differs. 

However, to measure two-dimensional affinities has been quite challenging, 

especially for weak binding interactions such as self-binding. Thus, crucial 

information about the suggested difference is lacking. In this work a step in the 



 

direction of measuring ‘self’ was taken by investigating an agonist TCR-MHC 

interaction and how it depends on auxiliary proteins such as CD2. The affinity of 

the here tested L3-12 TCR to the HLA-DQ8 molecule was with 14 molecules/μm2 

within the range of previously measured TCR affinities12,19 and was not affected by 

low densities (B < 200 molecules/μm2) of the auxiliary protein rCD2. However, in 

the presence of high amounts of rCD2 the L3-12 TCR affinity to HLA-DQ8 was 

two times lower. The L3-12 TCR had a similar effect on the binding of rCD2 to 

rCD48. The reason for this is unclear. It could be that several protein species in the 

contact are affected by steric hindrance or there is some kind of competition for 

binding sites. In addition, the cell binding behaviour varied on the two tested 

interaction pairs especially at high ligand densities. Larger contact areas and stronger 

ligand binding due to lamellipodia formation was observed on L3-12 TCR 

functionalised SLBs. A similar effect was seen if both proteins were on the same SLB 

but not for rCD2 alone. Lamellipodia formation caused more ligand binding which 

was attributed to increased vesicular transport from the cytoplasm to the membrane. 

In conclusion, strong lamellipodia formation affected the binding behaviour of the 

cell and the presence of high amounts of auxiliary proteins, i.e., rCD2 and the L3-

12 TCR, decreased the affinity of the studied ligand. The latter finding raises the 

question of what the true affinity of an interaction is and gives important 

implications for future studies. For measurements aiming to obtain 2D Kds of the 

‘single’ protein interaction Zhu-Golan measurements should be conducted without 

or with low amounts of the auxiliary protein. This would also be true for weak 

interactions such as measuring ‘self’, which has been tried in this work. The high 

amount of rCD2 which has been used to promote contact formation could explain 

a decrease in the binding strength of the self-binding TCR-MHC interaction to an 

undetectable limit and could be circumvented in future by decreasing the amount of 

bound rCD2 in the contact. This would allow to measure an affinity for ‘self’ that is 

currently missing. 
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