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I hereby declare that this submission is my own work and that, to the best of my knowledge and 
belief, it contains no material previously published or written by another person nor material 
which to a substantial extent has been accepted for the award of any other degree or diploma of 

the university or other institute of higher learning, except where due acknowledgment has been 
made in the text.  
All statements are based on a comprehensive review of the literature to the date of the 

experiment. Experiments for this thesis were performed in the period 2010 – 2013. 
 

 

This thesis is written in a combination of British and American English. The use of American 
English is required for submission of some of our chapters to American journals. We have tried 
to maintain a particular choice per chapter.  

 

 
In this thesis we developed tools to utilize single-molecule tracking microscopy to study the 

signalling mechanism of the ErbB family of receptors, and in particular of the epidermal growth 
factor receptor (EGFR). This receptor family is prototypical of receptor tyrosine kinases (RTK) 
and is implicated in the development and progression of various human cancers, and therefore 

form attractive targets for drug discovery. We related the diffusion speed of EGFR to its 
dimerization state, which is an essential step in its central role of transducing extracellular 
signals into cellular outcomes. Malignancies therein and drug-induced dimerizations are 

therefore important research topics for therapeutic application. Our single-molecule tracking 
data of EGFR and ErbB3 revealed particular molecular interactions in tumour cells, and 

detected altered behaviour when drugs are applied which are especially designed to prevent such 
molecular interactions. Before we were able to record trajectories of EGFR, and analyse these in 
term of dimerization and interactions with other cellular structures upon addition of ligand and 

antagonists (chapter 5), we realized a microscope for this purpose (chapter 2), devised a 
framework to analyse trajectories in term of different diffusion populations (chapter 3), and 
further advanced an existing protein labelling system – SNAP-tag – to the single molecule level 

(chapter 4). The research described in this thesis offers desirable advancements to this protein-
tag labelling system for application in single-molecule imaging and tracking, and to the post-
measurement analysis of protein trajectories recorded by introducing a classification framework 

for multiple populations of diffusion, to be able to investigate dynamic protein motion and 
interactions in live cells. We concluded our thesis with a proof of principle that locally induced 
stimulation of receptor by ligand functionalized AFM tips can provide additional insight in 

molecular interactions when combined with single-molecule tracking (chapter 6). 
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Life is composed of the incredible interplay of cells. With numerous processes occurring within a 

few micrometres, cells make up the existence of a bewildering range of organisms. Yet while we 
now know the complete sequence of the genome coding for proteins, the molecular interplay of 

interactions of proteins with their substrates are far from understood. Certainly, understanding 
protein interactions inside and between cells is of great importance for progress in understanding 
the fundamentals behind the complex cellular machinery that makes up life. The reason why 

studying these processes in the physiological context is so difficult is because microscopy 
techniques able to image or probe these protein interactions within living cells at real time are still 
limited. Although more techniques are available to study proteins in model systems, these systems 

require extraction of the protein from its native environment, resulting in loss of information 
about its role within the ultrastructure of a cell, which is often a requirement for proper function 
of a protein. Moreover, the natural environment can change protein properties and even its 

activity completely, making it difficult to put the individual properties of a protein into the bigger 
picture. 
 A great portion of the interplay and signalling between and inside cells is controlled by plasma 

membrane bound receptor proteins. Such signalling is directed by activator molecules (ligands) 
travelling inside an organism until recognized by a receptor protein residing on the plasma 
membrane of a cell. These receptor proteins are partly physically outside the cell, hence available 

for attachment of fluorescent labels or other chemically functionalized microscopic tools. 
Fluorescence techniques provide a unique way to study one protein species at the time. The 

fluorescent labelling of a particular protein requires a lot of effort in finding the right way to 
introduce labels, and labels have been created for a small but important subset of the proteome. 
For these proteins, the single-molecule tracking fluorescence microscopy technique makes it 

possible to observe their motion within living cells, and the technique is especially suitable for 
plasma membrane receptors. The motion of receptors is related to molecular interactions with 
these proteins. Characterizing the molecular interactions of proteins during their lifetime is a 

central topic in cell and systems biology and requires the development of new biophysical tools. In 
this thesis I aim to further advance imaging and analysis tools for single-molecule tracking 
microscopy, and apply these to the epidermal growth factor (EGF) receptor. 

Many proteins show a non-homogenous distribution in the plasma membrane. The exact nature 
and the role of the areas where proteins are apparently clustering are not yet completely 
understood. Clustering of proteins has been related to elusive nanometer scale cholesterol 

dependent lipid domains, called lipid rafts1–4. A wide range of literature reports suggests that many 
receptor proteins cluster within such domains5,6. The hindered motion of proteins within domains 
or clusters increases the chance of the protein to undergo other molecular interactions, such as 

with downstream signalling proteins7. Therefore the spatiotemporal organisation of receptor 
proteins has profound effects on the signalling network circuitries7,8. Misregulations in the 

signalling by receptors, and in particular tyrosine kinase receptors, are implicated in the 
development and progression of various human cancers, and are a widely studied target for drug 
discovery9–11. Despite the developments, current molecular based anti-cancer drugs show limited 

response, and knowledge on the resulting molecular effects (e.g. clustering) on the plasma 
membrane is limited.  
 In this thesis, we focus on the epidermal growth factor receptor (EGFR) family called ErbB or 

HER, a class of four receptors (ErbB1-4). The ErbB family receptor proteins are prototypical for 
tyrosine kinase receptors, and are also said to cluster into small domains. The estimation of the 
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size of these domains range however from 10 to 200 nm12–18, which has profound implications on 

signalling amplification8,19,20. In addition, the EGF receptor undergoes a rather complex process 
before kinase activation comprising a ligand induced conformational change and allosteric 
dimerization to halt the auto-inhibitory kinase activity21–23. The exact nature of the relations 

between receptor activity, the role of ligands, conformations, dimerization, and higher order 
cluster formation, as well as the dynamic behaviour of receptor movements across the plasma 

membrane, remains to be clarified by improved experimental methods and advanced analysis 
tools. 
 The progress of our molecular understanding of signalling complexes on the plasma membrane 

is hampered by the difficulty to directly visualize the protein dimers and small clusters in live cells. 
Until recently, fluorescence microscopy techniques were restricted to a resolution down to 200 
nm, the diffraction barrier that limits the resolution of visible light microscopy. The barrier was 

circumvented by cleverly making use of single fluorophore localization in so called super-
resolution fluorescence microscopy techniques, such as photoactivated localization microscopy 
(PALM)24 and stochastic optical reconstruction microscopy (STORM)25,26. Although these 

techniques brought the resolution down to 20 nm, they are not applicable in living cells on the 
short time-scales that clusters and dimers are believed to exist (milliseconds to a few seconds). 
Electron microscopy (EM) methods have also been used to investigate the clustering of EGFR27, 

but is also not applicable in living cells. These visualization techniques therefore cannot provide 
information on the dynamic motion of receptors. Single-molecule tracking is more suitable for 
this goal. This technique also allows the observation of dimerization and higher-order clustering 

in live cells, such as by correlated motion analysis28,29. Alternatively the diffusion exhibited by each 
receptor protein can be related to the cluster size30,31. Analysis methods to distinguish different 
motion modes from trajectories and relate these to the cellular context are however still immature. 

Different diffusion populations (states) are hard to distinguish due to the broad spread of step 
sizes in a diffusive system. Classification of the diffusion states within trajectories is also hampered 

by their short lifetimes, and the limited number of localizations available before current 
fluorescent labels suffer from photobleaching. 
 The research aim for this thesis is to further develop tools for studying the inhomogeneity of 

receptor motion at the plasma membrane with the possibility to relate this motion to the cellular 
context. We aim to develop tools that provide information about the molecular behaviour of 
proteins despite the current limitations in fluorescent labels and number of localizations within 

the duration of a diffusion state. We will test and apply these tools to ErbB family proteins. To 
achieve this aim, we have identified several objectives. First, the imaging of receptor motion in live 
cells requires the attachment of a fluorescent label to the receptors. We will identify suitable 

fluorescent labels for single-molecule tracking of membrane receptors. Therefore we will utilize an 
existing method to fluorescently label plasma membrane proteins using a universal protein tag, 
and further advance this labelling method to the single-molecule level. Optimal substrates with 

different emission spectra can be used to obtain dual-colour labelling of SNAP-tag receptors at the 
single-molecule level. When the trajectories of a single protein species are recorded in multiple 
colours, they can reveal the kinetics of homo-dimerization interactions by co-movement of the 

labelled molecules28,29. Next we will develop nano-scale visualization and diffusion 
characterization tools to quantitatively assess the motion of receptors within the plasma 

membrane. We will apply the tools developed on trajectories of EGF receptors recorded using the 
advanced labelling method, and will relate the diffusion of the receptor population to their 
dimerization state under different agonistic and antagonistic conditions. These receptor 

antagonists are currently used as drugs in anti-cancer therapies. Finally, we will move forward to 
induce a controlled activation of EGF receptor using existing methods to functionalize AFM tips 
with ligands. The use of a scanning probe microscopy approach allows us to present EGF ligands 
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to specific locations on the plasma membrane of the cell while we monitor receptor motion using 

single-molecule fluorescence microscopy. 

In this first chapter we will introduce what is currently possible to image and probe in this nano-

scale world of interactions with plasma membrane bound receptor proteins in living cells by 
fluorescence microscopy. Since we focus on the ErbB protein family, we will first provide a brief 
introduction on the current molecular understanding of the ErbB receptor family necessary to 

understand the research in this thesis. Next we will introduce the concept of single-molecule 
tracking fluorescence microscopy, and we will discuss the requirements for fluorescent probes to 
be used in this technique. Besides visualization of protein interactions, we took a next step in 

single-molecule research on live cells, and performed proof of principle experiments for locally 
controlled manipulation of the signalling state of receptors. To understand the context of the 
development and the AFM-based methodology, we will finish this chapter by a brief review of 

single biomolecules manipulation tools and the chemistry necessary to attach biomolecules to an 
AFM tip as used in single-molecule force spectroscopy by AFM.  
 Chapter 2 describes the requirements of a single-molecule sensitive fluorescence microscope to 

track single proteins in live cells. Tracking of single protein requires short acquisition periods to 
achieve high localization accuracies, and such short acquisition powers are only possible by higher 
illumination powers than available in commercial microscopes. We therefore designed and 

implemented a custom built microscope, and provide a thorough characterization of its 
performance. To construct protein trajectories from the recorded image series, tracking software 

is available, although such software is still in a development stage. We shortly describe a few 
contributions we made to further improve one of the most promising software packages available. 
The chapter finishes with an overview of current analysis methods used to characterize the motion 

of proteins in live cells from the trajectories obtained after tracking. 
 In Chapter 3 we describe our framework composed to perform a classification of dynamical 
diffusion states from protein trajectories obtained using single-molecule tracking microscopy. 

Diffusion state classification allows to determine, for each position within a measured trajectory, 
in which diffusion state a molecule most likely resides. The motion of membrane proteins can 
often be described by two dynamic populations of pure Brownian diffusion28,32,33, but classification 

is hampered by the broad distribution of stepsizes that are observed in Brownian motion, the 

limited localization accuracy, and the stochastic switching between states. Different analysis 
methods currently used to characterize the motion of proteins can be used in our framework. 

These analysis methods are mostly measures that provide a quantitative value to a segments of a 
trajectory, such as a relative confinement strength34,35, mean squared displacements36, or 

gyration37,38. We tested the performance of these analysis methods in our framework by 
performing dynamic two-population Brownian simulation, and compared these to a maximum 
likelihood approach39,40 and a Bayesian approach41, which directly predict the diffusion states 

within trajectories. After each position in a trajectory of a molecule is classified to a diffusion state, 
a spatio-temporal map of diffusion states is obtained. These maps might show cellular zones or 
structures where protein interactions occur, wherever the diffusion of proteins decreases upon 

binding such structures. The chapter shows several examples of the possible applications of our 
framework for trajectories of EGFR.  
 Although proteins can also be fused to an autofluorescent protein (FP), they cannot match the 

photostability of small organic dyes42,43, limiting the timescale over which a protein can be tracked. 
Quantum dots are extremely bright and photostable, but they are considerably larger than most 
proteins themselves and require custom fabrication to be a monovalent label44–46. These effects 

affect the movement and artificial clustering of proteins47. More recent genetic protein tag 
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techniques, such as SNAP-tag48–52, allow the specific labelling of proteins with small organic 

fluorophores in live cells. Although a few fluorescent substrates are commercially available, such 
substrates are not always suitable for use in single-molecule tracking microscopy due to high 
nonspecific binding or low photostability. Chapter 4 describes our survey of fluorescent substrates 

for the SNAP-tag. We developed measures for characterizing these properties at the single-
molecule level, and surveyed 6 green and 16 red excitable dyes for their suitability in fluorescence 

tracking microscopy. 
 In Chapter 5 we utilize the fluorescence labelling technique from the previous chapter to label 
EGFR and HER3 receptors, and characterise their mobility using the framework developed in 

chapter 3. We relate the altered motion of liganded and pre-clustered EGF receptors to its 
dimerization state using the well-established models for EGFR dimerization. Next we looked at 
the altered mobility when the receptor is targeted by the EGFR inhibitors erlotinib53, lapatinib54, 

and cetuximab55, which are used in current anti-cancer therapies. Combination therapy where 
multiple proteins are simultaneously targeted (e.g. EGFR and ErbB3) seems to have most promise 
for therapeutic success56,57, but there is limited or inconsistent knowledge on the molecular 

interactions and dimerization of EGFR and ErbB3 in the early events of EGFR targeting. For 
example, it is still an open question whether kinase inhibited EGF receptors are monomeric or 
whether they form homo- or hetero-dimers with or without ligands. Another unresolved issue is 

whether cetuximab is only preventing receptor activation by blocking the ligand binding site, or 
also sterically hinders the extracellular region of EGFR from making any conformational change 
to alternative conformations which might also result in dimerization58–60. In many different cancer 

cell types, the ErbB pathway can get overactive by different ways: overproduction of ligand, 
overproduction of receptors, or constitutive activation (due to mutation) of receptors. Each way 
leading to the same misregulation effect has to be treated by different therapies (different drug 

molecules influencing at a different point in the signalling network), so it is important to know 
why the ErbB system is overactive. This chapter describes our findings on the altered mobility of 

EGFR and ErbB3 when exposed to receptor antagonists in different cell lines. 
 Most chemical interactions with cells are only investigated on a bulk level. However, a locally 
applied stimulus can provide key insights to reveal elusive details on the signalling design 

principles of the cell8,61. Biomolecules can be attached to AFM tips to probe interactions with a 
recognizing surface or cells62–64. Whereas chemical force probe microscopy has been used to probe 
the energy landscape of proteins65, its use to locally actuate cellular effects has only seen the 

rudimentary combination with white light microscopy66,67. Clearly a much more advanced toolbox 
is anticipated when functionalised AFM tips are combined with the advanced optical microscopy 
methods developed, such as measuring FRET to monitor protein activity, or single-molecule 

tracking to monitor the altered mobility or observe dimerization of receptor protein. The AFM 
probes may present different stimuli to the receptors, such as activating ligands but also inhibitory 
antibodies. In Chapter 6 we show preliminary results of this next step in the single-molecule 

toolbox to study the biophysics of plasma membrane receptors. The attachment of small 
biomolecules such as ligands prove to be a difficult task, and we describe a devised single-molecule 
immunofluorescence assay to test the functionalization chemistry. 

 The findings of this thesis are discussed in the context of future perspectives in Chapter 7, and is 
followed by a summary of the thesis.  
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Many reviews on the ErbB superfamily are available, e.g. ref. 9,23,68,69. This section contains a 

summary of information from these reviews essential for this thesis. 

Molecular interactions between biomolecules are the fundaments of the chemical machinery 
which provide cells all the capabilities in performing their biological processes. Proliferation (cell 

growth), cell divisions, protein transcription, and many more cell processes, are examples of 
biological processes caused by the response of the cell upon stimulating signals. The receptor 
proteins are the first link in the system of signalling between biomolecules, and its activation leads 

to very specific activation or suppression of certain transduction pathways. Insight in interactions 
and distribution of receptors can therefore provide important information for understanding and 
intervening in tumour or tissue development, immunology, gene expression, and many more 

medical questions.  
 To systematically comprehend ligand-receptor bindings, parameters describing such systems 

are needed. Since protein signalling were believed to be mainly caused by simply associating or 
dissociating of two molecules, signalling could be described using the affinity or equilibrium 

constant Ka which provides the molecular strength of (un)binding between molecules. Signalling 

networks consists of many proteins with positive or negative cooperativity and other feedback 

regulation loops. This complexity makes that the binding affinity Ka is no longer seen as the only 

parameter important in describing properties of intermolecular binding and signalling. The 
parameters needed to fully describe the interaction properties between ligands and receptors are 
listed in a review by Robert et al.70. 

 For more information about the molecular building blocks of proteins, and cell regulation by 
receptor phosphorylation, please refer to Chapter 3 of the textbook “Molecular Biology of the 
Cell” by Alberts et al.71. 

An important class of proteins in signal regulation are the kinases, which catalyse the 

phosphorylation of (other) proteins. The phosphorylation might induce a conformational change 
which transforms it from an inactive to an active form. The phosphorylated amino chain can also 

form a target to be recognized by other downstream proteins of the signalling pathway. Kinase 
receptors can form a specific target to a protein by recognition (binding) of another domain of the 
target protein. For example, phosphorylated tyrosine side chains (the rest-group of this amino 

acid) are recognised by SH2 domains in proteins. Kinase proteins that are known to 
phosphorylate specifically tyrosine side chains are members of the tyrosine kinase family. The 
phosphate group can be actively removed again by phosphatase enzymes, but also has a chance to 

get removed due to thermal motion inside cells. 
 One of the receptor tyrosine kinases is the epidermal growth factor receptor (EGFR). This 
receptor is expressed in many tissues, but epithelial cells in particular depend strongly on this 

receptor for proliferation72. EGFR is also called ErbB1 as it is a member of the ErbB-receptor 
superfamily, which consists of four closely related receptors. The other members are called ErbB2, 
ErbB3 and ErbB4. All the ErbB receptors are expressed in many different tissues and play a crucial 

role in cell proliferation and differentiation. The normal function of ErbB receptors and their 
ligands is a mediatory role for communication between cells in organogenesis, the organ 
development period, and adulthood68. 

 The cognate ligand for EGFR is epidermal growth factor (EGF), while other ligands structurally 
similar to EGF, like the NRG family, bind other members of the ErbB family receptors72. The 

ligands are released from cells by cleavage from a large transmembrane precursor. The expression 



Chapter 1 

  15 

of the precursor and the ligand release are highly regulated by for example Ras proteins and 

steroid hormones68. EGF-like ligands can bind one type or a broader range of ErbB receptors. EGF 
and TGF-α bind to ErbB1. ErbB2 (HER2) lacks a ligand binding site73 and is the preferred hetero-

dimerization partner for EGFR74 and is involved in many cancer types75,76. ErbB3 (HER3) has 
another ligand (NRG1) than EGFR and is a pseudo-kinase77,78, and has recently become much 
more in focus as a target in cancer therapy11,79. The ErbB3 receptor is believed to have much 

reduced kinase activity and can only be trans-activated (phosphorylated) by other ErbB receptors 
through dimerization. All NRGs bind to ErbB4 (HER4), a receptor which is less well studied. 
Since the activation of EGFR is involved in various cell processes, such as cell survival, cell growth, 

cell division, and differentiation of cell type, the different activation methods and stimulation 
durations are an important research object to gain insight into cellular communication and 
defects in tumour cells.  

Ligand binding allows two receptors to dimerize through an extracellular conformational change 
from the tethered to the extended form. The extracellular regions of all ErbB receptors are 
composed of four subdomains, L1, CR1, L2, and CR2, or more commonly called domain I, II, III, 

and IV respectively. The L domains consist of repeating leucine-rich motifs and the CR domains 
are cysteine-rich. The ligand recognition site of the receptors are located in domain I and III. The 
kinase domains are intracellular and these kinase domains have an enzymatic function in 

phosphorylating (other) protein members of the ErbB family. In the ligand-bound conformation 
the kinase of the homo- or hetero-dimerization partner of the receptor cross-phosphorylates the 
characteristic tyrosines in the cytoplasmic tails, as shown in Fig. 1.1. 

 Domain II of the extracellular part of the ErbB receptors serves as the dimerization arm to allow 
the receptor to form a dimer with another receptor23. As a dimer, one or more intracellular 
tyrosines are phosphorylated. Whereas most RTKs reach full activity following 

transautophosphorylation of their kinase domains within a dimer, ErbB receptors form 
asymmetric dimers that allosterically activate the kinase domain80. This means that the kinase 

domains do not phosphorylate each other, but that binding of a different domain leads to 
activation of the kinase domain. ErbB receptors are an exception to most other receptor types in 
the RTK family, as they do not require trans-phosphorylation, but use allosteric activation for the 

tyrosine phosphorylation23. The phosphorylation in heterodimers has not been studied in great 
detail. It has also been suggested that the heterodimers are actually two homo-dimers forming a 
hetero-tetramer81. 

 Numerous studies on the distribution of EGFR indicate that the receptor can pre-dimerize in 
ligand-free homo- and heterodimers82–85. The pre-clustering was shown to be regulated under 
physiological conditions by the expression level of the receptor86. Preformed unliganded EGFR 

dimers are only found when the receptor was overexpressed (> 300,000 receptors), or at 
subphysiological temperatures87. Pre-formed dimers are a method to increase the sensitivity of 
EGF, since such pre-clustering clearly has profound effects on the time required for two receptors 

to dimerize and activate, as the receptors are already together to transform into a signalling dimer. 
The result is rapid receptor signalling, also at low amounts of EGF, due to a positive cooperativity 
in the (rapid) binding of a second EGF due to the altered affinity of ligand to the receptor88, and 

possibly due to pre-formed hetero-dimers with ErbB2 which does not need a ligand to activate 
dimer partners. 
 Number and brightness experiments showed that upon EGF stimulation EGFR goes from a 

mainly monomeric state to an almost complete dimerized state as expected; simultaneously ErbB2 
residing in macrocluster goes from large homoclusters to homoclusters containing less ErbB2 as 

they form heterodimers with EGFR86. 
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Since the ErbB receptors are trans-membrane proteins, all but ErbB2 require an extracellular 

ligand as a messenger for receptor activation. After ligand-induced activation of the tyrosine 
kinase of the receptor, the sequence of the phosphorylated tyrosine residues becomes a docking 
site for Src homology 2 (SH2) and phosphotyrosine-binding (PTB) domains89. Not all ErbB 

members interact with common adaptor proteins for the receptor, such as Grb2 and Shc. ErbB3, 
which lacks kinase active domains, cannot interact with Grb2, but it can with Shc. The interaction 
with adaptor proteins is known to last for at least two hours after stimulation of ErbB1 with a 

saturation dose of EGF ligand89. 
 An important target of the actuated system is the Ras protein (a GTPase) via the Grb2 and Sos 
adapter proteins89. Since this triggering is a short lived process, the signal is forwarded to the 

mitogen-activated protein (MAP) kinase module, the downstream kinases of this module causes 
gene expression in the nucleus and DNA transcription to regulate protein expression. The MAP 
kinase module consists of three kinase proteins, the last one is called MAP kinase (MAPK, also 

called Erk) whose phosphorylated form is commonly used in immunochemical assays as a 
measure for EGFR activation. The preceding kinase is called MAP kinase kinase (MAPKK, also 
Mek), and the one preceding that kinase MAPKKK (also Raf) which is activated by the Ras 

protein. Interestingly the period that MAP kinases are activated results in different cell behaviour. 
For instance in neural precursor cells the activation of the MAP cascade by EGF leads to an Erk 
MAP kinase activity peak of 5 minutes resulting in cell division, while activation by another ligand 

via other receptors leads to prolonged Erk MAP kinase activity for many hours resulting in cell 
differentiation. Other pathways associated with EGFR activation are the Phosphoinositide 3-

kinase (PI3K) pathway which are a class of kinases which have been linked to a diverse group of 
cellular functions and the phospholipase C (PLC)-γ pathway71. 
 The signal output of ErbB family includes at least cell division, migration, differentiation, 

adhesion, and apoptosis. The output depends on the cellular context, which ligand activated the 
receptor, and what ErbB dimer type was formed. Homo-dimer formations are less mitogenic (cell 
division) and transforming (genetic alteration to influence proliferation and cellular 

differentiation) than the hetero-dimer combinations; ErbB2 heterodimers are the most potent 
signalling complexes. 
 After ligand binding, EGFR receptors cluster over clathrin-coated regions on the plasma 

membrane, to form endocytic vesicles (early endosomes) and are either recycled or sorted to late 
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endosomes and lysosomes, before degradation. Receptor ubiquitination through a Grb2-Cbl 

ubiquitin ligase complex plays a role in the regulation of receptor internalization, which can be 
very rapid in the case of EGFR dimers, resulting in efficient down-regulation of the receptors90. 
The other ErbB receptors are more often recycled to the cell surface, and can affect the rapid 

internalization of EGFR. For example, the hetero-dimerization with ErbB2 leads to a reduced 
endocytosis rate of EGFR91. In this thesis we did not focus on this internalization and recycling 

process; reviews can be found elsewhere92,93. 

The EGF receptor is non-homogenously distributed on the plasma membrane, and is organized as 
free monomers, dimers, and higher-order clusters in cholesterol-rich zones18,94 like many receptor 
proteins95–97. The numbers of receptors in individual clusters vary from one or two proteins to 

more than 100. This organization of receptors into nano-scale complexes is expected to enhance 
the sensitivity of receptors to changes in the concentration of ligand8. Stimulation with EGF shifts 
the distribution of EGFR in clusters to smaller and larger clusters, suggesting that ligand-bound 

receptors get confined to the clusters, and receptors in clusters undergo internalisation.  
 Several submicron sized membrane domains have been identified, such as lipid rafts, caveaolae 

and clathrin-coated pits. Caveolae and lipid rafts are zones rich in cholesterol and 
glycosphingolipids, and are involved in receptor signalling and endocytosis. Clathrin-coated pits 
are a subset of such lipid rafts, are rich in the caveolin protein in addition, form 50–100 nm 

invaginations in the cell membrane, and are the main site for EGFR internalization (early research 
on this mechanism is summarized in ref. 87). Interestingly, no colocalisation between GPI 
anchored proteins, known to reside in cholesterol rich regions, and unliganded EGFR is observed. 

Upon EGF stimulation, there is a significant colocalisation observed using FRET18.  
 Transiently formed cholesterol enriched regions are believed to form nano-scale domains, 
reducing the mobility of proteins by aggregation of lipids and proteins in this domain. Although 

confinement is inherent when mobility is transiently reduced, these nanodomains are believed to 
promote oligomerisation of receptor proteins, resulting in the receptor confinement. The actin 
cytoskeleton, due to its membrane-associated F-actin strands, is thought to sterically interact with 

the cytoplasmic tail of transmembrane proteins. The actin creates microdomains in which 
proteins get confined, and the actin acts as fences and pickets within the membrane1. Also, the 
actin skeleton is influenced by the organization of cholesterol, possibly caused by dislocation of 

PIP2, an actin cytoskeleton regulator98. Therefore rafts could also cause micro-scale confinement 
due to the actin surrounding the raft.  
 ErbB receptor oligomerization in the context of membrane domains is still under debate. The 

oligomerisation of EGFR has been studied in detail by Hofman using anisotropy measurements99. 
The main conclusions from his work are that upon EGF stimulation EGFR goes from 40% pre-

dimer state to mainly higher order oligomers in nanoclusters and intracellular vesicles. Ligand 
induced dimerization was maintained for 10-20 minutes, after which receptors probably 
dissociated or degraded. For a kinase-dead receptor mutant, predimerization was still observed 

but no further clustering upon EGF stimulation was seen. Clustering was also no longer observed 
for a receptor mutant devoid of tyrosine residues. Whether this shows that dimerization is the 
result of kinase activity, as argued by the authors, remains unclear; it was not shown that kinase 

activity is also possible without dimerization, such that kinase activity may still depend on the 
allosteric phosphorylation facilitated by dimerization. In kinase dead mutants these allosteric 
connections are not possible anymore. However, the kinase domain itself is a necessity for 

dimerization. Furthermore, artificially induced dimerization or oligomerisation of the receptor 
did not result in receptor actuation, which is in contrast to other reports100. Artificial clustering 
also did not yield a stronger activation signal (biochemical readout) upon EGF stimulation. 

Internalisation rates after EGF stimulation were dramatically increased when the receptors were 
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artificially pre-dimerized. Certainly, the number of receptors is still the same, and only the 

timeframe of activation will be faster simply since receptors do not need the time to find each 
other like in the case of pre-dimers.  
 FIDA, a mathematically equivalent approach to brightness analysis, was used to study EGFR101. 

It found that cyclodextrin, which depletes cholesterol, induces the assembly of monomers into 
(higher order) oligomers, while cholesterol-loaded cells made pre-formed dimers become 

monomers. Therefore, the net effect of cholesterol depletion was to increase clustering of the EGF 
receptor. Since depleting cholesterol leads to fewer available rafts, EGF receptors residing in these 
rafts can only concentrate in the fewer rafts available. It should be noted that FIDA only takes the 

mobile population of receptors into account, hence when immobile receptors are differently 
clustered compared to the mobile population, or when clustering leads to immobility, the analysis 
may neglect a significant population. 

 By tracking EGFR and ErbB2 receptors, the diffusion speed of EGFR was found to be slower 
compared to ErbB294. Upon latrunculin A treatment, which inhibits the filament end of G-actin, 
EGFR speeds up to the same diffusion value of HER2 and the confinement strength is reduced. 

Actin disruption showed no significant change in confinement strength for ErbB2. This implies 
that the actin skeleton helps to form immobile clustered EGFR but does not interact with ErbB2. 
Cholesterol depletion led to an increase of 10% to 80% of the total EGFR population to stay 

confined in nano-scale domains, and the residence time went up from 1.4 to 2.2 seconds. The 
nano-scale domain confinement was ascribed to the normal or cholesterol enriched membrane, 
while the larger scale confinement in cholesterol depleted domains was ascribed to actin. 

Although reasonable, these conclusions were based on a time-averaging analysis of long time-lag 
MSD curves102, which are not reliable36 (and Chapter 2). Much more dynamic transitions between 
different membrane zones may play a role as well. 

It remains a dream to be able to follow a protein and its interactions as the protein travels through 
the cell during its lifespan. Single-molecule fluorescence imaging already allows one to track a 

protein for a short period of time and record its trajectory28,103,104. Trajectories of proteins in a 
living cell contain valuable quantitative information on its interactions with its 
microenvironment. The protein molecule often interacts with other molecules resulting in 

transient slowed diffusion by cytoskeletal or other nano-scale membrane structures28,32,33,104–107. To 
know the proteins interactions and the kinetics of the interactions is important to understand the 
underlying signal transductions and the cellular signal regulatory7. The compartmentalization of 

the plasma membrane plays a key role in the observed dynamics of proteins20,108. Therefore the 
study of the spatiotemporal dynamics of proteins is important to confirm hypotheses from 
mathematical modelling of protein clustering19,20,109,110, and to detect whether certain membrane 

structures are related to receptor motion (with tools developed in Chapter 3). Single-molecule 
tracking microscopy is a unique method that can provide information about this highly dynamic 
behaviour, and is especially well suited for application on cell membrane bound receptors, the 

cellular region accessible for total-internal reflection fluorescence (TIRF) microscopy. 
 Using a single-molecule sensitive microscopy it is possible to observe single fluorescently 

labelled molecules or small clusters over time, on a timescale down to the order of a 
millisecond104,111. By fitting the centre positions of single spots in fluorescence video stacks, it is 
possible to find the location of the molecule with a localization accuracy of typically 20 to 40 

nanometers, which is well below the diffraction limit. Localization is only possible when the 
number of labelled proteins is so sparse that only individual (non-overlapping) spots are visible. 
Tracking algorithms then link the positions in each frame to compile the trajectory travelled by a 

single protein (Fig. 1.2). To detect molecules in a microscopy recording, and track them to obtain 
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protein trajectories is nontrivial. Significant effort is being put into optimizing the tracking 

process, starting from rudimental methods to advanced statistical approaches using maximum 
likelihood28,104,105,112,113. The result is a list of trajectories of the proteins, which can be used for 
further analysis.  

 Single-molecule tracking has several clear advantages over conventional light microscopies. 
While conventional light microscopy techniques are restricted in spatial resolution by the 

diffraction of light, single-molecule tracking has a higher resolution, as it is possible to locate the 
centre of a single spot with a precision well below the diffraction limit of light. Also the time-
resolution is much higher compared to FRAP measurements to determine diffusion coefficients, 

as a couple of frames (1-40 ms typically) are sufficient to detect transient zones with altered 
motion. Furthermore, single-molecule techniques yield the complete distribution of a 
phenomenon, contrary to the ensemble-average of bulk measurements which cannot identify 

different subpopulations. Although in single-molecule tracking only images are made of a subset 
of receptors, this should not be a problem due to the ergodic principle. We can extend the 
measurement over time to compensate for the inherent presence of dark receptors. 

 To allow optical microscopy of single proteins in a living cell, the common approach is to attach 
a fluorescent label to the protein species being studied. While other probes are available to attach 
to the protein of interest, such as colloidal gold particles and micrometer sized polystyrene beads, 

these probes are an order of magnitude larger than the protein itself, which can cause artefacts and 
steric hindrance. Fluorescent labels are usually of the same size of the protein, or smaller in the 
case of organic fluorophores114.  

 

 
 

 

With a one-colour microscopy setup it is possible to study the diffusion behaviour of single 

molecules, which may answer fundamental questions about the (origin of and control over) 
motion of the single receptors. With a two-colour microscopy setup, it is possible to observe the 
motion of single receptors of one or two species in two colours, which can also answer questions 

about molecular interactions. For example, it allows the direct observation of homo- and hetero-
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dimerization of single receptors when they are labelled with different colours29,115. The observation 

of two receptors labelled in one colour is not possible due to the diffraction limit (Fig. 1.3). 
 Other techniques to measure oligomerization of receptors, are fluorescent (number and) 
brightness analysis116 and image correlation spectroscopy (ICS)117,118, yielding information on the 

scale of the diffraction limit. Dimerization is perhaps better probed by FRET techniques119, using 
hetero-FRET by FLIM, and homo-FRET by measuring the anisotropy, which in both cases yield 

information on the length scale of the Förster radius (± 4-8 nm). It is believed that this radius only 
probes dimerization, as the distance in too short for FRET between higher order oligomerisation 
and clustering. However, dimerization cannot be revealed in all experimental conditions by FRET 

as we experienced. The lack of observed FRET can be related to the two fluorescent labels which 
cannot be attached to the receptor such that they get within the Förster radius upon dimerization. 
Furthermore the concentrations of the donor and acceptor fluorophores need to be carefully 

optimized. Single-molecule tracking is an additional technique to probe protein interactions, and 
can do this at super-resolution at the single receptor level in a spatiotemporal fashion. This adds 
the possibility to measure the lifetimes of the dimers formed. 

 

 

 

Fluorescent labels have gone through stages of advancement. The autofluorescent proteins (FPs) 
have provided a wealth of possibilities and new knowledge. Yet a disadvantage of the FPs is that 

most are not overly bright and photostable. They are also incorporated in relatively large beta 
barrels (27 kDa for GFP in monomeric form) which can interfere with the protein function when 
the FP is not separated from the protein with a long enough linker of amino acids. Another 

disadvantage is that almost all FPs tend to form weak dimers or tetramers, which consequently 
brings the protein of interest artificially into oligomers. Furthermore fluorescent proteins often 
experience complicated photo-physics, and suffer more from blinking and photobleaching 

compared to other fluorescent labels. These disadvantageous properties make FPs less suitable for 
demanding spectroscopic methods and prolonged imaging. 
 Organic dyes, such as fluorescein and rhodamine, can be more photostable and therefore offer 

more photons before they bleach120. Organic dyes are also relatively small (usually under 1 kDa), 
which minimize the interference with protein function. The small organic dyes rarely perturb the 

protein function as possible steric hindrance for smaller molecules is less likely121. The availability 
of organic dyes with (far) red-shifted emission is much larger than for fluorescent proteins122, with 
infra-red emitting fluorescent proteins just recently discovered123. In experiments using live cells 

this is important, since blue light causes more cell damage than light of higher wavelengths.  
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Infra-red emitting fluorophores can also be used for imaging of tissue in vivo, and allow optical 

xenografts, or diagnostic applications in the clinic. Especially molecular imaging agents that can 
be dual labelled with a nuclear reporter (radioisotope) and an infra-red fluorophore are a 

promising tool for providing both the diagnostic imaging capability with PET or SPECT, while 
subsequently providing intraoperative guidance with near-infrared fluorophores124,125. 
 Quantum dots have excellent properties concerning photostability and brightness, and blinking 

can be significantly suppressed by using Trolox126 or a special layer surround the core of the 
quantum dot127. However, they are larger than proteins themselves which might sterically hinder 
(blocking molecular interactions between molecules due to the physical presence) the movement 

and interactions of the protein128. To study diffusion behaviour by for example fluorescence 

correlation spectroscopy (FCS) or single-molecule tracking (SMT), quantum dots should be used 

with caution as they might artificially slow down diffusion of the protein of interest. Also for 
FRET based studies, quantum dots are not useful due to their large size.  
 To conclude, small and photostable organic fluorophores would be the appropriate choice for 

studies on the diffusion of biomolecules. Labelling of the protein with a photostable visible 
autofluorescent protein (FP) such as mCitrine, or with an organic fluorophore via an enzymatic 
tag or antibody might minimize steric hindrance.  

 

 

 

Various protein-tag labelling strategies have been developed recently, which allow specific 

labelling of recombinant proteins with an epitope tag by small organic fluorophores within live 
cells121, such that prolonged imaging and tracking of proteins is possible. This strategy can 
certainly be used for labelling of proteins on the cell membrane of live cells, but also for cytosolic 

proteins when a membrane permeable label is used. As the protein can be fused with a highly 
specific tag, the specificity of labelling is increased compared to immunostaining, and is also 
useful when a high-quality antibody to target the protein of choice is not available. One of the 

genetic protein tag techniques developed is the SNAP-tag48–52, which allow the specific labelling of 
proteins with small organic fluorophores in live cells. We confirmed the high specificity of 

labelling SNAP-tag fused to EGFR-mCherry with an organic dye (Fig. 1.4), and later by 
investigations at the single-molecule level (Chapter 4). Also the size of the labelling complex is 
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much smaller (1-25 kDa) compared to immunolabelling, solving the issues related to steric 

hindrance and slowed diffusion. Besides these specific advantages, these strategies can be 
advantageous in general, as one only has to prepare a plasmid once, after which one can label the 
fusion protein with a wide choice of dyes with different properties. For example, switching from a 

green emitting dye to an infra-red emitting dye is obtained by only one labelling step.  

 

  
 

To understand the local actuation methodology used in Chapter 6, in this section we provide 
guidance in what is currently possible in nano-scaled controlled probing of interactions between 

single biomolecules. We focus on the use of functionalised AFM tips and their preparation. A 
good review of various techniques for probing molecules one by one is given by Bustamante et 
al.130. Here we will discuss only manipulating (force exerting) and not solely probing techniques, 

such as flow chambers70 or functionalised substrates. The techniques that are able to exert (small) 
forces on molecules in order to guide them toward a binding spot can usually measure the binding 
force as well. In comparing the techniques, it is useful to compare the forces possible to exert and 

measure, the lateral resolution and stability, and the extent to which the natural environment (in 

vivo) of the sample studies is preserved.  

A strong external field can be used to influence the movement or measure the force of single 
molecules and interactions. The external fields being used nowadays for this purpose are photonic 
and magnetic fields. Usually photonic fields do not act directly on the molecule of interest, but 

typically on a glass, polystyrene or golden bead coupled to the molecule of interest. Most 
biomaterials have very low magnetic susceptibility, so for magnetic studies there is always a need 
to couple magnetic particle to materials of interest. The different fields differ mainly by the 

maximum possible force that can be exerted and the accuracy of control.  
 Optical tweezers were invented in 1970 and further pioneered by Ashkin131. The concept of 
using the momentum of infra-red photons to exert forces on small particles to construct an optical 

tweezer, has been reviewed numerous times in the past, see e.g. ref. 130,132. Principally a relatively 
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large amount of radiation pressure (photon momenta) is obtained with a laser beam focussed by a 

high numerical aperture objective, to levitate an object with a distinct refractive index (usually a 
transparent spherical bead). An equilibrium position for the bead is found in the applied radiation 
gradient close to the centre of laser focus, and every perturbation from this position will result in a 

restoring force proportional to the perturbation in analogy to a mechanical spring. Magnetic 
tweezers do not produce an equilibrium position, but work similarly by applying a constant force 

due to a magnetic field acting on a strong paramagnetic bead.  
 Optical tweezers are very sensitive in force and displacement measurements: about 1 pN and 1-
10 nm, respectively with high time resolution (down to 100 μs, usually a few milliseconds)33,130. 

The lateral resolution can be improved to angstroms with advanced high end techniques33,133. 
Measurements can be done on living cells and surely on model systems. With typical bead sizes of 
1-3 μm the stiffness of the optical trap is 0.050 to 0.50 pN/nm132. The possibility to manipulate one 

bead (with a certain number of molecules under study attached) at a time is an advantage of 
optical tweezers over magnetic tweezers, since the optical radiation can (and is) focused on a 
single bead. 

 Magnetic tweezers are more limited in lateral resolution (down to 10nm) and time resolution 
(around 30ms), and are also less sensitive in force measurements than optical tweezers, but are 
very accurate in the applied force which can range from as low as 10 fN to 200 pN33,133. Magnetic 

tweezers can, in addition to a linear force, also apply or measure a controlled torque by simply 
rotating the magnetic field. Depending on the properties of the paramagnetic bead the applied 
torque can be as high as 1,000 pN/nm133. 

 There are also several limitations to the use of external field manipulators in biologic systems. 
The major disadvantage of optical tweezers is the damage by the high radiation from the focused 
laser (photodamage) to fragile biological molecules130. This limits the time frame in which 

measurements can be done on living cells, especially when high forces are needed, because the 
cells will be damaged after a prolonged or intense optical radiation. Secondly, beads are required 

to have a size of at least one wavelength in diameter because for smaller beads the trapping force 
scales down with the third power of the bead radius130. The need of such a huge bead relative to 
the molecules under study might influence the natural diffusion properties. 

 Although magnetic tweezers can apply high forces without the disadvantage of photodamage to 
the system, they are theoretically limited in sensitivity (due to inherent electron spin fluctuations), 
and are not readily able to provide full control in three dimensions since the forces from the 

magnetic field are restricted. Magnetic tweezers are therefore most suitable for measuring 
molecular processes that require the measurement or control of both force and torque.  

The so far mentioned techniques perform well in measuring molecular forces, however they have 

limited capabilities in the exact control of stimulating biomolecules. An atomic force microscope 
(AFM) can not only measure weak forces but can also easily move the tip with its piezocontroller 
in space, e.g. to scan the surface of a sample. In this way, it can also be operated to move and guide 

a molecule very precisely, thereby acting as a tool for an exact control of the position of 
biomolecules. AFM is a well-established instrument in biophysics, and good reviews are available 

for theoretical aspects134, as well as for biophysical applications135. 
 AFM can apply and measure large forces, in the range of 10 to 10,000 pN, which is sufficient to 
monitor even individual bonding forces when soft cantilevers (< 0.10 N/m = 100 pN/nm) are 

used70. The relative high stiffness of soft cantilevers (10–100 pN/nm) still limits the maximum 
force that can be applied, and a force resolution limit of 5-10 pN133. Typical scanning ranges are 5-
150 micrometers with about 1nm precision (depending on the piezotube and piezostages used). 

The precision is not as good as with external field methods (optical and magnetic tweezers), but 
the AFM can measure and apply much higher forces136. This technique is therefore well suitable to 
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measure and overcome individual ligand-receptor recognition forces which are found to be 

around 50-250 pN137–140.  

Single molecule force spectroscopy (SMFS) can be used to gain insights into binding strengths and 
kinetics70, and to localise receptors on cell membranes when the molecular adhesion force is being 

mapped141. AFM is capable to sense chemical intermolecular interactions instead of the 
topography by functionalising the cantilever tips, which is called chemical force microscopy 
(CFM) or recognition imaging142. By attaching specific functional groups, such as compounds that 

interact (bio)chemically with the sample, the shape of the approach-retraction force curve 
contains a lot of information on the specific binding force being probed; these forces are reviewed 
in ref. 143.  

 The first receptor-ligand force spectroscopy experiments by AFM were performed in 1994 by 
Moy, Gaub, Lee et al.140,144. These experiments were performed with a directly coated AFM tip, or a 
functional glass bead attached to the tip. Although this methods results in a high amount of 

functional molecules on the tip, near single molecule interactions were possible due to the small 
amount of molecule that were physically oriented to allow a chemical interaction. Still it was not 

ideally suited to separate specific from unspecific ligand bindings onto cellular compounds, 
mainly because of parallel breakage of multiple bonds. In 1996 a new method was demonstrated 
by Hinterdorfer et al.139 who used a synthesized polyethylene glycol (PEG) spacer between the 

cantilever tip and the ligand, which prevents unspecific interactions. The next section outlines 
methods involving such spacers for a specific functionalization of AFM tips. 

The ideal single-molecule probing tip would be a single attached ligand, free to orient and rotate 
for unrestrained chemical activity during force spectroscopy. Using a molecular spacer with a 

length of a few nanometers between the cantilever tip and the attached ligand, the tip comes close 
to this ideal situation. Thanks to the softness and elasticity of the spacer it is possible to separate 
unspecific and specific interactions in ligand-receptor binding139, since specific interactions will 

make a soft probe bend much longer before rupture of the bond. Other advantages include the 
indeed free orientation of the ligand; the large surface of the ligand to scan for target molecules 
(clearly depending on the length of the spacer), which makes it easier to find a receptor in 

localisation studies but decreases resolution in force recognition mapping studies; and practically, 
a lower chance to damage the ligand upon hard contact with the surface145. It also removes the 
limitation that rigidly bound molecules may not allow important structural conformational 

changes in the receptor-ligand system. This is important since cell membrane receptors depend on 
conformational changes to get from an inactive to an active form. 
 The first spacer with two different functional groups on its ends (heterobifunctional) which was 

widely used for tip-PEG-protein linking is the PDP-PEG-NHS spacer. The functionalization of 
AFM tips with these spacers may be done by a standard three-step procedure63,145. The first step is 
to start with an amino-functionalised AFM tip where amino groups react with the N-

Hydroxysuccinimide (NHS) ester function, forming a stable amide bond. Usually out of all the 
PEG spacers attaching to the AFM tip, around 1-3 PEG spacers will be exactly in the reach under 

the apex of the AFM tip. Subsequently the pyridyldithiopropionyl (PDP) group of the spacer can 
react with a thiol group in a protein, resulting in a disulfide linkage between the PEG and a 
protein. Use of this direct method is only appropriate if the protein of interest contains a free thiol 

group. However, most extracellular proteins (e.g. antibodies) possess no free thiol group. A thiol 
group can then be introduced artificially using N-succinimidyl 3-(acetylthio)-propionate (SATP), 
a procedure not further elaborated . The result is a single molecule sensor with a receptor 

recognition probability up to 25%146. Since the PEG spacers are covalently attached to the tip, the 
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unbinding force of the biomolecule from the linker is higher than most ligand-receptor binding 

forces.  

Single-molecule force spectroscopy (SMFS) by using AFM approach-retraction force curves is a 
powerful method for exploring the interaction forces of membrane molecules. Recording force-
distance curves by raster scanning an area, provides an easy but slow mapping method in order to 

get a force recognition image147; this method has been called force volume mapping or imaging, or 
spatially resolved SMFS. In order to image the recognition, the maximum negative deflection of 
the force-distance curve is depicted by the pixels. Force volume mapping can be used for assessing 

the distribution of receptors on the cell surface, although the lateral resolution of this simple 
method is low148. One of the first studies on ligand-receptor forces on living endothelial cells was 
performed on bovine aortic endothelial cells (KOM-1 cell line) by Almqvist et al.137 in 2004. They 

mapped individual vascular endothelial growth factor receptors (VEGFR), and found that ligand-
enabled clustering on endothelial cells was less pronounced. Since then, several studies revealed 

properties of different receptors and cell membrane interactions142,149–152.  
 One of the latest progress in the application of studying membrane interactions by CFM is 
simultaneous topography and recognition imaging (TREC or dynamic recognition force 

mapping), which is done by dynamic AFM imaging (“tapping mode”) with magnetically driven 
tips (MAC mode). In TREC, the interaction with the sample is recorded from the maxima and 
minima of the sinusoidal cantilever deflection period; the topography can be recorded by looking 

at the minima of the restrained oscillations, and the force recognition can be derived from the 
maxima of the restrained oscillations. This method requires a Q factor of the tip of around 1 in 
order to minimize the crossinterference between the minima and maxima of the tapping 

oscillation153. The TREC technique has a much higher lateral resolution down to 5 nm and can 
image much faster than before. This method was first applied on antibody tethered tips by Stroh et 

al.153, although Raab et al.154 already observed that antibody tethered tips showed more 
information than just topography in MAC mode. In 2007, Chtchelova et al.138 applied this 
technique for the first time on gently fixed and gelatin adhered cells (microvascular endothelial 

cells from mouse myocardium), to identify binding sites of vascular endothelial (VE)-cadherin. 
These receptors were found to be stable and did not exhibit clustering behaviour. In the same year, 
Lee et al.155 studied the binding of the same growth factor receptors on living and fixed human 

microvascular endothelial cells. They were able to image the receptors inhibition, visualised the 
non-uniform distribution, and determined the association and dissociation rate constants. 
 Manipulation or movement of biomolecules by functionalized AFM has so far only successfully 

been applied to DNA on model systems, where spacers between a DNA fragment and the AFM tip 
were used for higher recognition possibility156; manipulation on proteins has not been done so far 
(to the extent of our knowledge). The next step in AFM based recognition would be to present 

molecular stimuli on a tip to live cells and monitor the cellular response with advanced optical 
microscopy. Certainly the activity of the biomolecules incubated on the AFM tip will result in a 
cellular response in live cells, such that the AFM tip becomes an actuating indentation tool. This 

would open an interesting approach to manipulate and assess the actuation of proteins at the 
nano-scale and the subsequent cellular responses and protein pathways. In the final research 
chapter of this thesis we will elaborate on the methodological developments and the experiments 

performed of AFM based protein actuation.   
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We have built a custom fluorescence microscope with total internal reflection fluorescence (TIRF) 

illumination, to be able to detect single molecules in a very short time (typically <20ms to prevent 
motion blur). To obtain enough photons from one fluorescent molecule within this time requires 

high illumination intensities within a field of view of at least one cell. Such microscopes are not 
readily commercially available (yet), which motivates research groups in the single-molecule 
tracking field to use custom-built microscopes1–5. Furthermore, these custom-built microscopes 

use a minimal number of components to yield very high detection efficiencies, whereas 
commercial microscopes often make concessions in this to facilitate easier plugin of modules or 
modalities. Since fluorescent dyes can only emit a limited number of photons, we want to collect 

as many of these emitted photons as possible without losses. In principal, a commercially available 
STORM microscope (using TIRF) would be suited to perform single-molecule tracking as well. 
However, the price of components necessary for an optimized custom-built microscope with high 

illumination powers comes at a fraction of the cost of a commercial STORM microscope with 
moderate illumination power.   
 In this chapter we describe in detail the requirements and implementation of a single molecule 

sensitive fluorescence microscope to track single proteins in live cells. We provide a thorough 
characterization of our custom-built microscope, and show that the setup can detect single 
fluorescent molecules with a localization accuracy of 20 – 40 nm within 2 – 20 ms. We show that 

the use of solid-state lasers is a cost-effective alternative to the widely used gas lasers for this 
application, without compromising image quality. We describe the use of a rotating diffuser to 

provide high-intensity incoherent excitation light which can be coupled into the microscope 
without optical fibres using a Kohler illumination scheme. To construct protein trajectories from 
the recorded image series, we used one of the latest tracking software available, which is currently 

still in development. Furthermore, we describe the analysis methods currently used to characterize 
the motion of proteins in live cells from the trajectories obtained after tracking.  

An objective based total internal reflection fluorescence (TIRF) microscope was built upon a 

standard inverted fluorescence microscope (Zeiss 135TV) to be able to quickly change samples 
and easily switch to a brightfield microscope mode to focus on the sample (Fig. 2.1). We removed 
the tube lens of the microscope body to increase the detection efficiency, and to create space to 

place filters. The illumination light was provided by low-cost solid-state lasers, and was coupled 
into the microscope by Köhler illumination with a rotating diffuser in the light source plane. The 
microscope was equipped with an Olympus PlanApo 100x/1,45 Oil TIRF objective. Samples were 

heated to 35-37°C on the microscope with a stage heating plate and an objective ring heater. The 
images were acquired using two Andor iXon EM+ DU-897 back illuminated EMCCD cameras. 
We describe the components used and the illumination scheme in more detail below. 

To image the few photons from a single molecule, a sensitive camera with low internal noise 

sources is necessary to discriminate the signal from the sample background with a high enough 
frame rate to allow tracking of a fluorescent molecule. Two common sources of noise in cameras 
are read-out noise (originating from the charge-to-voltage converter), and dark current 

noise(induced by thermal electronic fluctuations). Different types of modern scientific cameras 
(e.g. intensified CCD (ICCD), electron multiplying CCD (emCCD), scientific CMOS (sCMOS) or 
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cooled CCD) all have adequate ways to circumvent these noise sources6, and the best choice of the 

type of camera therefore depends mostly on the required frame rate.  
 To estimate the optimal frame rate, we need to determine the minimal frame rate required to 
track receptor molecules, i.e. we need all molecules observed in a frame to be identifiable without 

ambiguity in the next frame. For this, the number of molecules in the recording should be low 
enough such that the distance of a molecule travelled between frames is significantly smaller than 

the average distance between nearest neighbours. The exact calculation for the needed frame rate 
is quite complex; therefore we provide a rough estimate. Let us assume that a molecule can still be 
tracked when the maximum distance travelled between frames is 4 pixels on the camera. This 

value seems reasonable when we regard a field of view of 400x400 pixels with 120nm/pixel, and a 
total number of 200 molecules; a maximum search distance of 4-5 pixels is also used in earlier 
studies3,7,8. Since 99% of the step sizes are smaller than a certain value7 given by: 

 

 (1) 

 
we find that to obtain  < 4 pixels = 475nm for molecules with  = 0.15 μm2/s, we need  < 

58ms. The mean displacement is in this particular situation  190nm (1.6 pixels). The 

value for  means that a minimum frame rate of 17 fps is needed to allow tracking of receptors 
of the ErbB family studied in this thesis. The number of photons that can be obtained from one 

molecule within 58ms is also sufficient to localize this molecule (section 2.2.2.1).  
 sCMOS cameras tend to have the highest possible read-out speeds and a large field of view. Yet 
emCCDs have a better signal-to-noise ratio (SNR) for a low number of photons per pixel. The 

breakeven point between emCCDs and sCMOS cameras is currently around 5 photons per pixel9. 
This means that emCCDs will obtain the best localization precision for low-intensity 
fluorophores, such as single organic dyes.  

Since we already possessed two Andor iXon EM+ DU-897 cameras, which are very well suited for 

low intensity imaging6,10, we chose to utilize these during the measurements described in this 
thesis. The dark current of this camera is documented to be 0.001 electron per pixel per second11. 
The maximum read-out rate of this camera is 10 MHz with 14 bit digitization, allowing up to 35 

fps for the complete field of view of 512x512 pixels. With an exposure time of 9 ms, the maximum 
frame rate reduces to 26 fps, which is well above the required frame rate (17 fps). At the maximum 
read-out rate and under electron multiplying conditions, the effective system readout noise is 

below one electron per pixel. The quantum yield of the camera is above 90% for wavelengths 
between 475 nm and 700 nm. However, the amplification process in emCCDs results in an 

increase in shot noise to the signal by the excess noise factor (approximately √2). Effectively this 

has a similar effect as having a camera with half the quantum efficiency6. The size of the pixels is 

16x16 μm, such that a magnification of 150x would result in 107 nm/pixel. Furthermore, the 
camera has TTL input and output ports to allow synchronized recording on two cameras and to 
synchronise the illumination to happen only during camera acquisition periods. 

To obtain enough photons from single molecules within the milliseconds exposure time typically 
available per frame to obtain a recording without much motion blur, relatively high illumination 

intensities are needed. Enough photons are needed since the localization accuracy is 
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fundamentally limited (in the condition without background signals) by the number of photons 

according to:  

(2) 

 

where  is the Gaussian radius of the diffraction limited spot, and N is the number of photons 

detected12. The minimum illumination intensity required therefore depends on the fluorophore 
used and the diffusion speed of the molecule it is attached to. Furthermore, we need light sources 
that have low spatial divergence to efficiently couple the light into the microscope, a fast 

modulation capability to effectively reduce the bleaching of the fluorophore outside the camera 
acquisition period, and the availability of multiple excitation wavelengths to perform multiple-
colour experiments. Since we are not required to excite particular genetically encoded 

fluorophores (such as cyan, green or yellow fluorescent protein, i.e. CFP, GFP or YFP), we are not 
dependent on standard gas laser line wavelengths. 
 The need for a light source with high intensity is explained by the following example. The 

average distance travelled by a molecule with diffusion coefficient  = 0.15 μm2/s within 6 ms 
is 60 nm (0.5 pixel), which convolves with the Gaussian radius of the diffraction limited spot 

(typically 100-120nm, or 1 pixel). Longer acquisition times (> 5ms) will result in a significant 
distortion (> 20% radius increase) of the diffraction limited spot. Therefore when making 
recordings of this molecule, sufficient photons must be collected from the molecule within this 

acquisition time. At this acquisition time, it is found using Eq. 2 that we need at least 36 photons 
to achieve a localization accuracy of 20nm from a diffraction limited spot with a convolved 
Gaussian radius of 120 nm. The required localization accuracy is typically unknown beforehand; 

when a lower value is achieved, fewer trajectories for a certain condition will be necessary for 
analysis to obtain robust results. In practice, to clearly observe a single fluorescent molecule at this 
localization accuracy in the cellular fluorescence background requires even more photons. We 

estimate that a fluorescent signal with at least 100 photons is required in a wide field setup to yield 
this localization accuracy. When utilizing TIRF illumination, this number will be lower due to the 
decreased level of fluorescent background. We expect that the microscope detects 8% of the 

emitted photons, since an 1.45 NA objective with immersion oil with n=1.52 acquires 16% of all 
the light emitted by a monopole, and the estimated detection efficiency is 50%. Under these 

assumptions, the minimal needed photon emission rate Iem is 250,000 photons per second. Taking 

a typical cross section σ of a fluorophore to be 2 (Å2) and a fluorophore quantum efficiency Q of 

0.8, we obtain using Eq. 3 a required excitation intensity Φex of 1.5 × 1021 photons per cm2 per 

second. 

 (3) 

 

Given a photon at 550 nm we get using E = h c / λ, with h = 6.626 × 10-34 (J · s) and c = 2.998 × 108 

(m/s), Ephoton = 3.62 × 10-19 (J). Hence the excitation intensity corresponds to 0.57 kW/cm2. 

Illumination using the quite homogeneous center part of a Gaussian shaped image (as for lasers) 
requires at least 4 times more power due to the non-used edges of the image beam. For a 40x40 
μm area, and a well-designed 50% efficient beampath for excitation filters and lenses (the 

illumination scheme), we then easily find that a laser of at least 75mW is required. When the 
excitation time has to be lower than 5 ms to reduce the blurring effect by shorter (stroboscopic) 
illumination, the laser power required scales up inversely. Most single-molecule microscopes are 

designed with an excitation intensity in the range 0.1-5 kW/cm2. Certainly the saturation intensity 
of the fluorophore should not be exceeded, since the background noise will then start to have a 

negative effect on the signal-to-noise. The intensity of fluorescent proteins start to saturate13 at 10 
kW/cm2, and the saturation intensity for organic dyes is even higher14.  
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 Lower-cost solid-state lasers provide easier installation and operation compared to using gas 

lasers or highly stabilized solid-state lasers, since the latter cannot be modulated by the laser 
controller itself, and require an acousto-optical tunable filter (AOTF). Such filters rarely achieve a 
full deflection to suppress complete transmission, and are a more costly solution. Furthermore the 

high beam quality or high frequency power stability of higher-cost lasers are not often critical 
requirements for single-molecule microscopy illumination. 

For the excitation we used a 532nm 400mW solid state laser from Pegasus Shanghai Optical 
Systems (Pegasus Lasersysteme, Wallenhorst, Germany), and a 637nm 300mW diode laser from 

Changchun New Industries Optoelectronics (Laser 2000, Vinkeveen, The Netherlands). These 
lasers are a cost-effective solution to the requirements set above, and provide well-separated 
excitation wavelengths for two organic dyes with distinct excitation and emission spectra to allow 

simultaneous imaging. Furthermore, these lasers have very little divergence (< 1.0 mrad), have an 
RMS power stability < 3%, and come with a TTL modulation up to 10 kHz. These lower-cost 

solid-state lasers have larger emission wavelength bandwidth. Wavelengths much higher than the 
centre wavelength, which pass the microscope’s emission filters, must be efficiently filtered. The 
related low coherence length of the laser is typically an advantage for microscopy illumination, 

since the use of light with a high coherence length result in unwanted interference effects in the 
illumination area. 
 The infrared and off-centre wavelengths produced by the lasers were not sufficiently suppressed 

by the internal filters, and therefore bandpass filters were inserted in the excitation path after the 
lasers to suppress undesirable wavelengths in the excitation light. The green laser light was filtered 
by an FF01-543/22 (SemRock, Rochester, NY) filter and the red laser light was filtered by a 

D644/10m (Chroma, Olching, Germany) bandpass filter. The two laser beams were combined 
with a 610DRXXR (unknown manufacturer) longpass mirror. 
 An achromatic quarter wave plate (VM-TIM Optomechanische Werke, Jena, Germany) was 

inserted in the beam path to obtain circularly polarized excitation light. This reduces signal 
intensity differences otherwise observed due to the dipole orientation of a fluorophore. For the 
532 nm laser there was less than 1% power difference in the elliptical polarization axes, for the 637 

nm laser the elliptical polarization axes had a power ratio of 0.92 : 1. 
 The chosen excitation filter, dichroic mirror and wave plate must be suitable for the high light 

intensity coming from the lasers (documented diameter of laser beam 1 mm). The allowed CW 
light intensity is usually not specified for filters. We did not observe burning effects on the filters 
with the laser at maximum power, even with continuous illumination for more than 10 minutes.  

For laser based widefield illumination, the light is usually focused on the back focal plane of the 

objective, which means that the light is again perpendicular after the objective and through the 
sample. In that case, only the central part of the Gaussian shaped laser beam is used for 
illumination of the sample because it has a homogeneous intensity; as a consequence, a lot of the 

incident light is not used. Furthermore, the complete sample is illuminated by perpendicular light 
rays, which might result in background fluorescence. Clearly, this is not the most efficient scheme 

for illumination, and we chose to make use of a rotating diffuser in a transmission Köhler 
illumination scheme (Fig. 2.2) to produce a homogenous and focused illumination in the 
objective’s focal plane, with an adjustable field of view. A small angle diffuser (SUSS MicroOptics, 

Hauterive, Switzerland), consisting of randomly distributed microlens units, was used. In a Köhler 
scheme, the amount of background fluorescence will be lower compared to perpendicular 
illumination, which is especially important in imaging the relatively low signals of single 

molecules.  
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 Another issue is the high coherence length of laser light, which can result in interference 

between reflections from the various glass interfaces: all the lenses, the objective, the coverslip, and 
the filters. This interference causes an unwanted non-homogenous illumination pattern. A 
commonly used solution to bypass this problem is to use a multi-mode fibre which will scramble 

the light due to multiple allowed modes in the fibre. The diffuser in out setup is rotating, which 
changes the speckle and interference pattern temporally. Time-averaged, the light intensity 

distribution emitting from the rotating diffuser is similar to that of an incoherent light source.  
 

 
 

 

Following Köhler scheme illumination, the image of the light source was focused at the back focal 
plane by lens F3 and F4 (Fig. 2.2). When the image is coming from a point source, as the case for 
direct laser light, this results in only perpendicular rays at the sample side of the objective. 

Therefore the use of a diffuser is essential to implement a Köhler scheme, since in that situation, 
the light image is coming from an area, where the outer centre regions of the area lead to higher 

angle rays at the sample side. The field of view will be defined by the angles of the rays in the back 
focal plane. Since the maximum angle that the diffuser scatters to can be chosen, the field of view 
is determined by the choice of this angle.  

 To illustrate the scheme, and to design an optimal use of the angle of the diffuser and the focal 
lengths of the lenses, the light propagation through the setup is calculated using the thin lens 
approximation, which should be appropriate for lenses with a high focal distance. The objective is 

modelled as a 1.8 mm lens, whose focal length corresponds to the 100x magnification of an 
Olympus objective designed for the 180mm tube lens in an Olympus microscope. Lens F3 is 
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positioned at its focal length (f3) from the diffuser. Lens F3 and F4 are separated by the sum of 

their focal lengths (f3+ f4), and lens F4 is positioned at its focal length (f4) from the back focal plane 

of the objective (which is a distance fObj from the objective). The sample is located at the focal 

distance of the objective. Since the back port of the microscope, which is usually used for coupling 
of illumination light into the microscope, could not be used due to an existing optical tweezer 

modality of the microscope, the light was coupled from the bottom port of the microscope. 
Therefore the distance from lens F4 to the objective, and consequently its focal length, was 
spatially constrained to be at least 400 mm. 

 To illuminate the complete camera area, a circular illuminated area with radius of 40 μm is 
needed. The illumination radius is given by: 
 

 (4)

 

where fObj is the focal length of the objective, αd is the (half-width-half-maximum) angle of the 

diffuser, and f3 and f4 are the focal length of the corresponding lenses. Furthermore, to illuminate 

the sample up to the maximum angle α of the objective (related to its NA by ), the back 

focal aperture must be completely filled. The diameter of the laser beam is specified to be around 1 
mm for the lasers used, which is therefore the diameter of the spot at the diffuser. We chose to 

magnify this spot by a factor of 2 onto the back aperture of the objective (M = f4 / f3, f3 = 200 mm, f4 
= 400 mm). To obtain the required illumination radius of 40 μm, the half-width half maximum 
(HWHM) of the diffuser angle has to be 2.5 degrees.  

 With the described choices for f3 and f4 the radius of the light path between lens F3 and F4 is 
mm, which still fits within 1 inch sized components. Much larger focal lengths 

would require larger sized components. Also, for a much smaller choice for f3, and therefore 
higher diffuser angles at equal illumination radius , the maximum possible angle of the diffuser 
is quickly reached, since rays at large angles from the diffuser are blocked by the mounting 

construction of this rotating diffuser. Small perturbations in this design of the exact lens position 
were modelled by a perturbed propagation length of a few millimetres using transfer matrices 
describing the propagation of the light through the optical system; these small perturbations did 

not significantly alter the pattern or the ray angles of the illumination area. Therefore this design 
should be easy to align by hand. For the chosen design, the resulting rays at the various optical 

elements is shown in Fig. 2.3.  
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 In a Kohler illumination scheme, a diaphragm can be used as a field stop diaphragm when it is 

placed at the focal length f4 from lens F4, since there is a virtual image plane of the sample at that 
location. There is no need for a condenser aperture, as the amount of light can be changed by the 

illumination time. It is even impossible to incorporate this in the current scheme, as there is no 
accessible (virtual) image plane in the scheme.  

Total internal reflection fluorescence (TIRF) illumination can be obtained by a small extension to 
the layout of the optics as used for widefield illumination. As schematically drawn in figure 2.2, 

the TIRF extension can be obtained by the addition of a single small lens system to the layout. 
This lens system consists of two lenses (F1 and F2) where lens F2 is placed on a microstage to 
adjust the lens position in the lateral direction. The system is placed on a flip mount to be able to 

quickly switch between widefield and TIRF illumination. Lens F1 expands the laser beam, and F2 
focuses it on the diffuser. The lens system effectively reduces the diameter of the laser beam on the 
diffuser plate, and translates the beam off the optical axis at the diffuser; this effects in a smaller 

and translated image at the back focal plane of the objective, which are the requirements to obtain 
TIRF illumination. 

 The radius of a laser beam at the interface of the diffuser is determined by the radius rA of the 

formed Airy disk pattern: 
 

 (5)

 

with λ the wavelength of the light, f2 the focal distance of lens F2, and D the diameter of the light 
beam at lens F2; therefore  ≈ 3 μm. However, since the diffuser has a certain thickness, the light 

will scatter within the thickness of the diffuser, effectively making a larger focal spot. After lens F2, 
the light is convergent with a maximum angle ϑ given by: 
  

 (6)

 

with L the thickness of the diffuser, and re the effective image spot radius. When L ≈ 1 mm, we 

obtain re ≈ 0.07 mm, and therefore the image spot size is effectively given by re (Eq. 6) and not by 

rA (Eq. 5). The image spot must be large enough to prevent damage from heat to the diffuser 

(intensity thresholds were not provided). At the same time, the beam width must be small enough 
to create a small enough spot at the back focal plane of the objective to obtain a full TIRF 

illumination. The spot radius of 0.07 mm, which creates a spot with diameter of 0.14 mm at the 
back focal plane of the objective, resulted in a complete TIRF illumination without visible damage 
of the diffuser plate after good use of the microscope. The resulting light propagation is shown in 

Fig. 2.4. 

An FF494/540/650-Di01 dichroic mirror (Semrock) separated the excitation light from the 
emission light. To further remove unwanted excitation light, the emission light was filtered with 

an NF03-532/1064E and an NF02-633S notch filter (Semrock). A lens F5 (f5 = 300 mm) was used 

to focus the image on the CCD cameras. An imaging flatness quality dichroic mirror (FF640-
FDi01, Semrock) directed the different spectral parts of the image to the two cameras. The 

emission light from the green excitation dyes passed an FF01-580/60 bandpass filter (Semrock), 
and the light from the red excitation dyes passed an HQ680/60m bandpass filter (Chroma). 
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 Since the pixelsize of the camera should satisfy the Nyquist sampling criterion to record the 

point spread function (PSF), the magnification of the microscope should be designed 
correspondingly. The optimal performance for localization of single emitters might deviate from 
the Nyquist sampling due to pixelation and background noise12,15. When imaging freely rotating 

dipoles with a high NA (e.g. immersion) objective, the PSF deviates significantly from the classical 
Airy-shape of scalar diffraction theory. The best-fit Gaussian in these situations has a waist σ 
approximately equal to σ = 0.25 λ/NA16. For the emission light used here (λ=580nm and 

λ=680nm), and the TIRF objective with an NA of 1.45, this gives σ580 = 100nm and σ680 = 117nm. 

The magnification is given by M = f5 / fobj (lens F5 serves as the tube lens), such that with f5 = 300 

mm, the magnification M = 150. With a physical pixel size of the camera of 16 μm, the image pixel 
size becomes 107 nm. This pixel size is similar to the Gaussian waist σ, therefore this 
magnification provides Nyquist sampling.  

 The dichroic mirror used to direct the emission light to the two cameras must have a very low 
curvature radius (i.e. image quality flatness). This is necessary to make an almost diffraction 
limited spot again from the reflected light at its image plane (Fig. 2.5). Mirrors with image quality 

are not available in a large range of wavelengths at the time of writing. 

The sample was only illuminated during signal acquisition. One camera acted as a master for the 
timing of the laser illumination and data acquirement by the cameras. The TTL trigger output of 

this camera is connected to the TTL input of the lasers and the TTL input of the other camera to 
ensure synchronized image recording. The cameras were controlled with the Andor Solis software. 
Furthermore the following settings were adjusted from the standard settings on both cameras:  

vertical pixel shift speed: 0.5 μsec 
readout rate: 10Mhz at 14bit 
pre gain: 4.7x 

EM gain: 300x 
kinetic series, without frame transfer. 

512x512 pixels image size (full CCD chip) 
The camera for the green channel was operated with an acquisition time of 9 ms (in TIRF mode 
for Dy 549), resulting in a frame rate of 25.85 Hz (limited by the camera readout rate). The camera 

for the red channel was operated with an acquisition time of 2 ms (in TIRF mode for CF633), and 
used an external trigger such that the frame rate was exactly identical to the other camera. 
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The characteristics and performance of the microscope realised are summarised in Table 2.1. The 

values are obtained from procedures described in more detail in the following subsections.  
 

 

The temperature control by the stage and objective heater was verified with a thermocouple. First 
the whole system was allowed to warm up for 1 hour. The clamps of the stage heater warmed up to 

the setpoint of 40 °C, and the objective ring heater warmed up to its setpoint 38.5 °C. A Greiner 
Bio CellView dish (product #627870) was put on the stage heater, which made contact only at the 
edges of the dish. The dish was filled with PBS at room temperature, and the objective was placed 

in contact with the dish. The temperature was measured in the centre of the dish directly above 
the objective, and at the edge of the dish. Without a lid on the dish, the temperature did not 
increase beyond 30 °C (centre) and 33 °C (edge). With a lid on the dish, and after 5 minutes 

warming up, the temperature reached 33 °C (centre) and 36.5 °C (edge), whereas after 30 minutes 
it got to 34.5 °C (centre) and 37.5 °C (edge). Therefore all measurements were made with the lid 
on the dish. 

The magnification was determined by measuring the effective pixel size. For this, a glass slide with 

line spacing of 10 μm was used. The sample was recorded on both cameras, and the spacing was 
measured in pixels for both directions of the image: 

Green X: 117.5 ± 0.5 nm/pixel; 

Green Y: 118.1 ± 0.5 nm/pixel; 

Red X: 120.3 ± 0.5 nm/pixel; 

Red Y: 120.5 ± 0.5 nm/pixel. 
For convenience, we further used 119 nm/pixel as the distance for one pixel.  

The lenses and filters used reduce the power of the laser light reaching the objective. For the green 
laser 88mW passed the objective, and for the red laser 47mW passed the objective. The excitation 

field of view had an approximate diameter of 60 μm (80-100% intensity, Fig. 2.6) in the  
homogeneous parts of the excitation pattern, which resulted in an estimated 3.1 and 1.7 kW/cm2  
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for the green and red excitation intensity respectively. The illumination diameter is smaller than 

the calculated diameter in Fig. 2.3, probably due to a smaller diffuser angle than 2.5 degrees 
FWHM as the angle of the diffuser plate is specified as the maximum angle.  
 Since the intensity and illumination pattern of TIRF illumination is strongly dependent on the 

exact angle of incidence at the coverglass-water interface, no illumination images are provided. 
We observed a clear difference in the amount of background in recordings of single molecules in 

cells between widefield and TIRF illumination.  

The mean-variance method17 was used to determine the gain of the cameras to allow 

determination of the correct number of photons observed per molecule per frame. This number is 
needed to calculate the localization accuracy. Homogeneous images at different intensities were 
acquired by recording fluorescence of the relevant dyes in solution. The mean intensity of the 

pixels in each image is plotted against the variance of the pixels of the same image (Fig. 2.7). When 
a line is fitted through the points, the slope of this line is equal to the inverse gain of the camera. A 

gain of 49.9 ± 0.1 was found for the camera recording the green-excitable dyes, and a gain of 32.5 
± 0.1 was found for the camera recording the red-excitable dyes. 

The photon count per frame per identified molecule and its localization accuracy are key 
parameters to compare the performance of the microscope and the fluorescent probes used. The 

efficiency for fluorescence detection depends on the filter set used and the fluorescence spectra of 
the fluorophore itself. The number of photons collected per molecule per frame also depends on 
the acquisition time per frame. In Table 2.2 the typical fluorophores used to label the receptors 

studied in this thesis are listed, together with their excitation and emission efficiency in the 
microscope. The excitation efficiency is equal to the fraction of the maximum value of the 

excitation spectrum of the dye at the wavelength of the lasers, i.e. 532 nm for the green-excitable 
dyes, and 637 nm for CF633. The detection efficiency is the efficiency with which the emitted 
fluorescence passed the filter set used. 

 Apart from the number of photons, the localization accuracy depends on the background, 
which is strongly dependent on the particular cell, and the amount of pre-bleaching. Therefore the 
signal to background noise ratio, as often provided in the literature, will vary significantly 

depending on the exact conditions, for example the particular area in a chosen cell of a particular 
cell line at a particular growth stage in a particular buffer.  
 The localization accuracy is determined by the tracking algorithm used (see section 2.4.2) for all 

the localizations of the single molecules, and is based on the number and distribution of photons 
over the pixels. Although this provides a good comparison method for the photon-limited 
contribution to the localization accuracy, we emphasize that the localization accuracy as 

determined by the algorithm does not include other contributions such as biochemical effects. 
Flexible linkers are used between the two chimeras of fusion proteins (e.g. GFP is attached by a 
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variable length aminoacid chain linker to the wildtype protein), or between the substrate and the 
dye, which leads to rapid movements during the acquisition period. To get a mean localization 
accuracy that accounts for such effects, we would need to determine the offset in a curve of fitted 

diffusion values versus different timelags as determined using a CDF fit (see section 2.5.2). 
However, with this method only the mean value is obtained, and several assumptions have to be 

made about the diffusion system of the molecules for such an analysis, which complicates this 
analysis. Alternatively, the mean localization accuracy can be determined directly from a mean 
square displacement (MSD) curve of several trajectories, since the influence of multiple diffusion 

populations should average out when sufficient points are taken to compose the MSD curve. 
However, to circumvent averaging effects, it might be more reliable to determine the localization 
accuracy due to the photonic effect and estimate the biochemical effects, and convolve the two. 

Another component of the localization accuracy not regarded here is due to the movement of the 
molecule during the acquisition time. 
 The photon count and the localization accuracy differ between the dyes used and are sensitive to 

the exact illumination dose. Two typical intensity curves of immobile Alexa 546 molecules on 
glass in our setup are shown in Fig. 2.8. For comparison, the resulting signal to background noise 
ratio is around (45-30) / 1.5 = 10, although this value fluctuates strongly. When all molecules in a 

typical TIRF recording are analysed by the tracking algorithm, the histograms of the photon count 
and the localization accuracy can be composed. Fig. 2.9 shows the results for the fluorophores Dy-
549 and CF633 in live MCF7 cells as prepared and measured according to the methods described 

in chapters 4 and 5 of this thesis. Since we make use of genetically encoded SNAP-tag technology, 
the fluorophore is rigidly bound inside the SNAP-tag domain (20kDa) which is attached via a 
short flexible amino-chain linker to the protein of interest itself. We therefore estimate that the 

localization accuracy due to the linker is around 5 nm, which has a negligible contribution 
compared to the photon-limited effect on the total mean localization accuracy. To achieve a 

localization accuracy of 20 nm, more than the theoretically necessary 36 photons per molecule 
were needed (section 2.2.2.2). This might be caused by the motion blur during the acquisition 
period, and the fluorescence background. Our values for the localization accuracy of mobile 

molecules are similar to earlier reported values for immobilised clusters on fixed cells (MSD = 
0.0088 μm2, corresponding to σxy = 23.5 nm), whereas in that study the average number of 
photons detected per single molecule per frame was higher (225 photons)18. 

Another important performance measure of the setup is the drift of the sample during the 

measurement. In single-molecule tracking studies, the drift is often not of much concern since the 
diffusion of the single molecules and even the apparent diffusion due to the localization accuracy 

are often larger than the apparent diffusion due to the drift of the microscope system. However,  
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the extension of the analysis of single-molecule data to include reconstructed high-resolution 
images (chapter 3) requires that the sample is not drifting much more than the resolution of the 

reconstructed high-resolution images. Since typical recordings are 30-60 seconds, which is 
relatively short compared to, for example, the STORM/PALM imaging duration, we are not 
hindered by long-term drifts. However, in many single-molecule studies there is a need to 

measure at physiological temperatures (37°C), which requires heating equipment inevitably 
resulting in temperature gradients in the setup. Temperature fluctuations are a major cause of 
drift in setups due to thermal expansion (240 nm/cm/°C for aluminium, i.e. 2 pixels).  

 First we determined the long-term drift in our microscope when the heating equipment was 
turned off (Fig. 2.10A). To this end, we measured the average displacement of several fluorescent 
beads immobilised on a glass substrate (imaged at 0.1 Hz) and subsequent tracking (see section 

2.4.2); subsequently, a moving average filter (5 frames) was applied to the integrated 
displacements. We determined the drift during the duration of a typical experiment (40 seconds) 

by imaging at 26 Hz, and without the heater turned on this drift was less than 120nm (Fig. 2.10B). 
Next the heating equipment was turned on, and we allowed the system to stabilise for at least one 
hour. The drift dramatically increased (Fig. 2.10C).  

 When the heater construction is mounted at two positions, such as the default attachment of the 
stage heating plate, the expansion has to go in the perpendicular direction, which results in 
bending and thereby an even larger expansion in the perpendicular direction. As we found that 

the default attachment of the heating plate using hinges was not optimal concerning the thermal 
drift, we drilled a hole in the heating plate, and fixed the plate with one screw on only one side of 
the plate to the mechanism that allows the stage to move. This did not change the thermal contact 
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to the sample. This construction resulted in the lowest drift level (Fig. 2.10D). In this situation, 

95% of the positions recorded (4 times standard deviation) were within 60 nm (in one direction) 
during a typical measurement period.   

 

Since we used two cameras to measure fluorescent signals at distinct emission wavelengths, these 
cameras had to be aligned to record the same area of a sample in the same focal plane. We shortly 

discuss the methods employed to overlay the images of both cameras. 

Since the imaging plane of the microscope is at a fixed distance after the imaging lens (Fig. 2.2), 
both cameras need to be placed exactly at this distance from the lens to have an equal focal plane 
in the sample. The precise alignment was performed by moving the dichroic mirror iD3 (Fig. 2.2), 

which only changes the distance of camera 2 with respect to the imaging lens. The alignment was 
correct when the shape of a fluorescent bead (immobilized on a glass substrates as a sample) was 
found to be equal on both cameras while focussing through the sample (Fig. 2.11). The shape was 

quantified by drawing a region of interest (ROI) around the fluorescent bead, and monitoring the 
standard deviation of the pixel intensities within this ROI; this was more sensitive to the focal 
distance than the maximum or mean intensity values. After focussing on single molecules in the 

green channel, we always obtained a perfect focus in the red channel as well, confirming the 
precise focal overlay. 
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Apart from a focal plane overlap, the cameras were positioned to have minimum lateral shift. A 
correction is still needed to perform precise sub-pixel overlays. The tracking software used, 
developed by others (section 2.4.2), includes a sub-pixel overlay function included to transform 

the coordinates of the trajectories in one channel into the other channel. This function requires 
images of fiducial markers (fluorescent beads) in both channels to find the necessary translation 
and scaling, and overlays the two channels (Fig. 2.12). The achieved overlay accuracy for the 

example shown is 17.9 nm (standard error between position of control points in channel 1 with 
estimated overlay position of control points in channel 2). This accuracy is sufficient to detect 
dimers by correlated motion analysis, as that method detects two receptors as dimers when they 

are within 50 – 100 nm from each other. For non-tracking purposes, such as visualization of two-
colour images or videos in this thesis, we performed the channels overlay by an implementation in 

MatLAB utilizing the find_affine_trans and affine_trans functions in the DIPimage toolbox 
(http://www.diplib.org). 

In this section we discuss how we obtained the trajectories of single molecules from the 

microscopy recordings. We first applied an image filter on the image series of the recordings to 
reduce the background and remove the intensity offset. Then the filtered image series were 
processed by the tracking algorithm to obtain the trajectories. 

Background signals with a low spatial frequency can be adequately filtered, and will improve the 
tracking quality because the tracking algorithm cannot deal with background offsets, and needs 
the actual number of photons emitted by a single molecule. When background signals are present, 

the segmentation part of the algorithm will also detect background signals as single molecules 
when the pixel intensity of the background signals is above the detection threshold. The actual 
number of photons in each pixel is needed to perform a correct localization which uses a 

maximum likelihood approach. The total number of photons emitted by a single molecule is also 
needed to determine the localization accuracy. Therefore the background signals, e.g. the camera 
baseline and out-of-focus signals, should not contribute to the single molecule signals. We 

designed an image filter that minimizes the amount of signal removal from single molecules while 
maximizing the removal of background signals. The pre-filtering makes it unnecessary to 
determine the baseline of our images, since the filtered images should not have any baselines or 

offsets. 

Since we record fluorescent images of fluorophores with different emission wavelengths, the size 
of the single-molecule images is also different and is defined by the radius of the point spread 

function (RPSF). Therefore the filtering procedures were scaled with the PSF radius. The PSF radius 

in our setup can be best estimated using RPSF = 0.25 λ/NA, as explained in more detail in section 
2.2.4. We did not use Kalman or other temporal-based filtering, since the molecules of interest 

move (in a random fashion). The filtering procedure is performed on each individual frame of an 
image timeseries.  
 First a parabolic opening filter with a radius equal to the PSF radius was applied on the original 

image (Fig. 2.13A), after which the obtained image was smoothed with a Gaussian kernel with a 
radius 3 times as large as the PSF radius. This image was then subtracted from the original image. 

This filtering operation removed higher frequency terms, but not as high as signals close to the 
PSF radius (Fig. 2.13C). For a Gaussian signal, the filter described above is actually equal to a 
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Gaussian smoothing filter with radius 3 times the PSF radius. However for images with 

background signals, it is not the same, and the Gaussian smoothing filter then subtracts more at 
the spots and less from the background as compared to the opening based filter (Fig. 2.13D), 
which is undesirable. 

 To remove lower frequencies as well, the filtered image obtained underwent one more 
smoothing filter, defined by a Gaussian kernel with a radius 5 times as large as the PSF radius. The 

thereby obtained image is the pre-filtered image (Fig. 2.13B), and this image is used as input for 
the tracking software. The pre-filtered image clearly shows much less background signals and 
suppressed vignetting effects compared to the original image while maintaining the distinctive 

signals of single molecules. 
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In this thesis, all measurements were tracked with the previously described tracking software 
developed in the group of K. Lidke4,19. This software had our preference over other tracking 

software3,20, because it uses GPU based calculations to perform the fitting of the molecules which 
is much faster. The analysis of a typical 1,000 frames 512x512 pixel image series takes about 5 
minutes on our computer. Furthermore it is based on the same solid mathematical basis on the 

origin of diffusion as other advanced software20. One disadvantage of most and also this tracking 
software to date is that the linking process is optimized for only one diffusion constant, and as 
such the fact that protein molecules can exhibit multiple diffusion states is not taken into account. 

This can cause incorrect linking of subsequent positions when two molecules are close by. 

The tracking software comes with a list of parameters to set up the software to find the most 
probable trajectories. The settings are divided in a subset used to perform the Gaussian fitting 
(localization) of signals from single molecules, and in a subset to perform the linking and 

reconnection of the positions determined in the localization also referred to as the linking cost 
matrices. The settings that we modified from the default settings are listed, together with the value 
used for the tracking and our comments for that setting (Table 2.3, in Appendix). An important 

property of diffusion is the wide spread of possible step sizes (distance travelled in one frame). To 
limit the range (search distance) for linking, we make use of the fact7 that 99% of the step sizes are 

smaller than . 

We made several modifications to the tracking software as received, which are incorporated in 

newer versions by the developers. These issues include mostly the pre-processing of areas in which 
to perform the localization (Fig. 2.14), and issues when no background images are provided as 
input.  
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 Furthermore we made a few extensions to the software. To better visualize the tracking process 

we made a function which overlays the original video recording with coloured circles around the 
single molecules localized, where each colour represents another trajectory (Fig. 2.15A). This 
made it easier to verify that the correct settings were used in the tracking software. Furthermore, 

we made a simple GUI which makes it user-friendly to load microscopy recordings, stored as FITS 
images, and determine an appropriate intensity threshold for molecule detection (Fig. 2.15B). The 

real-time visualization of the effects of a certain intensity threshold made it much faster to choose 
a proper threshold. These extensions are freely available online (or from the author). 

 
 

Trajectories of proteins are analysed to gain information about these proteins, the dynamics of 
membrane components, or kinetics of protein-protein interactions21,22. Initially, analysis of single-

molecule tracking data considered complete trajectories using mean squared displacement (MSD) 
curves. For a homogenous mobility type, the shape of the MSD curve contains information about 
the nature of the diffusion, e.g. pure, confined, or hop diffusion7,23–25. Later, it was realized that the 

organization of the plasma membrane was much more complex than previously believed. For 
instance, (transient) spatial zones where the motion of a protein deviates from free diffusion were 

revealed24,26–28. This led to analysis methods to detect confined motion, i.e. motion hindered by 
(transient) confinement zones7,29–32. Although transient confinement or slowed diffusion are 

closely related, confinement is actually defined as pure diffusive motion restricted by boundaries 

which cannot be crossed. The confinement area should be of reasonable size such that the 
unconstrained (free) diffusion within this area can still occur. The diffusion constant is however 
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the same as for unrestricted motion. Confinement is therefore different from slow(ed) diffusion, 

since slowed diffusion is unconstrained (free) diffusion but at a lower diffusion constant. There is 
no consensus yet on the exact type of motion proteins exhibit. 
 Mean squared displacement (MSD) curves of full trajectories are still often used to analyse the 

motion of proteins7,33–36. We emphasize that these curves are only suitable for homogeneous 
motion. It is very easy to misinterpret the curves and derive wrong conclusions when the studied 

system contains more than one motion type. Since the MSD curve is composed of averages of all 
distances, these transient phases make the MSD curve models prone to misinterpretation if the 
dwell time in a given population is shorter than the trajectory (Fig. 2.16). Related to this, the 

reliability of higher time lag points should not be overestimated25, as discussed in more detail later. 
Finally, conclusions from MSD curves must always be tested against unconstrained diffusion, as 
the randomness of normal diffusion may result in apparent anomalous diffusion37.  

 Within a trajectory the motion of a protein may not be homogeneous, but involve multiple 
types of motion caused by transient molecular interactions, for example transient directed motion, 
confinement, and multiple populations of free diffusion3,29,38–40. When it was realized that proteins 

show transient effects, local methods were developed that considered sub-trajectories (segments) 
of a trajectory3,25,41,42. These methods are however hampered by the limited number of positions 
within one segment to obtain accurate diffusion coefficients or confinement strengths. 

 Our scope is analysing trajectories from single-molecule video data, although it is possible to 
analyse single-molecule data on its own, for instance cluster size based on the histogram of 
intensities of spot. Using image correlation techniques it is also possible to obtain the 

characteristics of two diffusion components without the need for frame to frame tracking of the 
spots. These particle image correlation spectroscopy (PICS) approaches have been described in 
detail43,44. Such methods do not yield spatial information, and we will therefore not describe these 

methods in more detail. 
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The mathematical properties of Brownian motion are mentioned in almost every probability 
theory textbook in the context of a Markov process. The first published study about Brownian 

motion was from Bachelier in 1900 in the context of stock market fluctuations, although the 
physical phenomenon of Brownian motion is usually attributed to Brown, and was further 
elaborated by Einstein. A few years later, Wiener had established a lot of the mathematical 

framework to describe numerous facets of Brownian motion. We will only repeat the essentials of 
Brownian motion here, much more details can be found elsewhere45,46. As the energy for Brownian 
motion of molecules is thermal energy, the acting forces make particles move according to the 

heat equation as described by Fick’s second law, which can be rewritten for the case of one particle 
as: 

 (7)

 
where  is the probability density (or concentration for multiple particles), and the Laplacian 
operator  denotes the second derivative in space of the density, which logically equals the 

change over time in the density due to the conservation of mass. By integration over  the 
cumulative distribution function (CDF) of squared displacements  is obtained30, and yields for 
two-dimensional diffusion:  

 (8)

 

The corresponding (probability) density function (PDF) is obtained by simple differentiation, but 
almost never used, as scalar squared displacements cannot be used to define a trajectory, since we 
need vector displacements to do so.  

 The PDF of displacements is described by the normal distribution and can be derived using the 
Bernoullian distribution47, and is given by: 
 

     for 1 dimension (9)

 

     for 2 dimensions (10)

 

When more populations with distinct diffusion coefficients are present, the multiple diffusion 
states are linearly added to the distribution.  

In this thesis we assume that the motion of membrane proteins can be described by two states of 

Brownian diffusion, and we will call these the fast and the slow population. To find the two 

diffusion constants D1 and D2 and the fraction α of the first population, we calculate the 
cumulative distribution function of squared displacements for the complete set of trajectories30. 

Whether the assumption that the motion can be attributed to two populations is correct can be 
checked by looking at the residuals of a fit of the cumulative distribution function (CDF). Using 
the complete distribution yields insights into the behaviour of the entire population of single 

molecules, without ensemble averaging effects. As long as there is a large enough dataset of 
displacements to build a reliable CDF, it is a straight-forward and reliable method to find the 

global diffusion coefficients and their fractions. Fig. 2.17B shows an example of a CDF fit for 
motion with two clearly separated diffusion populations.  
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 For the two dimensional case, the cumulative distribution function (CDF) for the squared 
displacements  for a time lag  for two diffusion components is given by: 
 

 

(11) 

 

where α is the fraction corresponding to the motion with diffusion coefficient D1. To deal with the 

localization inaccuracy in the exponent, we determine D1, D2 and α for the time lags 
corresponding to 1 and 2 frames, and fit the exponential terms: 

 

 (12) 

 

 (13) 

 

which yield the uncorrected diffusion coefficients for each timelag, for example 

 since , and similarly . Now the estimated 
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diffusion coefficient for the first (and similarly for the second) population corrected for the 

localization error is: 
 

 (14) 

 
For the fraction  we take the average of the values  and . In the simulations these two 

values did not differ by more than a few percent. We have used a linear least squares method to fit 
the CDF to the data. 

The most straightforward way to determine the diffusion coefficient is by using the mean squared 

displacement (MSD) versus time lag curve1. This provides an estimate of the diffusion coefficient, 
and also confinement7, but the method requires that within the complete trajectory there is only 
one type of homogeneous motion. In short, the MSD is usually defined as the average of all 

squared distances between points within a certain lag time , with  the time-delay 
between consecutive frames, and  the interval of frames over which the distance is measured and 
averaged (Fig. 2.17C). For intervals larger than 1 frame, usually all available distances of a given 

duration  are included, such that the distances are not statistically independent. Yet this way 
of averaging gives less variance to the average squared displacement value compared to taking 
only the independent distances48. For pure Brownian motion, the relation between squared 

displacements  and the diffusion coefficient is a linear relation:  
 

 (15)

 
where  is the standard deviation of the localization inaccuracy in one dimension, which is 

independent of the time lag. The estimated diffusion coefficient  is found from fitting a line 
through the points at the different lag times in the MSD curve. We emphasize that it is not straight 
forward how to perform the fitting of the MSD curve to obtain diffusion values (detailed below).  

Typically, the MSD curve is made up from all positions in a trajectory, which cannot resolve local 
changes in the diffusion coefficient. Windowed MSD tries to give the local or instantaneous 

diffusion coefficient at each timepoint of a trajectory by performing the MSD analysis on small 

segments of the trajectory. First an MSD curve is composed for w subsequent positions in a 

trajectory, and the estimated D value is obtained from the first three points in the curve for this 

segment. This value is taken as the measure W. Then the MSD curve is made for the next 

subsequent positions, until the full trajectory has been slid through, and D values have been 
obtained for each segment (Fig. 2.17D). The use of a moving window makes it possible to detect 
temporal changes in the mode of motion on the order of the window size. The resolution is 

limited by the averaging nature of the method, since reducing the window size means that the 
MSD curve is made up from fewer points, therefore increasing the statistical uncertainty of the 
fitted diffusion coefficient. 

A recurring question is which points in the MSD curve can still be considered reliable. Certainly 

the variance of larger time lags gets increasingly larger, such that the points of larger time lags do 
not provide any reliable information. In the literature the first 10% points of the curve are often 

assumed to have not too much variance in their values2. However, the analytical expression for 
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one population Brownian motion for the variances has been derived48,49. Following this 

expression, Michalet discussed what the optimal number of points is to be taken into the fit for 
determining the diffusion coefficient25. The optimal number of points depends on the ratio 

, with σ the standard deviation of the localization inaccuracy. In the limit of no (or 

relatively small) localization inaccuracy, i.e. for small , it was shown that the most accurate value 

for D is obtained by fitting with only the first two points of the MSD curve. This result was already 

noted earlier7. However, since we consider two population diffusion systems which have both high 
and low diffusion constants and correspondingly both low and high  values, we do not readily 
know the optimal number of points of the MSD curve that should be used in the fit. We have 

checked how the correctness of the fit depends on the number of points in the MSD curve using 
simulations for a one population system (Fig. 2.18), and discuss a two population system in 

chapter 3. 
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 Furthermore, it might seem, and it is often stated, that the CDF method is more accurate in 

determining the diffusion coefficient for a one population diffusion system compared to simply 
averaging the stepsizes as in MSD methods50, as it considers the whole distribution of stepsizes. In 
practice however, this is not always correct (Fig. 2.18). We used a simulation approach to 

determine the spread of diffusion coefficients found from both CDF and MSD methods.  
 We simulated one-population unconstrained diffusion for 100 trajectories of various lengths, 

with a relatively small localization error compared to the diffusion coefficient, so for 
 ratio smaller than 1, see ref. 25. We found that, for all lengths of trajectories, a 

CDF fit with only 1 stepsize is indeed, but only slightly, more accurate compared to the best MSD 

based fit; the value is of course wrong when not corrected for the added localization inaccuracy to 
the real diffusion coefficient. In practice this means we have to use the CDF of 2 steps too, and use 
the difference for CDF 2 steps and CDF 1 step to determine the diffusion coefficient. This 2 steps 

CDF methods has been described in detail in section 2.5.2. We found this last method however to 
be less accurate compared to the best MSD based fit where we take only the first two points in the 
curve (also the 1-steps and 2-steps). Using only the first two points in the MSD curve was the best 

MSD based fit for this ratio of β. Therefore the CDF will not be taken as a method for 
classification (in chapter 3), as the MSD is preferred for one population diffusion. Nevertheless, 
the CDF method has a known PDF for a distribution with multiple diffusion constants unlike the 

windowed MSD distribution, so this is still a straightforward method to find the global diffusion 
constant values and fractions when there are enough datapoints to build a reliable CDF.  

Inspired by the confinement detection method of Simson39, Meilhac used a slightly altered way to 

detect confinement41, which we shortly summarize here. The relative confinement is defined by 

the parameter L as: 

 (16)

 

 
(17)

 

An illustration of the distances s is given by arrows in Fig. 2.17A.  

The use of the radius of gyration has been first proposed by Saxton to measure asymmetry in 
single molecule trajectories37, and it was demonstrated by Elliott e.a. that it could also be used to 
detect confinement42. The gyration radius is a measure of the space that is explored (defined by 

radius Rg) by the molecule within the segment, hence the radius will have a lower value for slow 
diffusion than for fast diffusion. Therefore the gyration radius is a local measure of the diffusion of 
a molecule, and can be used as a differentiation criterion in classification.  

The gyration radius Rg is defined as:  

 
(18)

 

where R1 and R2 are the eigenvalues of the gyration tensor T: 
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(19)

 

with i enumerating all subsequent positions  in a segment of length N. 

Although this has not been mentioned specifically in literature before, equivalents to super-
resolution STORM and PALM images51,52 can be made with the localizations by running a 

STORM analysis on the localized positions in time from single-molecule tracking data. According 
to the ergodic principle, it should not make a difference whether a recording is taken from a 
subset of moving molecules or from a more complete set of fixed (immobilized) molecules. 

Indeed, the resulting reconstruction images (Fig. 2.19) look very much like STORM images of the 
same receptor protein53. Yet it is very difficult to find biologically interesting insights from such 
images. In the next chapter we will discuss an extension to using mobility information together 

with these super-resolution reconstruction images. 
 

 

We have designed and built a triple-colour (473 nm, 532 nm, 647 nm) single molecule sensitive 
total-internal reflection fluorescence (TIRF) microscope optimized for single-molecule tracking 
experiments. The design was optimized to yield a high detection efficiency, record with short 

illumination time and at high precision, while being able to make use of standard-sized filters and 
dichroic mirrors. The setup was equipped with a stage heating plate and objective heater to allow 
measurements at physiological temperatures (33 – 37.5 °C within the sample between 5 and 30 

minutes). 
 A unique aspect of our design is the use of high-power solid-state lasers with high-frequency 
modulation possibility that can be used to get stroboscopic illumination. This reduces the signal 

blur caused by motion of the fluorescent probe during the acquisition time, which has a positive 
effect on the correct readout of mobility information; this is because the value of the diffusion 
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coefficient is underestimated due to the averaging blur during exposure40,54. Thanks to the high- 

power of the lasers, we can record 100 photons from single molecules within 2 milliseconds over a 
homogeneous field of view with a diameter around 60 μm (500 pixels) at video-rate (24-30 fps). By 
making use of a rotating diffuser, we could maximize the amount of light used for a homogenous 

illumination pattern, while simultaneously reducing interference effects without the need to use 
fiber optics. 

 Another unique aspect in our microscope is the free-space implementation of the lasers as 
illumination light sources. This implementation makes it more practical to achieve a high 
coupling efficiency of laser light into the microscope, which reduces the minimum illumination 

time or the need to purchase lasers of higher powers. Once aligned, the setup can be used on other 
days without any needs for readjustments to the alignment. To change from widefield to TIRF 
requires only the flipping of a small two-lens system, where the excitation angle of the beam can 

be changed easily by a knob of a micro-stage, which changes the lateral position on one of the 
lenses. This makes it user-friendly to switch from and to TIRF illumination while browsing a 
sample, for instance to find a cell with low autofluorescence. 

 Furthermore, the performance characteristics obtained can be considered state-of-the-art, and 
are similar or better than in other systems described18,55. For example, we achieved an optical 
localization precision σxy of 20nm for organic fluorophores, excited at 3.1 and 1.7 kW/cm2 during 

9 and 2 ms for the green and red excitation intensity respectively. Finally, we used heating 
equipment which may have negative influence on the drift of a setup. By optimizing the 
attachment of the heating plate to the stage of the microscope, we could minimize this drift to 

peak values of 85 nm during the time of a measurement. 
 We also described the software to obtain the protein trajectories from the microscopy 
recordings. This software is based on the latest mathematical insights in tracking fluorescent 

molecules in cells, and can analyse a typical 1,000 frames 512x512 pixel image series in about 5 
minutes time on our computer thanks to the execution of the Gaussian fitting routine on the GPU 

card. We described the settings used in this software for the tracking of typical measurements. 
Several fixes to the software were proposed, and two extensions for the software were developed to 
make the processing of microscopy recordings easier and more user-friendly. 

 In this chapter we have also summarized analysis methods currently used to characterize the 
motion of proteins from their trajectories. We have discussed the limitations of these methods, 
and have given our opinion on their best use in single-molecule tracking data. Due to the dynamic 

nature of the motion of proteins, we emphasize that local methods are needed to obtain non-
averaged information on the type of motion exhibited by proteins. A model for the diffusion 
system behind protein motion might be best described as a system with multiple populations of 

purely diffusive motion. These populations can be robustly obtained by a cumulative (probability) 
density function (CDF) fit of all squared step sizes within the protein trajectories recorded. 
 Finally, we would like to give two recommendations to take into account when further 

developing the setup described. The current design made use of the bottom port of the 
microscope, however this requires very precise placements of 1 inch components in the 
illumination path. It will be much easier when the back port of the microscope is used for 

illumination or when 2 inch optics are used. Concerning the detection part of the scheme, the field 
of view can be slightly larger when the dichroic mirror, used to separate the illumination and 

emission light, and the notch filters (D2, N1 and N2 in Fig. 2.2) are larger than the standard-sized 
filters (25x36mm for mirrors, and 25mm diameter for filters), or would be placed at a smaller 
distance from the objective, since the standard-sized filters block a small part of the outer regions 

of the emission light that would otherwise have been detectable by the cameras. Normally a tube 
lens is used within a reasonably small distance from the objective to prevent beam divergence and 
collect all the emission light. We had however removed this tube lens to increase the detection 

efficiency. Secondly, the circular diffuser used provided a more homogenous illumination pattern 
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than a Gaussian shaped laser beam or a Gaussian diffuser. It should also be possible to take a 

diffuser with a square pattern, which better fits the field of view of the camera. However we have 
not tested this as we found the circular pattern suitable for our application of imaging single cells, 
which are usually of oval shape. 
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It remains an elusive dream to be able to follow a protein and its interactions as the protein travels 

through the cell during its lifespan. Nevertheless, single molecule tracking by fluorescence 
microscopy allows one to follow a protein in a living cell at high resolution for a short period of 

time and record its trajectory1–6. Tracking of proteins in live cells is a unique approach to obtain 
details on dynamical protein association and dissociation kinetics in a spatiotemporal manner, 
and complements other fluorescence microscopy techniques7–9. Single molecule tracking 

techniques have given us valuable insight in the dynamics and biological functions of proteins6,10–

12 and the organization of the plasma membrane13–16. Despite methodological advances and the 
insight obtained by current analysis methods, there remains a need to further develop analysis 

tools that can translate experimental data into biological insights. For example, spatiotemporal 
information on the diffusion of membrane proteins would contribute to a biophysical 
understanding of the organization of these protein complexes. 

 Trajectories of proteins obtained by tracking techniques contain information about the 
interaction and functional state of the protein. For example, the phosphorylation state of many 
membrane bound tyrosine kinase receptors is related to their formation of dimers or higher order 

aggregates17,18. Clearly, proteins associated with these aggregates are expected to show lower 
mobility than free monomeric receptor molecules, which is reflected in their trajectories. 
Additionally, proteins often transiently interact with other molecules in nanoscale 

compartmentalization structures in the plasma membrane or with cytoskeletal structures, both 
resulting in transient slowed diffusion or confinement4–6,19–23. Not only do interactions with 

molecules alter protein mobility, but the mobility of a protein also affects the possibility of 
interactions with other molecules24–26. A detailed knowledge of the interactions of proteins and 
their dynamics is therefore important to understand the underlying signal transduction processes 

and to model the cellular signal regulatory system24–28. 
 Translating the trajectories of proteins to biological events, such as protein interactions, requires 
the classification of protein motion within the trajectories. Protein species transiently exhibit 

different types of motion. The motion of membrane proteins can often be described by two 
dynamic populations of pure Brownian diffusion6,19,23, which we refer to as the diffusion states 
(Fig. 3.1A). It is however nontrivial to accurately determine in which diffusion state the protein is 

residing during the measured trajectory. Several issues hamper faultless state classification. 
Proteins exhibiting different diffusion states often have overlapping distributions of step sizes (Fig. 
3.1B). Furthermore, the localization of proteins has a limited accuracy, and the switching between 

the diffusion states is a stochastic process. Diffusion state classification methods are needed to 
determine when, and in what regions, the protein exhibited distinct diffusion behavior. These 

regions might point towards a role of certain cellular structures in the function of the studied 
protein species. Also the lifetimes of these diffusion states (the inverse kinetic rate) can be directly 

derived from the diffusion state durations, and are useful parameters to comprehend the role of 

the studied protein in complexes associated with cellular regulatory systems. The combined 
insight may eventually reveal the spatiotemporal design principles of cell decision-making27.  
 A widely used analysis method for single molecule tracking data considers complete trajectories 

using mean squared displacement (MSD) curves3,29–32. For homogenous motion, the shape of the 
MSD curve contains information about the nature of the diffusion, e.g. pure, confined, or hop 
diffusion3,13,33,34. Since the MSD curve is composed of averages of all distances, transient diffusion 

states cannot be resolved by these full-trajectory MSD analysis (Fig. S1 in the Supporting 
Material). When it was realized that protein motion is not homogeneous, but show transient 

effects1,4,10,22,35, local methods were developed that considered subtrajectories (segments) of a 
trajectory4,34,36,37. These methods are however hampered by the limited number of positions within 
one segment to obtain accurate diffusion coefficients or confinement strengths. An alternative 
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Monte Carlo based method38 is particularly useful to find the kinetic rates between well-

differentiated diffusion populations. This method finds diffusion coefficients, their fractions, and 
the switching rates for the whole set of trajectories, but does not spatially resolve the states. 
Therefore, we propose a new approach which uses a global method (analyzing all trajectories 

obtained) to determine the different diffusion states of the protein studied, whereas local methods 
are used to classify short segments of a trajectory to one of the diffusion states found. We compare 

several local methods to classify parts of trajectories (segments) to a diffusion state. 
 

 
 

For pure diffusion systems, the multiple diffusion states can be accurately determined using a fit of 

the cumulative distribution function (CDF) of the squared displacements20. In this chapter we 
assume that the motion of membrane proteins can be described by two states of Brownian 
diffusion, termed the fast and the slow population. Whether this assumption is correct can be 

checked beforehand by looking at the residuals of a fit of the cumulative distribution function 
(CDF) of step sizes in two-population diffusion (detailed later). After obtaining accurate diffusion 
parameters by this fit, local methods are used only to classify short segments of a trajectory to one 
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of the diffusion states found. Existing local diffusion or confinement detection methods34,36,37 can 

be expanded to yield a local quantification measure which can be used for classification. 
Subsequently, the classification to a diffusion state is based on a threshold for the quantification 
measures. This threshold is objectively set using the parameters describing the diffusion states 

(determined by the fit), and the threshold is therefore based on the experimental data. Thereby we 
have eliminated the subjective manual thresholding of earlier confinement methods to detect 

transitions between motion states. The need for manual thresholding was earlier mentioned as a 
disadvantage of using window (segments) based methods39. 
 We emphasize that there is no need to determine local diffusion values of segments, since the 

CDF fit has already accurately provided the diffusion values present within the trajectories. The 

segments only need to be classified to one of the diffusion states. The length of the segments 
should be carefully chosen such that the corresponding duration is shorter than the typical 

switching time between states, whereas the duration must be long enough to obtain an accurate 
measure for the classification. We test different local methods and the influence of different 
segment lengths for diffusion classification using two state Brownian dynamics simulations (Fig. 

3.1C), and compare this approach to a recently developed Bayesian method40.  

Several schemes have been proposed to differentiate between the supposed motion types of single 
proteins found in (sub)trajectories, such as directed, confined and normal diffusion33,39,41,42. Three 

of these schemes consider classification of pure diffusion states40,43,44. Two of these schemes were 
based on maximum likelihood estimation (MLE). The scheme devised by Ott et al.44 employs an 
MLE approach to classify between diffusive states (also included in our comparison), and uses 

Hidden Markov Models (HMM) to find the diffusion coefficients of these states. The other 
scheme relies on a large number of localizations and a prior defined number of diffusion state 
switching occurrences43. With current fluorescence microscopy techniques, it is still impossible to 

accurately localize many positions to find the current state before the protein switches between 
states. Furthermore, the amount of diffusion state switching occurrences is not known 

beforehand, since this switching is a stochastic process. Very recently another scheme has been 
proposed which uses Bayesian statistics45 to discriminate between slow and fast Brownian motion 
in a spatiotemporal fashion without prior knowledge40. This scheme combines information from 

thousands of short trajectories to identify the number of diffusive states and the state transition 
rates, and is included in our comparison.  
 The classification of confined motion, i.e. motion hindered by transient confinement zones, has 

been discussed elsewhere3,20,22,38,39. We emphasize that our approach is not in contrast to the idea of 
transient confinement zones. In fact, whether the slow diffusion state originates from pure 
Brownian motion, a transient confinement, or an immobilization of the protein, cannot be 

revealed from the limited number of typically acquired positions, and requires other experimental 
and analysis methods. Although transient confinement or slowed diffusion are closely related, 

confinement is actually defined as pure diffusive motion restricted by boundaries which cannot be 

crossed. The confinement area should be of reasonable size such that normal diffusion within this 
area can still occur. There is no consensus yet on the exact type of motion proteins exhibit.  

We provide an overview of our approach to test classification of segments to dynamic two-
population diffusion states (Fig. 3.1C), followed by a more detailed description of the individual 
steps. First, the two diffusion coefficients and their fractional contribution to the trajectories are 

determined at first using a cumulative distribution function (CDF) fit of the squared 
displacements20. Next we use one of the different local quantification methods, listed in section 
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2.5.3-5, which assigns a value to each position in the trajectory. All these methods yield a higher 

value for a higher diffusion speed. Subsequently, thresholding of these values for the classification 

is done by taking the α-th percentile value of all values found (with α the percentage of step sizes 

fitted to the first population). For example, when the fraction size of fast diffusion is 0.30, we set 
the threshold value such that 30% of the values are higher than the threshold value. By taking this 
threshold we perform the classification objectively since the fraction percentage is already 

accurately determined beforehand from the experimental data itself. To compare the different 
detection methods in this framework, we tested them using simulated trajectories, where we know 
the actual diffusion state at each position. The final step in testing the framework is a one-to-one 

comparison of the found state to the actual (simulated) diffusion state, yielding the classification 
correctness. We define the classification correctness as the percentage of positions that are 

correctly classified divided by the total number of classified positions. The state lifetimes τ1 and τ2 

found by the analysis are compared with the actual lifetimes for the most promising method. 

Two-population diffusion trajectories were generated using MatLAB (The MathWorks, Natick, 
MA) with the GPUmat toolbox [8]. Each set contained 1,000 trajectories composed of 1,000 

frames (positions) in two dimensions with Brownian diffusion steps in between points. The 
molecule is allowed to change between diffusion states within a trajectory. In more detail, the 
positions are given by: 

 

 (1) 

 (2) 

 
where  is the frame number,  is a random number from a standard normal distribution,  is 

the diffusion coefficient of the diffusion state j, and  is the time between frames (  = 40 ms 

unless otherwise stated). The dynamical switching behavior between the two diffusion states (e.g. j 

= 1, also called fast, and j = 2, also called slow) is provided by generating subsequent state 
durations. The duration of the state is determined by taking a random number from an 

exponential distribution (a Poisson process) with a given characteristic time τ1 and τ2. The 

diffusion state of all steps in the set is stored, to be able to verify the classification method. Each 

position (xi, yi) is given a localization inaccuracy error by adding a random number from a 

normally distributed pool with standard deviation σxy in each dimension. The localization error in 

the x-plane σx is equal to the error in the y-plane σy, therefore σxy = σx = σy.  

To find the diffusion constants D1 and D2 and the fraction α of the first population, we calculate 

the cumulative distribution function of squared displacements for the complete set of 
trajectories20. Using the complete distribution yields insights into the behavior of the entire 

population of single molecules, without ensemble averaging effects. As long as there is a large 
dataset of displacements to build a reliable CDF, it is a straight-forward and reliable method to 
find the global diffusion coefficients and their fractions. For the two dimensional case, the 

cumulative distribution function (CDF) for the squared displacements  for a time lag 
 for two diffusion components is given by: 
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(3) 

 

where α is the fraction corresponding to the motion with diffusion coefficient D1. To deal with the 

localization inaccuracy in the exponent, we determine D1, D2 and α for the time lags 
corresponding to 1 and 2 frames, and fit the exponential terms: 

 

 (4) 

 

 (5) 

 

which yield the uncorrected diffusion coefficients for each timelag, for example 

 since , and similarly . Now the estimated 

diffusion coefficient for the first (and similarly for the second) population corrected for the 

localization error is: 

 

 (6) 

 
For the fraction  we take the average of the values  and . In the simulations these two 

values did not differ by more than a few percent. We have used linear least squares to fit the CDF 
to the data. Fig. 2.17 shows an example of a CDF fit for motion with two clearly separated 
diffusion populations. 

The next step is to quantify the motion of a molecule for each frame in its trajectory. To this end 

the trajectories are split in small segments, containing a total number of N subsequent positions 

(the segment length), and these segments are given a value W by one of the tested quantification 

measures. Many methods could serve as a measure for slow or fast diffusion. This measure can be, 
but is not limited to, an estimated diffusion coefficient or confinement index. We have tested the 

following methods: windowed MSD34, relative confinement35,36, the gyration radius37, and 
maximum likelihood estimation (MLE). The values taken are listed in Table 3.1. Besides these 
windowed measures, we also tested a Bayesian statistics approach40 using software made available 

by these authors. We have already described the mean squared displacement (MSD), relative 
confinement, and gyration method in more detail in Chapter 2 of this thesis. For this chapter we 
also made use of a maximum likelihood approach, which was applied as follows. 

We have applied a likelihood estimation approach by comparing a window of measured squared 

displacements, a set of a few single steps , to the expectation value thereof given the 
distribution function of squared displacements originating from motion with a diffusion constant 

D. For one step of length , we use  to express the chance to find a certain squared 

displacement given Brownian motion with diffusion coefficient D. Since the expectation value of 
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one squared displacement is independent of its predecessors, the chances for a tested D can be 

multiplied for each squared displacement , hence the likelihood is given by: 

 

 (7) 

 

where τ is the time lag, which is 1 frame, and N is the total number of steps in the window. The 

values for D are taken from the earlier CDF fit. In practice, the localization inaccuracy  must be 

determined by other means first. Here we assumed that this value can be precisely obtained, and 
we used the true value as used in the generation of the trajectories. Here we determine the 
likelihood of both states,  and , and if , the segment is 

classified as state 1.  We could write this as a measure W by: 
 

 (8) 

 

We have not taken exposure blur into account46. Note that the MLE can also be used to estimate 
the value of the diffusion constant itself, by maximizing the expectation value by varying the tested 

D value; the maximum gives the most likely D value43.  

 

 

When the motion within a segment is quantified, it can be classified as state 1 (corresponding to 

fast diffusion with coefficient D1) or as state 2 (corresponding to slow diffusion with coefficient 

D2). We allocate the classification of the segment to the center position of that segment, so that a 
state duration can still be shorter than the segment length. For the maximum likelihood 

estimation, the classification is performed intrinsically. For the relative confinement and gyration 

radius methods, the classification is provided by comparing the value W to a threshold value T. A 

segment is classified as state 1 if W is larger than a threshold value T, and as state 2 otherwise. The 

threshold value T is determined by taking all found values W, and calculating the α-th percentile 

of these values (with α the percentage of step sizes fitted to the first population). Hence the already 
known fraction of the diffusion population is used to define the threshold value for the measure to 
perform the classification.  

 In the case of the windowed MSD, we slightly altered the way to determine the threshold T, due 
to reasons described in the results section. We used a likelihood approach to calculate the chance 

that a single value W (calculated for a segment) originates from diffusion with D1 or originates 
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from diffusion with D2. In more detail, a probability density function (PDF) of W is composed for 

each diffusion constant given the values of the diffusion coefficients D1 and D2. Examples of such 

PDFs are shown in Fig. S11A. The threshold value T is chosen as that value of W where the PDF 

of W from D1 intersects the PDF of W from D2 (such that L1(T) = L2(T)). In this way the segment is 

classified to the most likely state. The PDF of W for the windowed MSD method for a given 

diffusion coefficient is calculated as follows. Using a one-population Brownian simulation a 

trajectory (containing 106 positions) is calculated. From this we calculated the values W for all 

segments in the trajectory. Next the PDF of the found values W is composed. This procedure is 

performed for both D1 and D2 . Finally, the intersection of these two PDFs is determined.  

After the state classification has been performed, either in simulations or in experimental data, the 

information obtained can be used for subsequent analysis such as visualization. All the positions 
of all the molecules in one video recording are used to reconstruct an image, such that the areas 
are seen where the molecules have travelled. Each individual position (localization) is represented 

by a color coded dot. The color of the dot depends on the state found at that position and time: 
red for the slow state, and green for the fast state. This results in diffusion state images at high 
resolution showing the areas of slow and fast diffusion. We removed immobile trajectories 

because these were normally found on the glass substrate and not in cells. The filter for immobile 
trajectories was based on the gyration method applied on a complete trajectory, with the threshold 

for the reached area defined by a gyration radius of 40nm, as this corresponded to the apparent 
area travelled by an immobile molecule due to the localization accuracy. This means that only 
molecules are displayed that at least once exhibit motion.  

All cell culture materials were obtained from PAA Laboratories (Pasching, Austria) unless stated 

otherwise. MCF7 cells, a human breast cancer cell line, and plasmid coding for SNAP-EGFR were 
a gift from Jenny Ibach (Max Planck Institute in Dortmund, Germany). Cells were cultured in 
Dulbecco’s Modified Eagle’s medium supplemented with 10% FBS and penicillin/streptomycin at 

37°C with 5% CO2.  Before measurements, the cells were transferred to CellView dishes product 
#627870  (Greiner Bio-one, Alphen aan den Rijn, The Netherlands), grown overnight, transfected 

with SNAP-EGFR using Effectene (Qiagen, Venlo, The Netherlands), and then starved overnight 
the day after transfection in medium without FBS. Labeling of the SNAP-EGFR proteins was done 
by incubating the cells for 1 minute with 400nM of SNAP-Surface 549 (New England BioLabs, 

Ipswich, MA, USA) in 0.5% BSA. Measurements were performed in PBS buffer with added 
magnesium and calcium (PAA Laboratories, product H15-001). 

Measurements were performed on a microscope with an Olympus PlanApo 100x/1,45 Oil TIRF 
objective using TIRF illumination. For excitation a 532nm laser (400mW) from Pegasus Shanghai 

Optical Systems (Pegasus Lasersysteme, Wallenhorst, Germany ) was used. All the light filters 
were obtained from SemRock (Rochester, NY). The infrared light produced by the laser was not 

sufficiently suppressed, therefore the green laser light passed an FF01-543/22 filter. The excitation 
and emission is split by an FF494/540/650-Di01 dichroic mirror. The emission light is filtered 
with an NF03-532/1064E notch filter and an FF01-580/60 bandpass filter. Fluorescence images 

were acquired using an Andor iXon EM+ DU-897 back illuminated EMCCD with an acquisition 
time of 9ms and a kinetic cycle time of 38ms (25.8 fps). The microscope stage was heated with a 
sample heating plate and the objective was heated with a ring heater to 35-37°C. 
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To obtain the trajectories from the raw videos, we used tracking software developed by others6,47. 
The settings used for the cost matrices in this software can be found in the appendix of Chapter 2. 

First we validated our approach by simulating the extreme case of well-separated diffusion 
constants with  and long state durations. We obtained a correctness of over 95% for 
windowed MSD, and over 99% for the other methods, as expected for clearly distinct motion. 

Next we tested the different quantification measure methods for diffusion classification, and 
studied the influence of different segment lengths therein. Therefore we simulated (at 25 fps) four 
cases with two diffusion states with different state lifetimes and localization accuracy. The cases 

were chosen to provide a challenging and realistic situation for discrimination of the two diffusion 
constants from experimentally obtained single molecule trajectories. The diffusion constants were 

chosen to reflect relatively slow membrane receptors (unpublished observations): D1 = 0.06 μm2/s, 

and D2 = 0.015 μm2/s. For other ratios of diffusion coefficients, see Fig. S4. We chose our 

switching settings close to the values found for the EGF receptor4: τ = 300-900 ms. The 

localization accuracy depends on the number of photons recorded from a molecule per frame. The 

chosen localization accuracies are typical values observed for quantum dot labels (σxy = 20 nm) or 

fluorescent protein labels (σxy = 40 nm), whereas organic dyes will often be somewhere in between 
these values. The accuracy does not only depend on the number of photons acquired for 
localization, but also on the labeling strategy. For instance, antibodies are large macromolecules 

and their flexibility leads to a lower localization accuracy.  
 Fig. 3.2 shows the performance of diffusion state classification for different quantification 
measures of local diffusion together with the influence of the segment length chosen. For the 

windowed MSD method, we display the correctness when using the first three points of the MSD 
curve in the fit, as this gave the best correctness in all the simulation cases. For the first simulation 

(case A) we chose the localization accuracy σxy = 40 nm and the state lifetimes were both set to 300 

ms. To study the influence of the localization accuracy σxy alone, in simulation case B this 
parameter was lowered to 20 nm. In simulation cases C and D, only the switching behavior was 

altered compared to case A to be able to test the influence of the state lifetimes. When the two 
lifetimes are not equal (case C), this clearly changes the diffusion fractions, such that there are an 

unequal number of molecules in each state on average. The two diffusion coefficients and their 
fractions were not assumed to be known beforehand, analogous to experimental data. These state 
parameters are found for each simulation by a fit to the cumulative distribution function (CDF) of 

squared displacements. The results show that an optimal choice of the segment length is needed to 
yield the best classification correctness. The optimal segment length depends to a large extent on 
the state lifetimes and also on the particular quantification measure used in the state classification.  

 We find that the non-diffusion based gyration evolution method is the most accurate measure 
for diffusion state classification in the simulation cases with localization accuracy of 40 nm (cases 
A, C and D). In these cases, for equally sized diffusion populations (case A and D), the gyration 

based classification scores better than classification using any other method. When the diffusion 
populations are not equally sized (case C), the gyration based classification scores almost as well as 
the computationally much more expensive Bayesian method. In simulation case B with a 

localization accuracy of 20 nm, the Bayesian method and MLE based classification score better 
than the other methods. This trend continues when there is no localization inaccuracy; 
simulations for this case showed the MLE method then scores 81% correct compared to 74% for 
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the gyration based classification. In practice however, the localization will rarely be better than 20 

nm, due to the limited number of photons and labeling biochemistry related issues. In the case of 
slow state switching behavior (case D), the gyration based classification is at these state-switching 
rates already close to its best possible performance with these diffusion coefficients and 

localization inaccuracy; increasing the average state duration to infinity only resulted in 3% 
improvement in correctness. The classification correctness for the windowed MSD achieved when 

another number of points in the MSD curve is taken to perform the fit can be found in Fig. S2. 
The classification correctness when we set a minimum state duration for a number of frames can 
be found in Fig. S3.  

 After classification of the diffusion inside trajectories, the lifetime of the states can be 
determined by composing a histogram of state durations and fitting the lifetime. We determined 
the distribution of the slow and the fast state lifetime found by the gyration based classification in 

trajectories of simulation case A (Fig. S5). We found that the state lifetimes fitted are shorter than 
the actual (simulated) lifetimes, especially for longer state lifetimes. More simulations showed that 
a trend of changing the state lifetimes in the simulation is reflected in the lifetimes found, 

although larger lifetimes (as in case D) are significantly underestimated, especially when the 
correctness is below 85%. 
 Although the correctness percentages provide a measure of the classification performance, the 

exact number might not give a feeling for how useful such a classification is. We will return to this 
point in the section on identifying the zones of slow diffusion. Clearly the percentage must be 
higher than 50% to have any relevance, since this percentage would also be obtained by a 

completely random state allocation. 
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The windowed MSD, relative confinement, and gyration measures use a threshold for 
classification. We noticed that for the windowed MSD, the classification correctness was not 

around its maximum with the threshold at the α-th percentile, especially for unequally sized 
diffusion populations (Fig. 3.3A). In the case of simulation case C (i.e. with unequally sized 
diffusion populations), the best result when using the windowed MSD as the quantification 

measure would be to classify every position as fast diffusion, and thereby scoring around 75% 
correct (i.e. the fast fraction size), however such classifications would not provide any 

information. The other methods score the same correctness at the 100th percentile threshold by 

definition, but these methods score a higher correctness with a threshold at the α-th percentile. 
For the windowed MSD method, we therefore used another threshold. We instead compared the 

likelihoods that a value W for a segment originates from diffusion with diffusion coefficient D1 or 

from diffusion with diffusion coefficient D2. In other words, the threshold was set at the 

intersection of the probability density functions of the values obtained with the windowed MSD 
for diffusion from each diffusion state separately (detailed in the methods section). We verified 
that the windowed MSD using likelihoods for state classification indeed performed with a higher 

correctness compared to when windowed MSD values are compared to a threshold using the α-th 

percentile. Likelihood methods do not regard the fraction size α to determine the most likely state 

for a segment, therefore the MLE and the Bayesian methods are not included in Fig. 3.3A.  
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The values for the classification performance in Fig. 3.2 and Fig. 3.3A are average values that are 
obtained for many classifications. Since one simulation entailed 1,000 trajectories of 1,000 frames, 

the statistical noise averaged out between simulations with the same diffusion parameters. 
However, analyzing the results of one simulation is not sufficient to predict the robustness of the 
method, since the robustness in the correctness also depends on other aspects of the classification 

framework. For example, the correctness depends in large extent on the fitted diffusion constants 
and fractions obtained from the CDF fit. Therefore we tested whether small perturbations in the 
CDF fit influenced the obtained correctness for the MLE and gyration method. We used a 

segment length of 7 frames to classify 100 simulations to obtain the distribution of the correctness. 
In each simulation we used the simulation settings of case A, except for the number of trajectories 
in the simulations, which was lowered to 100 trajectories (a realistic number of molecules in a 

tracking experiment). In this way, fewer displacements are available for the CDF fit, and therefore 
the fitted values have a larger spread in subsequent simulations. The resulting correctness 
distributions (Fig. 3.3B) shows that neither of the two methods is influenced dramatically by 

slightly perturbed CDF fits, except for the case where both fractions are not equally distributed 
(case C). The spread in that case is especially large in the MLE method.  

After state classification of the diffusion, super-resolution like images of the diffusion states can be 

reconstructed. When the distribution of slow diffusion zones is not randomly distributed, the 
proposed approach for diffusion state classification should be able to detect these zones. To 
validate this application, we performed simulations of 200 trajectories where the diffusion state 

was spatially defined. The regions with slow diffusion were defined 1 pixel wide (corresponding to 

120 nm), and were separated by 5 pixels. The separations were the regions of fast diffusion. The 
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diffusion value in the fast region was chosen D1 = 0.10 μm2/s, and in the slow regions it was chosen 

D2 = 0.01 μm2/s, with the localization accuracy σxy = 20 nm. These settings were chosen to 
represent a typical membrane protein imaged utilizing bright fluorophores. The resulting state 

lifetimes were around 300ms. We performed the diffusion state classification using the gyration 
quantification measure with a segment length of 4 frames (Fig. 3.4 and Video 1). Simulations with 
the diffusion state parameters mentioned showed that this is the optimal segment length. The 

correctness of gyration based classification was 85%. The figure shows that the performance is 
more than adequate to visualize the spatial diffusion state organization described. The actual states 
of the simulation and the same reconstruction image using MLE based classification are shown in 

Fig. S7. For comparison, when the motion and the state switching is completely random, such as 
in simulation case A, the reconstruction map also shows apparent zones (Fig. S6). However, these 

zones are only caused by the randomness of Brownian movement. 

The advantage of spatiotemporal resolved state classification is the possibility to observe where the 
molecules have travelled in which diffusion state. Reconstructed videos may also reveal whether 
multiple diffusion populations are originating from a pool of molecules exhibiting either diffusion 

state, or a pool of molecules transiently making transitions between the states. The lifetimes of the 
states can be determined as well from the histogram of state durations.  
 To demonstrate the potential of the application of diffusion state classification, we performed a 

gyration based classification on experimental single molecule tracking data. We recorded 
fluorescence images of fluorescently labeled EGF receptor in MCF7 cells by utilizing SNAP-tag 

(Video 2). In this video recording we detected on average 210 fluorescent molecules per frame 

(Fig. S8D). The localization accuracy in our video is close to 40 nm. The diffusion constants D1 

and D2 and the fraction size α of the fast state from all displacements are determined using a fit to 

the CDF of squared displacements (Fig. S8). We obtained D1 = 0.112 ± 0.001 μm2/s, and D2 = 
0.008 ± 0.001 μm2/s with α = 0.69±0.03 (the given errors are 5-95% confidence intervals of the fit). 

Intercellular differences are larger than the errors of fitting the CDF. We used a segment length of 
7 frames, which performs best according to simulations for the given diffusion parameters 
(classification correctness of 86%). State lifetimes (or kinetic rates, the inverse lifetime) were 

obtained by combining the state durations from five recordings of EGF receptor (unliganded) to 
get enough statistics (Fig. S9).  
 After diffusion state classification, we reconstructed the diffusion state video (Video 3) and 

diffusion state images at high resolution (Fig. 3.5 and Fig. S10). In these images we clearly see 
distinct zones of slowed diffusion. Furthermore we see cellular structures such as filopodia at the 
boundaries of the cell, and possibly collapsed filopodial structures on the lower membrane. The 

presence of EGF receptor in filopodia was expected, since EGF receptor undergoes retrograde 
transport in filopodia48,49.  

The optimal segment length correlated to the state lifetime in our simulations. For example, the 

optimal 7 frames in simulation case A and B corresponds to the average state lifetime of 300 ms 
(7.5 frames), and when the state lifetimes increase (simulation case C and D), the optimal segment 
length also increases. The optimal segment length also varies for the different quantification 

measures, especially when the state lifetimes increase (simulation case C and D). Since the state 
lifetimes are not known before the classification, it would be preferable when the results do not 
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vary much for different segment lengths. We can see that the gyration method with a segment 

 length of 7 frames scores near optimal in almost all the cases simulated. Therefore, a good 
strategy would be to perform the classification first with the gyration method and a segment 
length of 5-7 frames. This might provide a good first classification with an adequate correctness. 

Later, the classification may be repeated with a different segment length more suitable to the state 
lifetimes found to obtain an optimized classification or a verification of the reconstructed 
diffusion state images.  

We noticed that the gyration method has higher correctness and is more robust compared to the 

other tested methods, especially in situations with higher localization errors (σxy = 40nm). The 
reason may be found in the fact that more information is used to determine the gyration radius 

compared to the value calculated with the windowed MSD or the MLE method. In the calculation 
of the gyration, the information of the distances between all the segments positions is taken into 



Diffusion classification in trajectories 

 82 

account unlike in MLE. Therefore the gyration method not only considers the distance between 

points, but also the relative locations of the positions. For example, for pure diffusion it is unlikely 
that a particle would move in only one direction; the MLE would however not detect this as it only 
considers subsequent distances, whereas the gyration method will. The spatial information of 

relative location of the positions is only considered in the gyration and confinement methods, 
which might be the reason why these methods scored higher in classification of the two diffusion 

states. In the windowed MSD method, the optimum result is obtained when the fit to find the 
diffusion value is obtained from information only up to a time lag of 3 frames. This means that in 
the case of the windowed MSD calculation the distance information from the first to the last point 

is not considered, whereas this is taken into account in the gyration method. However, when the 
positions are more precisely known (i.e. low localization error), the MLE and Bayesian based 
methods start to outperform the gyration method. An explanation for this might lie in the fact 

that these methods make use of averaged distances of single steps. The average value of single 
steps in a segment is apparently precise enough to find the most likely underlying diffusion 
coefficient. Without localization errors, the (windowed) MSD also scores best when only single 

steps (corresponding to a time lag of 1 frame) are considered. Our approach with the windowed 
MSD is then in fact equivalent to the MLE method43. Another reason why the windowed MSD 
scores lower than other methods might be because MSD values can be negative, especially with 

higher localization errors. It is not clear what the chance is that negative values represent a slow or 
a fast state (we classified these values as slow), such that negative values cannot be adequately 
classified.  

 Interestingly, it remains an open question whether the gyration based classification method is 
the optimal quantification measure for the cases simulated, or that another quantification measure 
can be invented that outperforms gyration based classification. We saw that classification based on 

the maximum likelihood of the average of single step sizes is outperformed by gyration based 
classification, hence MLE does not yield the optimal performance to this problem. How to best 

combine all the positional information of a segment remains an open question. 
Although we demonstrated the state classification for a two population system, the framework and 
the methods can also be used for more than two populations. The CDF fit should then be adjusted 

for multiple populations, and thresholds can similarly be set at the found α-th percentile. This 
expansion can be benchmarked using similar simulations situations as we have presented here. 
Other quantification methods can also use this framework for benchmarking the method in a 

realistic context of single molecule experiment on plasma membrane receptors. In this chapter we 
have tested prevalent analysis methods for quantification of the local diffusion. Although the 
confinement and gyration methods have been developed in the context of confinement, they had 

never been applied for quantification of pure Brownian motion, whereas we showed that these 
methods outperform classical methods to classify segments to a diffusion state. 

 Michalet34 has discussed the practicality of using an windowed MSD. He argued that the 
segment length must be chosen small enough so as to measure local behavior and not averaged 
global behavior, yet large enough to be sufficiently accurate as too small windows have a broad 

distribution in output values. He therefore concluded that this method can rarely provide reliable 
estimates of the diffusion coefficients, and can only show a difference in multiple orders of 
magnitude, even for windows of 100 points. Although this conclusion is valid in the case of 

exceedingly low diffusion coefficients, such as D = 10-4 μm2/s in his example, we showed that a 
windowed MSD can still be useful in diffusion state classification. However it is indeed not as 
powerful as the other methods tested.  

 We chose to use the CDF fit approach to find the global diffusion values. Another approach to 
obtain the diffusion coefficients has been described using Bayesian statistics45 and a hidden 

Markov model. This method finds the different (and hidden number of) diffusion states with their 
diffusion coefficients40. Although this method yields accurate results, it also requires about a 
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thousand fold more computational time on our computer, whereas a CDF fit is comparably 

accurate. Concerning the accuracy of the quantification measure, we neglected the influence of the 
exposure time on these values. While this leads to underestimation of the value of the diffusion 
coefficient due to the averaging blur during exposure1,46, we only used the values to classify states; 

the exposure time effect should not have much influence on this classification. 
 In this chapter we only regarded spatiotemporal analysis methods, as especially the spatial 

information may yield important information, such as where a molecule is interacting. Therefore 
we have excluded image correlation spectroscopy methods, such as PICS50,51, which do not require 
tracking, and a Monte Carlo approach38. Also, we only looked at alternating diffusion states, and 

not at active transport or confinement, as explained before.  

The application of the gyration based diffusion state classification approach demonstrated that the 
correctness achieved is sufficient to identify spatial zones of slowed diffusion within cellular 
structures. Such zones are perticularly important as they reflect the regions where the protein 

interacts with other proteins or cellular compounds. The physiological meaning of the slow 
diffusion zones in our example of EGF receptor remains an open question at the moment. They 

could be related to cytoskeletal structures or regions where the receptor exhibits internalisation. 
For other proteins we might find another distribution of membrane patches of slowed diffusion, 
and specific diffusion states near other cellular structures such as actin or microtubuli might be 

seen. In that case, single molecule trajectories may indicate a role of such cellular structures in the 
signaling of a protein studied when analyzed by diffusion state classification. 
 Diffusion state lifetimes obtained by this classification framework seem less informative, as they 

tend to be underestimated due to short periods of incorrect state classification (Fig. S5). To 
reliably obtain changes in state lifetimes, a high classification correctness (> 85%) seems essential. 
State lifetimes can however be used as a test to confirm that the diffusive populations found (using 

the CDF fit) are lasting longer than the timescale of the sampling rate (time between frames). 
States with extremely short lifetimes are probably caused due to issues with multiple intermixed 
diffusive states, and further diffusion classification is unreliable in that case. 

In summary, we have introduced a new strategy for spatiotemporal classification of two-
population diffusion, and compared methods to be used for this classification. We have validated 

our proposed diffusion state classification approach by testing with simulations and showed 
possible applications, such as determining diffusion state lifetimes and composing diffusion state 
images. The key feature of the proposed framework is that a diffusion estimator is the logical 

choice but not necessarily the best way to discriminate and classify segments to two diffusion 
states. When we have determined the diffusion coefficients and their fractions present in the 
motion of all the molecules (e.g. using a CDF fit of the squared displacements20), there is no need 

to find a local diffusion coefficient. What remains is the need to classify the local motion to one of 

the found diffusion states. The found fraction size α can be used to perform objective thresholding 
of the local quantification measures. This avoids relying on subjective manual thresholding in 

segment based methods to detect transitions between motion patterns39, such as relative 
confinement4,36.  
 We have found that the gyration method is best used for diffusion state classification when the 

localization error (due to photon shot noise and the finite proximity of the fluorescent dye to the 
protein) is on the order of 40 nm, whereas MLE or Bayesian methods are preferred in the case of 

localization errors of 20 nm or less. Although the differences in the resulting classification 
correctness are small, the robustness of the gyration method is higher than the MLE method, 
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especially when a limited number of displacements are available for the CDF fit. Furthermore, the 

Bayesian method was about a thousand fold slower on our computer, while it outperforms the 
gyration based classification only marginally. For realistic plasma membrane receptor motion, the 
optimal setting of the gyration method requires a segment window of 4 to 7 frames; the method 

then classifies 70% to 90% correct, depending on the exact characteristics of the motion. 
Simulations with spatially organized diffusion states demonstrated that this is adequate to observe 

spatial organization of diffusion states. The estimated correctness for experimental data may be 
determined by performing simulations as demonstrated. When the diffusion states are visualized 
at high resolution at their position in live cells, such diffusion state images may aid in identifying 

spatially separated zones of the occurring states on the membrane of the cell. Zones of slowed 
diffusion are an indication of interactions with the protein studied. We showed that such zones 
exist for EGF receptors within cellular structures. The image also showed static or slowly dynamic 

cellular structures, such as filopodia. 
 In conclusion, new biophysical insight could be acquired from spatiotemporal information of 
protein mobility. Such information can be obtained through the proposed diffusion state 

classification approach. We expect that the visualization of zones of altered diffusion of proteins 
on top of other cellular structures will help in providing a better understanding in the 
organization of the plasma membrane and the role of the cytoskeleton in protein signaling. Spatial 

diffusion classification will be a valuable tool for obtaining more insight in the complex protein 
interactions in live cells.  

The authors would like to thank Kasper van Zon for discussions about the state classification 
likelihood, and Jenny Ibach for providing the SNAP-ErbB1 plasmid. Furthermore we thank Peter 
Relich and Dr. Keith Lidke for sharing their single molecule tracking software with us. 

This work is supported by an EU NanoSci E+ grant via STW grant 11022-NanoActuate. 
 



 

 

 

Supporting Material  

 

Classification of dynamical diffusion states in single 

molecule tracking microscopy 

 
 

 
 
 

 
 
 

 
 

Peter J. Bosch1 

Johannes S. Kanger2  

Vinod Subramaniam1,2,3 

 

 

1. Nanobiophysics, MESA+ Institute for Nanotechnology and MIRA Institute for Biomedical 

Technology and Technical Medicine, University of Twente, PO Box 217, 7500AE Enschede, 
The Netherlands  

2. MIRA Institute for Biomedical Technology and Technical Medicine, University of Twente, 

The Netherlands  
3. Present address: FOM Institute AMOLF, Science Park 104, 1098 XG Amsterdam, The 

Netherlands 



Diffusion classification in trajectories 

 86 

   



Chapter 3 

 87 

A B

C D

59.4%

57.5% 60.1%

64.3% 63.7% 57.3%

59.6% 64.7% 63.3% 61.4%

66.1% 66.9% 65.7% 63.8%

66.0% 67.0% 66.2% 64.6%

66.5% 68.0% 67.6% 66.2%

66.1% 67.8% 67.5% 66.4%

66.3% 68.1% 68.2% 67.4%

61.9% 64.9% 67.8% 67.2%

65.9% 67.8% 67.9% 67.5%

65.4% 67.3% 67.5% 65.8%

65.2% 67.1% 67.4% 67.2%

MSD points in curve

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

60.1%

61.6% 62.5%

67.8% 64.0% 63.7%

68.0% 66.9% 63.6% 63.2%

69.6% 67.5% 67.4% 65.2%

69.4% 67.8% 67.8% 65.8%

70.1% 70.4% 69.2% 67.4%

69.7% 70.1% 69.1% 67.5%

69.8% 70.4% 69.7% 68.4%

69.4% 70.0% 69.3% 68.2%

69.3% 69.3% 69.4% 68.6%

68.7% 69.4% 69.0% 68.2%

68.5% 69.2% 68.8% 68.2%

MSD points in curve

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

50

55

60

65

70

75

80

47.2%

51.9% 49.0%

55.3% 54.6% 51.5%

57.4% 57.9% 55.8% 52.8%

59.8% 60.8% 59.6% 56.7%

61.0% 62.7% 63.9% 59.7%

64.6% 64.6% 63.9% 62.5%

63.3% 66.2% 65.3% 63.8%

64.5% 67.1% 66.8% 65.6%

64.8% 67.8% 67.6% 66.5%

65.8% 68.8% 68.7% 67.6%

66.2% 69.0% 69.1% 68.1%

66.7% 69.9% 70.0% 69.1%

MSD points in curve

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

60.5%

58.8% 62.2%

66.4% 65.9% 63.9%

68.0% 68.1% 66.6% 64.7%

69.7% 70.4% 69.2% 67.4%

70.6% 71.7% 70.8% 69.0%

71.8% 73.3% 72.5% 71.0%

72.4% 74.1% 73.4% 72.1%

73.2% 75.1% 74.7% 70.6%

73.5% 75.6% 75.2% 74.1%

74.0% 76.3% 76.1% 75.0%

74.2% 76.6% 76.4% 75.5%

74.6% 74.0% 77.0% 76.1%

MSD points in curve

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

50

55

60

65

70

75

80



Diffusion classification in trajectories 

 88 

A

B 

63.5% 61.7% 60.6% 58.5% 56.4%

64.8% 63.1% 61.3% 59.0% 56.7%

67.5% 66.9% 64.1% 61.6% 58.8%

67.4% 66.5% 63.5% 60.8% 58.5%

68.4% 68.9% 65.8% 62.7% 60.1%

67.9% 67.8% 64.9% 61.8% 59.4%

68.0% 69.0% 66.5% 63.3% 60.7%

67.4% 67.9% 65.5% 62.5% 59.9%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

1

2

3

4

5

6

7

8

9

10

64.9% 63.7% 61.6% 59.1% 56.6%

66.8% 64.4% 62.4% 59.9% 57.7%

69.7% 68.3% 65.5% 62.9% 60.2%

69.8% 67.6% 64.5% 62.0% 60.0%

70.9% 69.7% 67.2% 64.2% 61.8%

70.2% 68.5% 65.7% 62.9% 60.7%

70.4% 69.5% 67.5% 64.9% 62.3%

69.5% 68.2% 66.0% 63.5% 61.1%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

1

2

3

4

5

6

7

8

9

10

63.7% 62.0% 60.1%

65.7% 65.4% 63.2%

66.4% 65.1% 62.5%

67.1% 66.9% 65.1%

67.2% 66.5% 64.5%

67.5% 67.3% 66.0%

67.3% 66.8% 65.3%

67.3% 67.2% 66.3%

67.0% 66.7% 65.7%

66.8% 66.8% 66.1%

66.5% 66.3% 65.6%

66.3% 66.3% 65.8%

65.9% 65.8% 65.3%

65.7% 65.7% 65.4%

65.3% 65.3% 64.9%

65.0% 65.0% 64.9%

64.7% 64.7% 64.5%

64.5% 64.5% 64.4%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3

2

4

6

8

10

12

14

16

18

20
50

55

60

65

70

75

80

71.5% 68.2% 66.5% 62.9% 60.0%

71.2% 68.5% 65.5% 62.4% 59.4%

73.6% 72.7% 68.4% 64.9% 61.9%

72.1% 70.6% 66.8% 63.4% 60.8%

72.4% 72.5% 69.1% 65.3% 62.2%

71.1% 70.6% 67.3% 63.9% 61.1%

70.4% 71.2% 68.8% 65.4% 62.5%

69.4% 69.6% 67.2% 64.3% 61.5%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

1

2

3

4

5

6

7

8

9

10

71.6% 69.6% 66.7% 62.9% 59.6%

72.2% 68.7% 65.9% 62.9% 60.1%

74.2% 72.3% 68.6% 65.5% 62.6%

73.0% 70.3% 66.7% 63.8% 61.4%

73.3% 71.9% 69.0% 65.7% 63.1%

72.0% 70.1% 67.1% 63.9% 61.6%

71.8% 70.7% 68.6% 65.8% 63.1%

70.5% 69.2% 66.9% 64.2% 61.7%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

1

2

3

4

5

6

7

8

9

10

60.2% 61.1% 58.8%

63.8% 64.7% 65.0%

66.0% 66.1% 65.6%

67.9% 68.3% 68.1%

69.1% 69.1% 68.5%

70.2% 70.5% 70.3%

71.0% 71.0% 70.4%

71.7% 71.9% 71.7%

72.2% 72.2% 71.8%

72.6% 72.9% 72.6%

73.0% 73.0% 72.6%

73.3% 73.4% 73.3%

73.4% 73.5% 73.2%

73.6% 73.7% 73.7%

73.7% 73.8% 73.6%

73.8% 74.0% 74.0%

73.9% 74.0% 73.9%

74.0% 74.1% 74.1%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3

2

4

6

8

10

12

14

16

18

20
50

55

60

65

70

75

80

   Relative confinement             Gyration    MLE 

   Relative confinement             Gyration    MLE 



Chapter 3 

 89 

C

D 

69.2% 71.1% 72.0% 72.3% 72.1%

70.8% 72.3% 73.2% 73.0% 72.6%

72.9% 74.9% 74.9% 74.4% 73.5%

73.3% 75.1% 74.7% 74.2% 73.4%

74.3% 76.6% 76.2% 75.3% 74.3%

74.2% 76.2% 75.7% 74.6% 73.7%

74.5% 77.1% 76.7% 75.3% 74.3%

74.3% 76.4% 76.0% 74.8% 73.6%

74.2% 76.7% 76.5% 75.5% 74.1%

73.8% 75.9% 75.6% 74.8% 73.6%

73.6% 76.0% 76.0% 75.2% 74.0%

73.2% 75.2% 75.3% 74.5% 73.6%

72.8% 75.1% 75.5% 74.8% 73.8%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

69.9% 72.3% 73.3% 73.3% 73.0%

72.1% 72.9% 73.5% 73.2% 72.6%

74.6% 75.3% 75.2% 74.8% 73.8%

75.3% 75.2% 74.7% 74.1% 73.5%

76.4% 76.6% 76.1% 75.3% 74.5%

76.4% 76.0% 75.2% 74.3% 73.5%

76.7% 76.6% 76.1% 75.3% 74.3%

76.3% 75.9% 75.2% 74.2% 73.3%

76.2% 76.1% 75.7% 74.9% 74.0%

75.8% 75.4% 74.8% 73.9% 73.0%

75.6% 75.4% 75.1% 74.4% 73.6%

75.0% 74.7% 74.2% 73.5% 72.7%

74.8% 74.7% 74.3% 73.8% 73.2%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

60.2% 61.1% 58.8%

63.8% 64.7% 65.0%

66.0% 66.1% 65.6%

67.9% 68.3% 68.1%

69.1% 69.1% 68.5%

70.2% 70.5% 70.3%

71.0% 71.0% 70.4%

71.7% 71.9% 71.7%

72.2% 72.2% 71.8%

72.6% 72.9% 72.6%

73.0% 73.0% 72.6%

73.3% 73.4% 73.3%

73.4% 73.5% 73.2%

73.6% 73.7% 73.7%

73.7% 73.8% 73.6%

73.8% 74.0% 74.0%

73.9% 74.0% 73.9%

74.0% 74.1% 74.1%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3

2

4

6

8

10

12

14

16

18

20
50

55

60

65

70

75

80

64.8% 65.4% 67.2% 67.0% 65.1%

67.6% 69.0% 70.2% 69.6% 67.7%

70.5% 72.9% 73.1% 72.7% 70.7%

71.7% 73.9% 73.9% 72.9% 71.2%

73.3% 76.0% 75.9% 74.6% 72.9%

73.8% 76.1% 75.8% 74.2% 72.5%

74.6% 77.4% 77.2% 75.3% 73.5%

74.6% 76.9% 76.6% 74.9% 72.9%

74.9% 77.5% 77.4% 75.8% 73.6%

74.7% 76.8% 76.6% 75.2% 73.2%

74.7% 77.0% 77.1% 75.9% 73.9%

74.5% 76.5% 76.4% 75.0% 73.3%

74.3% 76.4% 76.7% 75.6% 73.9%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

66.3% 68.2% 69.3% 69.0% 66.6%

70.1% 70.8% 71.8% 71.0% 69.6%

73.4% 74.1% 74.5% 74.3% 72.5%

74.9% 74.8% 74.6% 74.1% 73.2%

76.4% 76.6% 76.3% 75.7% 74.8%

76.8% 76.4% 75.8% 74.9% 73.9%

77.3% 77.3% 76.9% 76.0% 75.0%

77.2% 76.8% 76.1% 75.1% 73.9%

77.4% 77.3% 76.8% 76.0% 74.8%

77.1% 76.7% 76.0% 75.0% 73.8%

77.0% 76.8% 76.4% 75.6% 74.6%

76.6% 76.2% 75.6% 74.7% 73.6%

76.4% 76.2% 75.8% 75.1% 74.2%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3 4 5

2

4

6

8

10

12

14

64.9% 66.0% 66.7%

67.7% 68.6% 69.0%

69.5% 69.7% 69.4%

71.1% 71.5% 71.4%

72.2% 72.2% 71.8%

73.3% 73.6% 73.3%

74.0% 74.0% 73.5%

74.7% 75.0% 74.7%

75.2% 75.2% 74.7%

75.6% 75.8% 75.5%

75.9% 75.9% 75.5%

76.2% 76.3% 76.1%

76.3% 76.3% 76.0%

76.5% 76.7% 76.5%

76.6% 76.6% 76.3%

76.7% 76.9% 76.7%

76.8% 76.8% 76.5%

76.8% 76.9% 76.8%

minimum state duration (tc)

w
in

do
w

 s
iz

e

1 2 3

2

4

6

8

10

12

14

16

18

20
50

55

60

65

70

75

80

   Relative confinement             Gyration    MLE 

   Relative confinement             Gyration    MLE 



Diffusion classification in trajectories 

 90 

 
 



Chapter 3 

 91 

  



Diffusion classification in trajectories 

 92 

A B

C D

E F



Chapter 3 

 93 

  

D



Diffusion classification in trajectories 

 94 



Chapter 3 

 95 



Diffusion classification in trajectories 

 96 

 

 



Chapter 3 

 97 



 

 

 



Chapter 4 

 

Evaluation of fluorophores to label SNAP-tag fused 

proteins for multicolor single molecule tracking 

microscopy in live cells 

 
 
 

 
 
 

 
 
 

 

Peter J. Bosch1 

Ivan R. Corrêa Jr.2 

Michael H. Sonntag3 

Luc Brunsveld3 

Johannes S. Kanger1 

Vinod Subramaniam1, 4 

 

 
1. Nanobiophysics, MESA+ Institute for Nanotechnology and MIRA Institute for 

Biomedical Technology and Technical Medicine, University of Twente, PO Box 217, 

7500AE Enschede, The Netherlands  
2. New England Biolabs, Ipswich, MA, USA 

3. Laboratory of Chemical Biology, Department of Biomedical Engineering, and Institute of 
Complex Molecular Systems, Eindhoven University of Technology, The Netherlands 

4. Present address: FOM Institute AMOLF, Science Park 104, 1098 XG Amsterdam, The 

Netherlands 
 
 

Biophysical Journal, 2014, in press 
 



SNAP-tag in single-molecule microscopy 

 100 

 

��������	��
������
�����������
	�������������������
��������	��������	�����������
�����������

	��������	���������
	����������	������	������
������������
��������������	����	������������	��

	�����������
���	���������
�����������	�������������	��������������	�����������������	��	���������

������
��	��� ���� � !"#���� ��� ��� �������
����� �	�	������� ���� ������� ���
���
� ������
� ���� �	�

����
����������	��
�����������	����	�����	�����������$���������	����	�����
�����������������	������


�	�
��	��	����������	��
����������	���������	��
������
	�
	������������������ !"#�������������

���������

%����������&����������'&������
�������������	�����������������������������	��
������
	�
	���

	�� � !"#���� ����	�� �	������ ��� ����� 
������%�� ���������� ���� �	����
���
� �������� ������� ���� ����

��	�	����������	������������
	�(�������������	�����	���� !"#�������������������	�������������


������%���	���������	���������������������	�������������������������������	���������	��
������
�����

��
	�
	�����

�������������	���������
������
�	�
��	�����������	�
	�(�������	������ !"#����������	�������� !"#

���� ����	�� �	������ ��� ���� ���	������ �������� ����� ������ ������ �	�� ����� ��	�	����
����� 	�

����� �	����
���
� ���������� ������ 
���
������
�� ������ �	� ��� ������
������ ���	������� ���
��

�	�������� ���� ����� �	� ���	�� ���� ���������
� ������ ��������� ����� %�� ����� �����	���� ��

�	�	
	�� �	��������������������������������	� ����
	�����	�����������������������������������)��

*+,�����-.�&+/�������������
�	�
�����������	���������	��
������
������0��������	����������������

��� ���	� ���	������� ���� �	���������� 	�� ����#
	�	� ������� �	��
���� �������� 	�� � !"#���� ����	��

�	�������������������	���������	�������	��������	�	�����
����������������	�������	���������

	�� � !"#���� ���	��
���� ����������� ��������� ���� ����
��	�� 	�� 	������� ����� ���� 
	�����	��� �	�

��������	��
������������	��� !"#�����������	���	��������������	��
�
�����������

 



Chapter 4 

 101 

Single molecule fluorescence microscopy has emerged in recent years as a powerful tool to 

investigate the structural dynamics and biological functions of proteins and macromolecular 
protein complexes1–5. Single molecule fluorescence approaches can reveal the dynamic 

interactions of individual proteins and heterogeneity in the spatial distribution of proteins that are 
difficult to detect using other fluorescence microscopy approaches6–8. Despite the extraordinary 
advances in single molecule fluorescence achieved to date, there remain many technical challenges 

that must be overcome to systematically study proteins in their native highly complex cellular 
environment. One of the challenges involves the specific and monovalent labeling of proteins of 
interest with a photostable fluorescent probe. In the last decade several technologies have been 

developed that permit proteins to be specifically tagged with organic dyes in live cells2,3,9–11. In this 
paper we focus on the fluorescent labeling of proteins for single molecule tracking. 
 Single molecule fluorescence microscopy allows the tracking of proteins in a living cell at high 

resolution for a short period of time12–15. The trajectories obtained contain valuable 
spatiotemporal information on interactions of proteins with their microenvironment16–18. For 
instance, a protein may interact with other molecules resulting in transient slowed diffusion or 

confinement by the cytoskeletal or other nanoscale compartmentalization structures in the plasma 
membrane11,15,19–23. One of the main advantages of single molecule fluorescence microscopy is the 
ability to track single protein molecules to provide details on the kinetics of protein association 

and dissociation. When the trajectories of a single protein species are recorded in multiple colors, 
they can reveal the kinetics of homo-dimerization interactions by co-movement of the labeled 

molecules11,24. For this co-movement analysis, the protein species needs to be labeled with 
fluorophores emitting light at spectrally distinct wavelengths to allow simultaneous visualization 
at high resolution of two distinct proteins (of one protein species). Knowledge of protein 

interactions and their kinetics is important to understand the underlying signal transduction 
mechanisms and to model the cellular signal regulatory system25–27.  
 A common approach to fluorescently label proteins is by cloning and expressing the protein of 

interest fused to an autofluorescent protein (FP). Several FPs are currently available that are 
suitable for single molecule tracking, such as mCitrine, mCherry28, and the infra-red iRFP29. While 
these genetically encoded labels allow multi-color tracking, FPs cannot match the photostability of 

small organic dyes2,30, limiting the timescale over which a protein can be tracked, and the accuracy 
with which it can be localized. To permit imaging of longer trajectories, fluorescent probes should 
ideally be bright and photostable (i.e. slow to photobleach) in addition to being specifically 

linkable to the protein of interest. The tools of choice in this case are organic dyes and quantum 
dots (Qdots). Although Qdots are extremely bright and photostable, they are larger than most 
proteins themselves, which might sterically hinder the movement of the protein31. Additionally, 

the use of monovalent quantum dots requires custom fabrication32–34, and they might suffer from 
nonspecific labeling or aggregation35,36.  
 More recent genetic techniques allow the specific and monovalent labeling of recombinant 

proteins with small organic fluorophores in live cells. Labeling by means of protein tags 
complements other approaches to label proteins with organic fluorophores such as labeling with 

fluorescently labeled ligands and immunostaining with antibodies or Fab fragments. Since the tag 
does not compete with ligand binding and has no antagonistic function, the effects of ligands or 
inhibitors on ligand-free and fully functional receptors can be studied. The monovalency of the 

substrates ensures that no artificial clustering is induced.  Among the most versatile of the protein 
tags is the SNAP-tag, a 20 kDa mutant of the human DNA repair protein O6-alkylguanine-DNA 
alkyltransferase (hAGT) that reacts specifically and rapidly with benzylguanine (BG) or 

benzylchloropyrimidine (CP) derivatives, leading to a covalent labeling of the SNAP-tag with a 
synthetic probe37–41. The reaction occurs through a well-defined mechanism and predictable 
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monovalent stoichiometry.  For example, BG substrates derived from organic fluorophores react 

with SNAP-tag to provide specific labeling of a protein species with a fluorescent label at 
physiologically conditions in the cell (Fig. 4.1). For labeling at the single molecule level, SNAP-tag 
is especially suitable to label plasma membrane resident proteins using membrane impermeable 

substrates. 

 There is a wide variety of reported applications in protein labeling for the SNAP-tag system, 

including super-resolution imaging42–44, analysis of protein function45 and protein half-life46, 
protein-protein interactions47, sensing cell metabolites48, and for the identification of drug 
targets49. SNAP-tag labeling has also been utilized to study several protein complexes at the single 

molecule level50–59. Although the application of the SNAP-tag labeling system for single molecule 
tracking had already been suggested14, only recently have Calebiro et al. demonstrated the first 
example (to the best of our knowledge) of this tagging technology for single color fluorescence 

tracking60. These authors used direct receptor labeling with SNAP-tag to dynamically monitor the 
adrenergic receptors β1AR and β2AR and the γ-aminobutyric acid GABAB receptor on intact 
cells, and compared their spatial arrangement, mobility, and supramolecular organization. Benke 

et al. have recently shown a new approach to single molecule tracking by using the blinking 
properties of synthetic dyes attached to SNAP-tag61. While this approach optimizes the total 
number of observable diffusion steps, it does not facilitate the observation of a single protein for as 

long as possible as required to study binding associations. 
 Here we report a comprehensive survey on the photostability and binding specificity of several 
SNAP-tag fluorescent substrates using widefield and total internal reflection fluorescence (TIRF) 

single molecule microscopy. We have investigated the suitability of 22 fluorescent substrates (BG-
dyes) by characterizing their properties in living cells using a C-terminal (extracellular) SNAP-tag 

fusion to the epidermal growth factor receptor (EGFR), a plasma membrane resident protein. Due 
to the significant autofluorescence of cells when using blue excitable dyes, we limited our survey to 
green- and red-excitable dyes. Since a lot of dyes are available in this spectral range, we selected 

dyes from different manufacturers which are commonly available and used, and tried to include 
dyes from various chromophore families. We emphasize that it is essential to study the 
fluorophores in the cellular setting, because photophysical properties are known to differ 

depending on the nature of their conjugate and its microenvironment. For example, different 
photostabilities have been observed for fluorescent proteins on different interfaces, due to the 
apparent role of the protein shell rigidity for each chromophore62. In addition, the fluorescence of 

a number of fluorophores may be quenched by electron donors like guanine, tryptophan, etc.63. 
Therefore the photophysical properties of free substrates in solution or immobilized on a glass 
surface do not necessarily reflect their properties after reaction with the SNAP-tag fused protein. 
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Very recently, the photostability of two red-excitable fluorescent substrates was measured for 

another protein tag (A-TMP) at the single molecule level64. The binding specificity for these 
substrates was not determined. 

Commercially available compounds were used without further purification. SNAP-Surface Alexa 

Fluor 546 (BG-Alexa 546), SNAP-Surface 549 (BG-Dy 549), SNAP-Surface 632 (BG-Dy 632), 
SNAP-Surface 647 (BG-Dy 647), SNAP-Surface Alexa Fluor 647 (BG-Alexa 647), SNAP-Surface 
649 (BG-Dy 649) were obtained from New England Biolabs, Inc.  

 BG-Atto 550, BG-Atto 565, BG-Atto 620, BG-Atto 633, BG-Atto 647N, BG-Atto 655, and BG-
TF5 have been described previously40–42,65. The remaining substrates for the labeling of SNAP-tag 
fusion proteins were prepared by reacting the building block BG-NH2 (S9148, New England 

Biolabs, Inc.) with commercially available N-hydroxysuccinimide esters (NHS) of the 
corresponding fluorophores. Atto Rho6G and Atto 532 were obtained from Atto-Tec GmbH 

(Siegen, Germany); Dy 549, Dy 630, Dy 634, Dy 648, and Dy 651 were obtained from Dyomics 
GmbH (Jena, Germany). CF633 and CF640R were obtained from Biotium Inc. (Hayward, CA, 
USA), and Star635 was obtained from Abberior GmbH (Göttingen, Germany).  

 BG-549-549, BG-Dy 651, BG-CF 633, BG-CF 640R, and BG-Star 635 were purified and 
analyzed with the following equipment. Reversed-phase high-performance liquid chromatography 
(HPLC) was performed on Agilent LC/MS Single Quad System 1200 Series (analytical) and 

Agilent 1100 Preparative-scale Purification System (semi-preparative). Analytical HPLC was 
performed on Waters Atlantis T3 C18 column (2.1 x 150 mm, 5 μm particle size) at a flow rate of 
0.5 mL/min with a binary gradient from Phase A (0.1 M triethyl ammonium bicarbonate (TEAB) 

or 0.1% trifluoroacetic acid (TFA) in water) to Phase B (acetonitrile) and monitored by 
absorbance at 280 nm. Semi-preparative HPLC was performed on VYDAC 218TP series C18 

polymeric reversed-phase column (22 x 250 mm, 10 μm particle size) at a flow rate of 20 mL/min. 
Mass spectra were recorded by electrospray ionization (ESI) on an Agilent 6120 Quadrupole 
LC/MS system. BG-Atto Rho6G, BG-Dy 630, BG-Dy 634, and BG-Dy 648 were purified and 

analyzed with the following equipment. Reversed-phase high-performance liquid chromatography 
(HPLC) was performed on Shimadzu SCL-10 AD VP series (analytical) and Shimadzu LC-20 AD 
System (preparative). Analytical HPLC was performed on a reversed phase HPLC column 

(GraceSmart PP18, 50 mm x 2.1 mm, 3μm) at a flow rate of 0.20 mL/min and a binary gradient of 
acetonitrile in water (both containing 0.1% formic acid) at 298K. Mass and UV-VIS spectra were 
recorded with an Ion-Trap (LCQ Fleet Ion Trap Mass Spectrometer, Thermo Scientific) and diode 

array detector (Finnigan Surveyor PDA Plus detector, Thermo Electron Corporation). Preparative 
reversed-phase HPLC was performed on a reversed phase HPLC column (GraceAlpha C18 5u, 
250 mm x 4.6 mm) at a flow rate of 1 mL/min with an isocratic gradient of Phase A (0.1 % formic 

acid in water or 25 mM ammonium acetate in water, pH 4) to Phase B (0.1 % formic acid in 
acetonitrile) and monitored with a UV-VIS detector (SPD-10AV VP series, Shimadzu).  

For BG-Dy 651, BG-CF633, BG-CF640R and BG-Star 635, reactions were performed at 1 – 2 μmol 

scale using 1.0 equiv of BG-NH2 in anhydrous N,N-dimethylformamide (DMF) in the presence of 
triethylamine (2.0 equiv), and the corresponding fluorophore N-hydroxysuccinimidyl ester (1.0 
equiv), at room temperature. For BG-Atto Rho6G, BG-Dy 630, BG-Dy 634, and BG-Dy 648, 

reactions were performed at 0.1 μmol scale using 1.0 equiv of BG-NH2, 1% triethylamine, and 3.0 
– 4.0 equiv of the fluorophore N-hydroxysuccinimidyl ester, at 30°C. BG-Dy 549-549 (BG-549-
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549) was synthesized by reacting the bifunctional building block BG-Lys(Dde)-Fmoc66 with a 2% 

solution of hydrazine in DMF (0.5 mL), followed by solvent removal under high vacuum 
overnight, and treatment with 2.2 equiv of triethylamine and 2.2 equiv of Dy549 N-
hydroxysuccinimidyl ester at room temperature. All coupling reactions were carried out for 12 h. 

Reaction completion was monitored by HPLC. Reaction mixtures were concentrated and purified 
by reversed-phase HPLC. Each substrate was analyzed by mass spectrometry and UV absorption. 

Isolated yields are given in parentheses when determined and are not optimized. BG-CF633 

(54%): ESI-MS m/z 1074.4 [M+H]+, λmax=630 nm; BG-CF640R (80%): ESI-MS m/z 1083.3 [M-H]-, 

λmax=642 nm; BG-Star635 (30%): ESI-MS m/z 1148.3 [M+H]+, λmax=631 nm; BG-651 (35%): ESI-

MS m/z 1019.3 [M+H]+, λmax=656 nm; BG-AttoRho6G: ESI-MS m/z 766.6 [M+H]+, λmax=535 nm; 

BG-Dy630: ESI-MS m/z 887.6 [M+H]+, λmax=631 nm, BG-Dy634: ESI-MS m/z 1155.5 [M+H]+, 

λmax=631 nm, BG-Dy648: ESI-MS m/z 989.5 [M+H]+, λmax=650 nm; BG-Dy 549x2 (61%): ESI-MS 

m/z 998.8 [M-2H]2-, λmax=557 nm. 

All cell culture materials were obtained from PAA Laboratories (Pasching, Austria) unless stated 
otherwise. The MCF7 epithelial human breast cancer cell line, and plasmids coding for SNAP-
EGFR were a gift from Jenny Ibach (Max Planck Institute, Dortmund, Germany). MCF7 cells 

were cultured in high glucose Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 
10% FBS and Pen Strep at 37°C with 5% CO2. The H441 epithelial human lung adenocarcinoma 
cancer cell line was a gift from Anton Terwisscha van Scheltinga (Department of Medical 

Oncology, University of Groningen, The Netherlands). These cells were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 medium supplemented as above. The HeLa epithelial human 
cervix adenocarcinoma cancer cell line was a gift from Wilma Petersen (University of Twente, The 

Netherlands), and was cultured in Iscove's Modified Dulbecco's Media (IMDM) supplemented as 
above.  
 We created stably expressing SNAP-EGFR HeLa cells by transfecting HeLa cells in a 60 cm2 well 

of 40%-confluent cells using 9 μg of SNAP-EGFR plasmid DNA and 20 μL Lipofectamine LTX 
and 9 μL Plus reagent (Invitrogen) in 15 mL Pen Strep free cell medium, as described in the 
suppliers’ protocol. Selection (1400 μg/mL of active G418) was applied after 24 h. After 5 days the 

cells were split over two 6-well plates. After 10 days the wells were screened for expression of 
SNAP-EGFR by labeling with 500 nM BG-Alexa 546 for 15 min and fluorescence microscopy 

analysis on the single molecule sensitive microscope as described later. Note that the expression 
level can be very low at this stage, and the imaging required a single molecule sensitive 
fluorescence microscope. One well contained positive cells with an expression level slightly above 

the single molecule level; these cells were further cultured. For culturing, the concentration of 
active G418 was 350 μg/mL.  

For each dye, video recordings were taken of four samples: the SNAP-tag positive cells and the 
three negative cell lines. Before measurements, HeLa cells stably expressing SNAP-EGFR, HeLa 

cells, MCF7 cells, and H441 cells were plated in Greiner Bio CellView dishes (product #627870) in 
full medium, and left overnight to allow the cells to adhere to the glass. The HeLa cells stably 

expressing SNAP-EGFR were also starved in FBS free medium and left for another night to reduce 
the activity and internalization of the EGFR fusion protein. On the day of the experiment, cells 
were washed with starvation medium containing 0.5% BSA. Labeling of the SNAP-EGFR proteins 

was carried out thereafter by incubating the cells for 2 minutes (± 10 seconds) with 400 nM of 
each BG-dye in starvation medium containing 0.5% BSA. Samples were washed immediately by 
replacing the labeling solution with PBS buffer supplemented with magnesium and calcium. This 
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washing step was repeated at least three times. Incubation and washing of the SNAP-tag negative 

cells with the substrates was performed using the same conditions. 

Measurements were performed on an inverted microscope with an Olympus PlanApo 100x/1,45 
Oil TIRF objective. For the excitation we used a 532 nm 400 mW solid state laser from Pegasus 

Shanghai Optical Systems (Pegasus Lasersysteme, Wallenhorst, Germany), and a 637 nm 300 mW 
diode laser from Changchun New Industries Optoelectronics (Laser 2000, Vinkeveen, The 
Netherlands). The infrared light produced by the lasers was not sufficiently suppressed; we 

therefore filtered the green laser light with an FF01-543/22 (SemRock, Rochester, NY) filter and 
the red laser light with a D644/10m (Chroma, Olching, Germany) bandpass filter. The two laser 
beams were combined with a 610 nm longpass mirror. An achromatic quarter wave plate (VM-

TIM Optomechanische Werke, Jena, Germany) was used to obtain circularly polarized excitation 
light. An FF494/540/650-Di01 (SemRock) dichroic mirror separated the excitation light from the 
emission light. The optical path and filters reduced the power of the laser light reaching the 

objective. For the green laser 88 mW was measured after the objective, and for the red laser 47 
mW was measured after the objective. The excitation field of view had an approximate diameter of 

60 μm, which resulted in an estimated 3.1 and 1.7 kW/cm2 for the green and red excitation 
intensity respectively. The emission light was filtered with an NF03-532/1064E (SemRock) and an 
NF02-633S (SemRock) notch filter, and then split with an FF640-FDi01 (SemRock) imaging 

flatness quality dichroic mirror. The emission light from the green excitation dyes was passed 
through a FF01-580/60 (SemRock) bandpass filter, and the light from the red excitation dyes 
through a HQ680/60m (Chroma) bandpass filter. The images were acquired using two Andor 

iXon EM+ DU-897 back illuminated EMCCD cameras. Using a calibration sample with grid lines 
separated at known distances, we determined that the pixel size was 119 ± 2 nm (the 
magnification was 134x). The sample was only illuminated during the acquisition time by utilizing 

the TTL output of the camera and TTL input of the lasers. Samples were heated to 35-37°C on the 
microscope with a stage heating plate and an objective ring heater. 

Measurements to determine nonspecific binding of the SNAP substrates were performed using 

widefield and TIRF illumination. Measurements to determine the photobleaching of the substrates 
were performed using widefield illumination. The illumination time differed for each fluorescent 
substrate, and was chosen in such a way that single molecules were clearly visible over the 

autofluorescence background of the cell. We sought to collect the same average number of 
photons per molecule in a frame for each fluorescent substrate. Since the quantum yield has not 
been previously determined for all fluorescent substrates, the illumination time to yield an equal 

number of emitted photons per molecule could not be calculated beforehand. Videos were 
recorded at 20-30 fps, which is the highest allowed frame rate of the camera at the maximum 
readout rate of 10 MHz and frame size of 512x512 pixels. Each video recording consisted of 800 

frames. Before recording each video, a minimal number of frames (approximately 10 to 30 frames) 
were used to focus on the basal membrane of the cell.  

To allow conversion of pixel counts to photons, a calibration of the gain of the two EMCCD 

cameras was performed by the mean-variance method (Fig. S1). The slope of the line in this curve 
is equal to the inverse gain of the camera. A gain of 49.9 ± 0.1 was found for the camera recording 
the green-excitable dyes, and a gain of 32.5 ± 0.1 was found for the camera recording the red-

excitable dyes. The pixel intensities in counts are divided by the camera gain to convert the pixel 
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intensities to photons. The brightness of one molecule (sometimes also termed spot intensity) was 

calculated as the integrated intensity of a single molecule using a Gaussian fit performed by the 
tracking algorithm used67. This yields for all single molecules the number of detected photons per 

single molecule per frame. We defined the single molecule brightness B as the average of these 

numbers in one recording.  
 The brightness of the dye conjugates can be compared between dyes by a relative brightness 

(Table S1), which is a normalized value given by the single molecule brightness B (Fig. S2) divided 

by the acquisition time, the excitation efficiency eη , the emission efficiency, and by the laser 

excitation power. The excitation efficiency eη  is equal to the fraction of the maximum value of the 

excitation spectrum of the dye at the wavelength of the lasers, i.e. 532 nm for the green dyes, and 

637 nm for the red dyes. The spectra of the dyes were downloaded from the SemRock website 
(http://www.semrock.com), except for the CF dyes, TF5 and Star635; we measured the spectra for 
these dyes with a Varian Cary Eclipse fluorescence spectrophotometer (Palo Alto, CA). 

To obtain trajectories from the raw videos, we used previously described tracking software11,67. 

The settings used for the cost matrices in this software can be found in the appendix of Chapter 2. 
For the initial detection of molecules the tracking algorithm uses an intensity threshold. This 
threshold was taken the same for all video series of one fluorescent substrate to obtain a fair 

comparison of the level of specific and nonspecific labeling. The threshold was determined in the 
situation where the substrates are incubated with SNAP-tag expressing cells (specifically attached); 

we used the same threshold values in the detection of nonspecifically attached substrates.  
 After obtaining the single molecule trajectories, two filtering operations were applied with the 
purpose of discarding very short tracks, and differentiating between completely immobile and 

(transiently) mobile molecules. Very short tracks (having less than 7 localizations in total) were 
excluded as they did not contain much significant information; there is also a higher chance that a 
fluorescent spot that is detected only for a few frames was attributable to noise rather than to a 

specifically labeled fluorescent molecule. A segment of a track was defined as the subsequent 
positions of a fluorescent molecule in adjacent frames. This meant that blinking of a dye resulted 
in multiple segments within a track. Immobile tracks were discarded because they often 

represented dye molecules bound to the glass surface, and were detected using a radius of gyration 
algorithm (manuscript in preparation)68. The threshold for the trajectory area was defined by a 
gyration radius of 40 nm, as this corresponded to the apparent area travelled by an immobile 

molecule due to the localization accuracy.  

The number of fluorescent molecules N(i) in each frame i was determined for each recording. 
Since photobleaching follows an exponential decay profile, the photobleaching rates are obtained 

for each video recording by fitting the number of molecules over time with a one component 
exponential function without offset:  
 

( ) ( ) )1exp(1 iNiN ⋅−⋅= τ  (1) 

 

where i is the framenumber, τ is the mean photobleaching time (in frames), hence τ1  is the rate 

of photobleaching per frame, and N(1) the fitted number of molecules in this first frame (i=1). The 

fit was performed over framenumbers 20 till 600. In the first few frames the autofluorescence of 
the cells might obscure a proper detection of single molecules by the algorithm. Because the 
autofluorescence bleaches rapidly, the fluorescent molecules can be reliably detected after 20 
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frames. At frame 600 the number of molecules were reduced to a basal level in most recordings. 

The fluorophore’s mean photobleaching time τ is multiplied by the single molecule brightness B. 

This yields the expected average number of detected photons per molecule P.  

 Since the dye conjugates have different emission spectra, we corrected for the transmission 
efficiency of the filter set to obtain a precise comparison of the dyes. The most relevant parameter 

to compare is the photobleaching rate per emitted photon and not per detected photon. This is 

because not all the emitted photons pass the filters placed before the camera. Not all the emitted 
photons are collected by the objective, but the fraction of photons collected is the same for all the 

dyes, and it is therefore not necessary to correct for this. Furthermore the quantum efficiency of 
the CCD chip is similar around the measured wavelengths. Therefore the photobleaching rates 

were only corrected for the efficiency of the filter set fη , which describes the efficiency with 

which the emitted fluorescence passed the filter set used. The expected number of detectable 

photons Pcorr is given by the expected detected number of photons P divided by the detection 

efficiency fη . The detection efficiency fη  of a dye was determined by integration over the 

combined transmission spectrum of the dichroic mirrors and the emission filter multiplied by the 

normalized emission spectrum of the dye. This efficiency is listed for each dye in Table S1 in the 

Supporting Information. The expected number of detectable photons per molecule Pcorr was 
calculated as: 

 

τ
η

⋅⋅= BP
f

corr
1

 

(2) 

We first screened the dyes to assess the level of nonspecific staining of the dye conjugates in cells 
not expressing the SNAP-tag fusion protein (SNAP-tag negative cells). We excluded substrates 

leading to high nonspecific staining of intracellular structures from further analyses. The results 
from microscopy video recordings of H441 cells incubated with each dye conjugate are shown in 
Fig. 4.2 (widefield illumination), and in Fig. S3 (TIRF illumination). In all the images there was 

full confluence of cells in the field of view. While TIRF images are often preferred over widefield 
images to record receptor proteins due to the reduced background level, likewise, only nonspecific 

staining near and at the plasma membrane of the cells will be observed with TIRF imaging. 
Nonspecifically stained intracellular structures were better observed using widefield imaging, and 
were used for screening of nonspecific staining. The screening for nonspecific binding was based 

on observations of at least 50 cells per sample, and resulted in the exclusion of the following 
substrates: Atto-550, Atto-565 Atto-620, Atto-633, Atto-647N, Dy-630, Dy-651, and Star-635.  
The fluorescent substrates tested exhibited similar levels of nonspecific staining in HeLa cells (data 

not shown). The nonspecific staining observed did not appear to substantially vary among cells in 
the same sample, or between the same samples prepared on different days. Dead cells usually 
showed much more nonspecific staining than healthy cells.  

The remaining dye conjugates were incubated with SNAP-tag negative HeLa, MCF7 and H441 
cells. Microscopy recordings were taken for each SNAP substrate in the different cell lines, with 
the focus of the microscope at the basal membrane of the cells. The tracking algorithm provided 

the number of detected molecules in each frame. For each substrate the camera acquisition time 
used was the same as that used in the recordings with the SNAP-tag positive cells, see Table S1. 
This ensured that the number of detectable nonspecific molecules was determined under the same  
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imaging and tracking conditions as for the imaging of specifically bound molecules. Next we 

differentiated completely immobile molecules from (transiently) mobile molecules. Completely 
immobile molecules are often molecules bound to the glass substrate; these are typically of less  
concern, since they can usually be readily excluded before further analysis. In contrast, nonspecific 

mobile molecules obscure the analysis of the specifically labeled protein molecules.  
 The average number of mobile molecules as well as the total number of molecules (mobile and 

immobile) detected in frame numbers 20-40 are shown in Fig. 4.3. The first 20 frames were 
excluded because the autofluorescence of the cells is then particularly high, which obscures the 
specific detection of labeled proteins. Only regions with full confluence of cells were recorded. The 

total number of nonspecific molecules per field of view is a measure of the expected number of 
molecules adsorbed on the glass substrate (underneath the cells), the immobile molecules, plus the 
number of false positive molecules on the plasma membrane, the (transiently) mobile molecules. 

The number of nonspecific molecules in frame numbers 120-140 is also shown to get insight in 
the photobleaching of nonspecifically bound substrates. 

To determine the photostability of the dyes bound to SNAP-tag, we incubated them with cells 

expressing the SNAP-EGFR fusion protein. Microscopy recordings were taken for each dye 
conjugate to determine the photobleaching rate of the dyes bound to SNAP-tag. A stably 
transfected HeLa cell line, which had low expression levels of SNAP-EGFR (single molecule 

density), was utilized to avoid variance between cells of different samples as a result of 
transfection. We optimized the incubation concentration and time for high labeling efficiency and 
low nonspecific binding using a titration series with BG-Alexa 546, and found that 2 minutes with 

400 nM of substrate were enough for a complete labeling with this dye (and also used these 
incubation conditions in the nonspecific binding assay). Note that incubation using elevated dye 
concentrations or prolonged incubation time might result in higher nonspecific binding levels. 

For each dye conjugate, we observed a similar percentage of labeled cells (estimated to be 15%) 
irrespective of the specific dye choice. We believe that this percentage of labeled cells was caused 
by a large population of cells that do not express the SNAP-tag. The fraction of SNAP-tag 

receptors labeled in cells appeared to vary slightly from dye to dye. 
 For an accurate comparison, we aimed to obtain the same number of detected photons per 

frame (single molecule brightness B) for all green and all red dyes. All the dyes were bright enough 

to be detected at a single molecule level in a widefield setup in the presence of cellular 
autofluorescence background. A widefield setup is more appropriate than a TIRF setup for an 

accurate comparison as the single molecule brightness B is very difficult to control in TIRF due to 
varying TIRF angles and the presence of molecules at different depths. Furthermore, the expected 
number of photons emitted from a fluorophore does not depend on the type of illumination. For 

the characterization procedure followed, we found that an optimal single molecule brightness was 

B = 150 photons for red excitable dyes and B = 200 photons for green excitable dyes. Some dyes 

needed a relatively long acquisition time to obtain the targeted single molecule brightness B (see 

Table S1 for the acquisition times used and Fig. S2 for the resulting single molecule brightness B). 
Table S1 also lists the relative brightness of each dye conjugate to SNAP-tag. At least four videos of 

different cells were recorded and analyzed per dye conjugate (Fig. 4.4A and Video 1). The 
brightness (spot intensity) of the molecules follows a Poisson like distribution, as shown in Fig. 
4.4B.  
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Due to photobleaching, the number of observed fluorescent molecules N(i) decreased over time 

(Fig. 4.4C). We fitted the rate of photobleaching using Eq. 1 to extract the mean photobleaching 
time τ for each fluorophore. Using Eq. 2 the expected number of detectable photons per molecule 

Pcorr was calculated. A basal level of detected molecules was observed even after a long imaging 
time. We believe that these remaining molecules are the result of molecules in an intermittentstate 
(blinking) and a constant influx of molecules from out-of-focus areas into focus. The expected 

number of detectable photons per molecule Pcorr was obtained from multiple recordings per 
fluorescent substrate, and the average value and standard deviation are shown in Fig. 4.5. The 

conversion from numbers of molecules to photons requires that single molecules are detected. 
This was checked by confirming that the number of emitted photons per molecule does not vary 
over time (Fig. 4.4D). 
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In Fig.  we summarize the results for nonspecific binding versus the photostability for each dye. 

From this figure it is clear that both green (e.g. Dy 549) and red excitable dyes (e.g. CF633 and 
CF640) are suitable for single molecule tracking. This result allowed us to examine the possibility 
to simultaneously label the SNAP-tag with two spectrally different dyes. The simultaneous 

incubation of a 1.0:0.67 mixture of BG-CF633 and BG-Dy 549 resulted in roughly equal labeling 
of the SNAP-tag receptor with these two dyes (Fig. 4.7). Video 2 shows SNAP-EGFR proteins 
labeled with these two dyes diffusing in the plasma membrane of a live cell. The disappearing of 

receptors is due to photobleaching.  
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The results show that a careful choice of the dye to conjugate to the SNAP-substrate to label 
SNAP-tag fusion proteins is very important, as many fluorescent substrates either suffer from 
rapid photobleaching or high nonspecific staining. We found that three fluorescent substrates out 

of the 22 substrates tested can be used for single molecule tracking applications as these substrates 
combine both a low level of nonspecific binding and a high photostability. Among the green-
excitable fluorescent substrates, BG-Dy 549 showed the highest photostability with the lowest 

nonspecific staining (Fig. ). As an alternative, BG-Alexa 546 could be used in ensemble 

measurements (e.g. FRET studies), as it is photostable and only results in detectable nonspecific 
binding at the single molecule level. Among the red-excitable fluorescent substrates, BG-CF640 

and BG-CF633 exhibited the best results (Fig. ). Whereas BG-CF640 showed slightly lower 

nonspecific staining, CF633 might be relatively brighter depending on the filter sets available. 
Even though BG-Atto 655 showed the highest photostability among the substrates tested (Fig. 
4.5), its use is limited to ensemble measurements, since it showed high levels of nonspecific 

binding to membrane components of all the three cell lines (Fig. 4.3).  

One of the main advantages of single molecule tracking techniques is the ability to discriminate 
single mobile molecules from cellular autofluorescence, immobile fluorescent molecules, and 

clusters of fluorescent molecules. We utilized this to characterize the nonspecific binding of the 
fluorescent substrates. Dealing with the nonspecific binding of fluorophores to any cellular 
components is one of the biggest challenges in microscopy. Several of the BG-dyes tested showed 

high levels of nonspecific binding (Fig. 4.2). We found that the amount of nonspecific binding of 
the BG-dyes is roughly the same among the cell lines tested (Fig. 4.3). None of the dyes that led to 
appreciable levels of nonspecific staining photobleached within a short period (Fig. 4.3); hence 

differences in photobleaching of specifically and nonspecifically bound dyes cannot be used 
advantageously to discriminate between the two cases. 
 The cause of nonspecific binding might be explained from a molecular perspective. Several dyes 

contain long chain hydrocarbons which are lipophilic; therefore they easily incorporate in lipid 
rich structures such as cellular membranes. Sulfonate acid groups are often added to dyes to 

enhance their solubility in water. These groups are negatively charged and electrostatically 
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repelled away from the negatively charged lipid headgroups in cellular membranes. Negatively 

charged dyes include sulfonated fluorescein- and cyanine-based dyes69. On the other hand, 
cationic (positively charged) dyes, such as many rhodamine based dyes have been reported to bind 
to mitochondria in live cells70. Therefore, the major factors influencing nonspecific binding might 

be the lipophilic character of a dye in combination with localized electronic charges. Furthermore, 
the inability of certain dyes to penetrate the plasma membrane hinders access to intracellular 

structures. In general, neutral and anionic (negatively charged) dyes in this survey appeared to 
have less tendency to bind to cellular substructures (e.g., Alexa 546/647, Dy 632/634, Dy 648/649). 
Some dyes (e.g., Atto 647N, Dy 651) adhered in a large extent to the glass coverslip (which may 

perhaps be avoided by optimizing cleaning procedures), obscuring the detection of specifically 
bound single molecules in the adjacent plasma membrane of the cell. The complex effects of local 
charges in combination with polar and lipophilic groups in a dye molecule make it difficult to 

predict the nonspecific binding ability of dyes beforehand. For example, the net charge of a 
molecule does not completely explain the nonspecific interaction, such as for the negatively 
charged BG-Dy 651 and the neutrally charged BG-Dy 630. Both showed a considerable amount of 

nonspecific binding to cellular components. We also did not find a correlation between the 
chromophore family and the nonspecific labeling level. For example, the incubation of cells with 
the rhodamine derived dyes BG-Alexa 546 and BG-Atto 532 resulted in low nonspecific levels, 

while BG-Atto 550 and BG-Atto 565 led to much higher nonspecific levels. Likewise the cyanine 
based BG-Alexa 647 showed almost no nonspecific binding, while the BG-Dy 630 exhibited 
extremely high nonspecific binding.  

 Benke et al. have reported the use of five BG dyes for single molecule tracking in eukaryotic 
cells61. In their approach, the fluorescence of these dyes was stochastically activated for super-
resolution microscopy; however, no data on nonspecific binding was provided. Stöhr et al. 

described the quenching of several dyes after conjugation to BG and subsequent SNAP-tag 
binding63,71. Their data demonstrates that the photophysics (i.e. the photobleaching time and 

fluorescence quenching) of a given dye can be altered by its molecular environment. Furthermore 
they conclude that it is impossible to predict the changes in fluorescence beforehand due to the 
complex effects of local charges in the dye molecule. Stöhr et al. also reported on the background 

levels of remaining unreacted dyes inside E. coli after washing protocols. Interestingly, some 
substrates such as BG-Atto 620 and BG-Atto 633, which reportedly exhibited a low background 

staining in E. coli, led to a surprisingly high nonspecific binding in our experiments with 

mammalian cell lines. Stöhr et al. also reported the labeling of 3T3 fibroblast cells with BG-Atto 
550, BG-Atto 633 and BG-Atto 647N. Similarly, we noticed that BG-Atto 550 and BG-Atto 647N 

produced high levels of nonspecific binding. However, in contrast to Stöhr et al., in our hands BG-
Atto 633 showed a very intense nonspecific staining of cytosolic and membrane structures (Fig. 
4.2 and Fig. S2). This discrepancy could be caused by the different fluorescence intensity levels in 

both studies, as we looked at nonspecific staining in the context of single molecules.  

Whereas many red-excitable dye conjugates did not show any substantial nonspecific binding 
levels, these dyes appeared to be less photostable than the green-excitable dyes. Two dyes (CF633 

and CF640) are photostable enough to permit prolonged imaging with low nonspecific staining 

(Fig. ). Between these two dyes, CF640 showed marginally less nonspecific staining (Fig. 4.3).  

 Another noteworthy observation was that the photostabilities of the Dy dyes of relatively close 
excitation wavelengths were very similar (Fig. 4.5), for instance Dy 647, 648 and 649, and also Dy 

632 and 634. From a molecular perspective, Dy 647, 648, and 649 are typical cyanine dyes, while 
Dy 632 and 634 have one indole group with a polymethine chain linked to a benzopyrylium 
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group. The slight differences in these chromophores did not seem to have a large effect on its 

photobleaching rate.  

We have performed the photobleaching experiments on SNAP-tag fused transmembrane EGFR 
proteins, which have a basal internalization rate even when the cells are starved72,73. This might 

lead to a false enhanced bleaching detection. During the 30 seconds of imaging, however, the 
internalisation rate of the receptor is small compared to the photobleaching rate74. Even one hour 
after the labeling, no significant decrease of receptor molecules was observed at the plasma 

membrane of the cells. However, in some instances a small increase in fluorescence in the cytosol 
was noticeable, which could be an attributed to the basal level of receptor internalization and the 
recycling process. Another complication stems from the fact that this receptor seems to localize 

more in filopodia and the periphery of the cells75; these receptors can diffuse more easily in and 
out of focus. Because molecules diffusing in and out of the plane of focus will likely be in 
equilibrium, this should not influence the recorded bleaching rate at the beginning of a recording 

when receptors in focus have not been bleached yet. Later, however, while bleached receptors 
leave the plane, unbleached receptors can enter the focal plane from outside the plane, causing a 

slower bleaching rate than the actual rate. Therefore, we derived the bleaching rate from that part 
of the recordings where the number of molecules is still decreasing. Furthermore, the rate of 
receptors entering the focal plane within the 30 seconds of imaging will be limited, and this rate 

will be independent of the dye used. 

The attachment of two Dy 549 dyes on a single SNAP substrate (Dy 549x2) seems an interesting 
approach to prolong imaging of the protein, as its photostability almost doubled compared to the 
substrate with single loaded Dy 549 (Fig. 4.5). The brightness of the double loaded SNAP substrate 

was similar to the single loaded substrate (Table S1). This might be due to self-quenching, which is 
commonly observed when increasing the number of fluorophores on a protein, and affects the 

fluorescence intensity but not the photobleaching rate per photon for the complex. Further studies 
are needed to confirm that the (single molecule) brightness is indeed similar in SNAP substrates 
with one, two, or even more Dy 549 fluorophores.  

 Another interesting point is the incorporation of a strong fluorescence quencher in the guanine 
group. Such a fluorogenic method ensures that the benzylguanine coupled fluorophore becomes 
dramatically more fluorescent upon binding to the SNAP-tag40. Although the guanine itself 

already acts as a relatively good quencher for several dyes63, the more dramatic fluorogenic 
approach could bypass the issue of nonspecific binding for extremely photostable dyes such as 
Atto-655. Another interesting idea is to use a SNAP-tag substrate derivatized with a fluorophore 

and a triplet-state quencher (e.g. a molecular oxygen reducing agent)76. This strategy has led to an 
overall decrease of dark state transitions which led to up to 25 fold longer imaging periods76. 
Prolonged imaging might allow to observe and follow many more interactions of the protein on 

its path through the cell. 

We have screened and analyzed the photostability and nonspecific binding properties of a wide 

range of green- and red-excitable dyes for labeling proteins in cells by means of the SNAP-tag 
technology. The SNAP-tag labeling strategy is particularly useful for labeling proteins on the 
plasma membrane, since there are no restrictions on the membrane permeability of the 

fluorescent label. Properties of dyes have generally been determined in ensemble fluorescence 
imaging and on relatively large biomolecules such as antibodies. However, properties of dyes can 
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be rather different at the single molecule level and when conjugated on a small biomolecule, such 

as the SNAP substrate (BG), and in the local microenvironment of the SNAP-tag. We have 
characterized the photostability and specificity for several SNAP-substrate dye conjugates in 
different cell lines at a single molecule level. We performed the characterization in widefield mode 

to prevent illumination variations experienced in a TIRF setup, and at high single molecule 
brightness to adequately count most dye molecules in the recordings. To provide a meaningful 

comparison, we used similar photon counts per single molecule for each spectrally similar dye, 
corrected for the detection efficiency of our microscope for the dye’s emission spectrum, and 
performed the tracking of the bound dyes to differentiate the motion of the nonspecifically bound 

molecules. 
 We found that in our system the SNAP substrates labeled with Dy 549, CF633, and CF 640 are 
the best choices to label SNAP-tag fusion proteins for single molecule tracking among the 

fluorescent substrates tested. Also, we have shown that the attachment of two Dy-549 dyes on one 
BG probe is an interesting approach to prolong imaging of the protein. Finding two spectrally 
different dyes for labeling SNAP-tag that were suitable for single molecule imaging proved to be a 

challenge, as most of the fluorescent substrates tested showed either a large amount of nonspecific 
fluorescence or were rapidly photobleached.  
 Since both green- and red-excitable fluorescent SNAP substrates have been identified, multi-

color single molecule imaging of the same protein species can become a routine experiment by 
simply simultaneously incubating these substrates with the SNAP-tag fusion proteins in live cells. 
This should allow the direct observation of homo-dimers. For an extension to three-color single 

molecule imaging, BG–Alexa 488 could be used since it is already known to be a suitable dye for 
single molecule tracking61, although the intense cellular autofluorescence at this wavelength limits 
its use to total internal reflection fluorescence (TIRF) microscopy. We anticipate that our 

conclusions could be extended to the chemically similar tagging technology CLIP-tag, which also 
has the guanine moiety in its substrate. Our results are probably not directly translatable to 

chemically different molecular tags, such as Halo, ACP and MCP. The combination of SNAP-tag 
with another molecular labeling tag allows orthogonal labeling on two different protein species. 
An interesting extension to one protein species studies is therefore the direct visualization of two 

interacting proteins of different protein species, such as in heterodimer formation. 

We thank Jenny Ibach for providing plasmid for SNAP-EGFR; we thank Yvonne Kraan for 
assistance in cell culturing and sample preparations; and we thank Peter Relich and Keith Lidke 

for sharing their tracking software with us. This work is supported by an EU NanoSci E+ grant via 
STW grant 11022-NanoActuate. 
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Aberrant growth signalling pathways play a critical role in various types of cancers. The starting 

point for a vast network of signal transduction pathways is the binding of ligands to growth factor 
receptors in the plasma membrane of cells. The organization of these receptors in the plasma 

membrane shows dynamic clustering and hindered motion on the nano- and micro-scale levels. 
Molecular interactions, such as homo- and hetero-dimerization of receptors, and the 
phosphorylation state of single receptors, are also equally dynamic and are thought to play a 

crucial role in the amplification and sensitivity of signal transduction inside the cell1. The ErbB 
family of receptors is prototypical of receptor tyrosine kinases that are implicated in the 
development and progression of various human cancers, and are a widely studied target for drug 

discovery2,3.  
 A critical challenge to obtain more molecular insight is the difficulty to perform quantitative 
measurements and visualization, at these different length scales, of mechanisms such as ligand-

binding, receptor homo- and hetero-dimerization, and the subsequent phosphorylation and 
triggering of the related signal transduction pathway. The ligand-induced dimerization and 
activation of the EGF receptor (EGFR) has been extensively studied over the years, which has led 

to a widely accepted molecular scheme underlying the biology of EGFR2,4. In short, ligand binding 
changes the tethered conformation of the extracellular part of the receptor to an extended 
confirmation, which allows two receptors to dimerize5. This homo- or hetero-dimerization leads 

to allosteric trans-activation of the kinase domains and phosphorylation of the tyrosine residues in 
the cytoplasmic tail6, which result in further signal propagation7,8. However, EGFR dimerization is 

not easily revealed by optical microscopy techniques such as by measuring Förster Resonance 
Energy Transfer (FRET), a way to detect protein interactions; only a few studies have shown FRET 
between EGF receptors9–12. Other more indirect techniques include image correlation13,14 and the 

related number and brightness approach15,16. To obtain further insights in the interactions and 
cluster size of these receptors at temporal and spatial resolution in live cells, other techniques are 
needed. Single molecule tracking microscopy is a unique method that can study this highly 

dynamic behaviour at a matching spatial resolution, and is especially well suited for application on 
cell membrane bound receptors17. This method has recently been applied to EGFR to study the 
influence of ligands and kinase inhibition18. 

 Receptor antagonists have been designed as anticancer drugs to suppress receptor signalling by 
specifically preventing certain molecular interactions with the receptor. Current molecular 
anticancer therapies such as humanized antibodies and kinase inhibitors targeting tyrosine kinase 

receptors show limited response, largely due to drug resistance through mutations or upregulation 
via gene amplification6,19. Combination therapy where more than one domain of the protein or 
even multiple proteins are simultaneously targeted seems to have most promises for therapeutic 

success20. Whereas the presence of T cells around tumour cells is associated with better patient 
outcomes21, understanding the therapeutic effects of receptor antagonists to target upregulated 
receptors in tumour cells are hampered by the complexity of the immune system and molecular 

feedbacks in the live cell environment. Also knowledge about the early molecular effects such as 
receptor dimerization is limited. This makes it hard to understand the cellular response and 

predict long-term outcomes, yet might have high medical relevance. In addition, novel rationally 
designed antibodies are screened by cell proliferation22, but are not studied in the context of 
molecular effects within the signalling network of the receptor8. As knowledge of the sophisticated 

network mechanisms of signal cascades develops, the key to more robust therapeutic approaches 
may be revealed. 
 In this chapter we extend single-molecule tracking to study EGFR dimerization while inhibiting 

EGFR function with antagonists, and study the role of ErbB3 receptor herein. Specifically, we will 
verify whether the reduced diffusion of receptors can provide clues about their dimerization state, 
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and study the reduced diffusion of EGFR and ErbB3 in the early events of EGFR targeting. Two 

classes of antagonists are currently used as anticancer drugs to target EGFR, kinase inhibitors and 
humanized antibodies. Kinase inhibitors are membrane penetrable small molecules, such as 
erlotinib and lapatinib, which bind the kinase domain of EGFR proteins. Humanized antibodies, 

such as cetuximab, block the extracellular ligand binding site of EGFR. We will study the altered 
diffusion of EGFR upon addition of these antagonists to obtain insight in the dimerization state of 

drug-targeted EGFR. To study these influences on otherwise unperturbed receptors, we utilize a 
small protein-tag labelling method which should have minimal influence on the receptor function. 

The ErbB family consists of four closely related transmembrane tyrosine kinase receptors: 
epidermal growth factor receptor (EGFR; also known as ErbB1 or HER1), ErbB2 (HER2) which 

lacks a ligand binding site23, ErbB3 (HER3) which is a pseudo kinase24,25 and is believed to be only 
trans-activated (phosphorylated) by other ErbB receptors through dimerization, and ErbB4 

(HER4) which is less well studied. Many reviews on the ErbB family are available, e.g.2,4–6. 
Dimerization of these receptors is mediated by domain II in the extracellular part of the protein 
(see chapter 1), and also other parts are involved10,26,27. Antagonists have been developed as 

anticancer drugs that block an ErbB receptor function by deregulating either the ligand-binding 
site (domain I and III), the extracellular dimerization arm (domain II), or the intracellular kinase 
accessibility. For example, erlotinib inhibits EGFR kinase28, and lapatinib is a dual kinase inhibitor 

for EGFR and ErbB229. Cetuximab binds domain III in the EGF-binding site in EGFR thereby 
sterically hindering ligand binding30. Other receptor sites are also targeted by anticancer drugs, 
such as domain IV of HER2 by trastuzumab. Remarkably, this site is not directly involved in 

dimerization23, and the therapeutic effect of trastuzumab might therefore not be related to a 
molecular effect on the receptor signalling function. In this paper we focus on antagonists with a 
direct molecular effect on the function of EGFR (cetuximab, erlotinib, and lapatinib).  

 FRET and correlation microscopy have already revealed many details about the resting and 
liganded state of the receptor (listed in ref. 15). These findings suggested that resting EGFR is 
monomeric in physiological conditions, and can only reside in pre-formed (i.e. ligand 

independent) clusters in special conditions. Lowered temperatures (altering the lipid phase) and 
receptor overexpression orchestrate the formation of pre-clusters13,15. Pre-clustering is also one of 

the possible explanations for the intriguing high- and low-affinity ligand binding state of 
EGFR31,32. Despite the wealth of current information regarding EGFR dimerization, many 
questions are still unanswered. Especially the molecular mechanisms involved in the influence of 

receptor antagonists on the normal receptor function remains elusive.  
 When the kinase domain of EGFR is inhibited, its signalling is strongly reduced, but the 
dimerization state of the receptor in that condition is not yet clear. The quinazoline tyrosine 

kinase inhibitor PD153035 and AG1478 were shown using immunoblotting to induce the 
formation of inactive EGFR dimers in the absence of ligand33,34. It was therefore suggested that 
tyrosine kinase inhibitors form a conformation distinct from the liganded back-to-back dimer35. 

However, Clayton et al. showed using FRET-FLIM that pretreatment of A431 cells (which have 
high endogenous expression of EGFR) with the same inhibitor (AG1478) caused unliganded 
EGFR to disassociate from pre-clusters and become monomeric9, although another possibility is 

that the receptor forms only heterodimers, since this would yield the same result in FRET 
measurements when only EGFR is labelled. Low-Nam et al. showed using single-particle tracking 
that when dimers of kinase inhibited EGFR were formed, they were not as stable as ligand-

induced dimers of active receptors18, such that it is likely that most kinase inhibited receptors are 
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monomeric. To explain unliganded receptor activation, Clayton et al. followed the model 

proposed by Zhu et al.27 that overexpression of EGFR results in pre-clustered oligomerisation 
which activates the kinase. They therefore assumed that upon inhibition of the kinase (resulting in 
inactivation) the receptor has to be in the monomeric state. Indeed pre-clustering has been shown 

to activate EGFR in some cases36, but this does not necessarily mean that inactive dimers do not 
exist. In fact, pre-clustering using artificial dimerization domains (FKBP) did not activate the 

kinases of EGF receptor in 3T3 cells10. This cell type is devoid of endogenous EGFR, ErbB2, and 
ErbB337. In short, it remains an open question whether kinase inhibited EGF receptors are 
monomeric, which might be locked in an inactive conformation such that ligand addition would 

not dimerize them, or if they form alternative homo- or hetero-dimers with or without 
ligands9,35,38.  
 The oligomerisation state of EGFR upon cetuximab treatment is less well studied, as cetuximab 

is commonly believed to inhibit the extended conformation required for dimerization. However 
there are questions whether cetuximab is only preventing receptor activation by blocking the 
ligand binding site, or also sterically hinders the extracellular region of EGFR from making its 

conformational change to the extended configuration thereby preventing the normal dimerization 
pathway30. Few reports are available whether alternative conformations might occur that result in 
inactive dimer formation, which is not unlikely as such formations are also proposed for kinase 

inhibition.  
 In recent years ErbB3 has been discovered as another important target for the development of 
ErbB related anticancer drugs39. Many advances in ErbB3 therapy have been made40, especially 

when ErbB3 therapy was combined with EGFR therapy. It was shown that this combined therapy 
has beneficial inhibitory effects and is more efficacious in multiple tumour models22. Although it 
has been suggested that ErbB3 is substituting the role of EGFR when therapeutic agents target that 

receptor, there is limited knowledge on the molecular state of ErbB3 in the early events of EGFR 
targeting. We therefore set out to find clues at the molecular level for why the activity of ErbB3 

gets very potent upon EGFR targeting. 

With one-colour single-molecule microscopy it is possible to study the diffusion behaviour of 
single receptor proteins by measuring their trajectories, which may answer fundamental questions 
about the origin of motion of these proteins41–44. When a protein interacts with other compounds 

(e.g. lipids, proteins or protein complexes), the formed complex will have a larger hydrodynamic 
radius resulting in slightly reduced diffusion. When a receptor protein forms dimers or interacts 
with kinases or adaptor proteins, it is therefore expected to have a lower diffusion speed than free 

monomeric receptor proteins. The diffusion coefficient reduces approximately by a factor  for a 
monomer to dimer transition, as theoretically the diffusion coefficient scales with the inverse 

radius of the transmembrane domain45. We first use conditions known to induce receptor 
dimerization to validate that the reduction in diffusion indeed correlates with dimerization. 
Reduced diffusion might then provide information about the dimerization of this receptor in 

unknown conditions. Moreover, the phosphorylation state of many tyrosine kinase receptors is 
often related to their ligand induced formation of dimers or higher order aggregates2,6. In the case 
of liganded tyrosine kinase receptors the dimerization and subsequent activation of the receptor 

coincides with reduced receptor diffusion, but the relation does not necessarily hold the other way 
round. In short, by analysis of the protein diffusion from recorded trajectories, information with 
respect to receptor interactions can be obtained. We use this information to answer questions 

about dimerization of EGFR under liganded and antagonistic conditions in live cells.  
 Single-molecule microscopy in two or more colours adds the possibility to directly observe 

dimerization of single receptors through correlated motion18,46. For homo-dimers this requires the 
labelling of the receptor species with two distinct colours, such that binding of two receptors can 
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be observed at high resolution by a spatial overlap and correlated motion. Two receptors that have 

formed a dimer are expected to move together with correlated motion. Comovement analysis 
therefore offers a means to validate dimerization in trajectories recorded in two colours. By 
analysis of the dimerization events using software that detects comovement18, we will measure the 

lifetimes of the homo-dimerization events of EGF receptor in various conditions. 

The microscopy setup is described in extensive detail in Chapter 2. Sample preparation is similar to 

the procedures described in Chapter 3 and 4, and differ only in the cell types used. 

Briefly, measurements were performed on an inverted microscope with an Olympus PlanApo 
100x/1,45 Oil TIRF objective. For the excitation we used a 532 nm 400 mW solid state laser from 

Pegasus Shanghai Optical Systems (Pegasus Lasersysteme, Wallenhorst, Germany), and a 637 nm 
300 mW diode laser from Changchun New Industries Optoelectronics (Laser 2000, Vinkeveen, 
The Netherlands). The infrared light produced by the lasers was not sufficiently suppressed; we 

therefore filtered the green laser light with an FF01-543/22 (SemRock, Rochester, NY) filter and 
the red laser light with a D644/10m (Chroma, Olching, Germany) bandpass filter. The two laser 
beams were combined with a 610 nm longpass mirror. An achromatic quarter wave plate (VM-

TIM Optomechanische Werke, Jena, Germany) was used to obtain circularly polarized excitation 
light. An FF494/540/650-Di01 (SemRock) dichroic mirror separated the excitation light from the 

emission light. The emission light was filtered with an NF03-532/1064E (SemRock) and an NF02-
633S (SemRock) notch filter, and then split with an FF640-FDi01 (SemRock) imaging flatness 
quality dichroic mirror. The emission light from the green excitation dyes was passed through a 

FF01-580/60 (SemRock) bandpass filter, and the light from the red excitation dyes through a 
HQ680/60m (Chroma) bandpass filter. The images were acquired using two Andor iXon EM+ 
DU-897 back illuminated EMCCD cameras. Using a calibration sample with grid lines separated 

at known distances, we determined that the pixel size was 119 ± 2 nm (the magnification was 
134x). The sample was only illuminated during the acquisition time by utilizing the TTL output of 
the camera and TTL input of the lasers. Samples were heated to 35-37°C on the microscope with a 

stage heating plate and an objective ring heater.  
 Measurements were performed using TIRF illumination. The illumination time was chosen 
such that single molecules were clearly visible over the autofluorescence background of the cell 

(i.e. a mean of around 70 – 100 photons per frame per molecule, see also Chapter 2). Videos were 
recorded at 24 fps, with a readout rate of 10 MHz and frame size of 512x512 pixels. Each video 
recording consisted of 800 frames. Before recording each video, a minimal number of frames 

(approximately 10 to 30 frames) was used to focus on the basal membrane of the cell.  

All cell culture materials were obtained from PAA Laboratories (Pasching, Austria) unless stated 
otherwise. The MCF7 epithelial human breast cancer cell line, and plasmids coding for SNAP-

EGFR and SNAP-ErbB3 were a gift from Jenny Ibach (Max Planck Institute, Dortmund, 
Germany). The H441 epithelial human lung adenocarcinoma cancer cell line, and FaDu epithelial 
human head and neck squamous carcinoma cells were a gift from Anton Terwisscha van 

Scheltinga (Department of Medical Oncology, University of Groningen, The Netherlands). MCF7 
and FaDu cells were cultured in high glucose Dulbecco’s Modified Eagle’s medium (DMEM) 
supplemented with 10% FBS and Pen Strep at 37°C with 5% CO2. H441 cells were cultured in 

Roswell Park Memorial Institute (RPMI) 1640 medium supplemented as above. 
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Cells were plated in Greiner Bio CellView dishes with compartments of 1.9 cm2 (product #627870) 
in full medium, and left overnight to adhere to the glass and grow to 40-60% confluence. The next 

day, the cells were transfected with SNAP-EGFR (or SNAP-ErbB3) with 0.5 μg (FaDu and MCF7) 
or 0.15 μg (H441) of SNAP-EGFR plasmid DNA in 0.5 mL Pen Strep free cell medium using 0.5 
μL Lipofectamine LTX and 0.2 μL Plus reagent (Invitrogen) for FaDu and H441 cells, or using 0.1 

μL Effectene (Qiagen, Venlo, The Netherlands) for MCF7, as described in the suppliers’ protocol. 
After 6 hours incubation with the plasmid, the cells were left overnight in normal medium to 
allow the cells to express the protein. On the next day the cells were starved in FBS free medium 

and left for another night to reduce the activity and internalization of the EGFR proteins. On the 
day of the experiment, cells were washed with starvation medium containing 0.5% BSA. Labelling 
of the SNAP-EGFR proteins was carried out thereafter by incubating the cells for 2 minutes (± 10 

seconds) with 300 nM of BG-Dy549 (SNAP-Surface 549, New England BioLabs, Ipswich, MA, 
USA) and 500nM of BG-CF633 (New England BioLabs, Ipswich, MA, USA) in starvation medium 
containing 0.5% BSA. Samples were washed after 2 minutes by replacing the labelling solution 

with PBS buffer supplemented with magnesium and calcium. This washing step was repeated at 
least three times 

Human recombinant epidermal growth factor (EGF) was obtained from PAN Biotech 

(Aidenbach, Germany). Cetuximab was a gift from the Academic Hospital Groningen (via Anton 
Terwisscha van Scheltinga, Department of Medical Oncology, University of Groningen, The 
Netherlands). Erlotinib and lapatinib were obtained from LC Laboratories (Woburn MA, USA). 

Dual-colour single molecule tracking experiments were performed on EGF receptor (labelled with 
the two dyes) in 5 – 10 different cells for each receptor condition. Samples were kept at 35-37 °C 
during measurements on the microscope. 

 Labelled serum starved cells were used directly to determine the diffusion of resting receptors. 
Subsequently, EGF or cetuximab was added to determine the diffusion of liganded or cetuximab-

bound receptors respectively (+EGF, and +mAB). Fluorescent microscopy recordings were 
acquired for 20 minutes after addition of the compound. In the case of cetuximab, after recording 
for 20 minutes, EGF was added, and recordings were acquired for another 20 minutes (+mAB 

+EGF). The kinase inhibitors (erlotinib and lapatinib) were added one hour before labelling. After 
labelling the cells, the inhibitors were also added to the PBS imaging solution. Recordings were 
acquired for 20 minutes, after which EGF was added, and recordings were acquired for another 20 

minutes.  

Tracking software developed by others18,47 was used to obtain the trajectories from the microscopy 
recordings. Selection criteria were used to validate that signals from single molecules are 

individual emitting molecules. The settings used for these criteria and the cost matrices to perform 
the most likely tracking can be found in the appendix of Chapter 2. Subsequent dimer analysis was 
performed by comovement analysis of two receptors using Hidden Markov Models (HMM), 

which was developed by the same authors as the tracking software48; settings used can be found in 
the Supporting Materials. 

We fitted our data with a two-population dynamic diffusion system. To find the two diffusion 

constants D1 and D2 and the fraction α of the first (also called fast) population, we fitted a two-

population cumulative distribution function (CDF) of squared displacements (SD) and squared 
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two-step displacements for the complete set of trajectories49. In the fit of the CDF the two-step 

displacements are used to find the average localization accuracy  (in one direction) and the 

unconvolved diffusion coefficient values D1 and D2 as follows. First we determined the convolved 

diffusion coefficients ,  and α for the time lags τ corresponding to 1 and 2 frames: 
 

 (1) 

 

 (2) 

 

Since  where , and similarly 

, the estimated diffusion coefficient for the first (and similarly for the second) population 

corrected for the localization error is: 

 

 (3) 

 
For the fraction  of the first population we take the average of the values  and . 
 We compared the diffusion coefficients found for the different receptor conditions. To find the 

chance that such conditions had a distinct diffusion coefficient, we performed a two-tailed t-Test 
assuming unequal variances of the two samples (Welch correction) in Origin (OriginLab, 
Northampton, MA, USA). Since we look for indications that there might be a difference in the 

diffusion coefficients and not for a definite proof, we regard differences with P < 0.20 for the null 
hypotheses (no difference) as significant. The P-value has to be compared in combination with the 
absolute difference of the two conditions. 

Diffusion state classification determines for each position within a measured trajectory the most 
likely diffusion state for a molecule given that its motion is described by a two-population 
diffusion system. The classification was performed using a gyration based classification scheme as 

described earlier (chapter 3) and in Fig. S1 in the Supporting Information. 
 Since the diffusion state classification requires a local measure of the diffusion of a molecule, the 
trajectories are split in small segments. Each segment contains a total number of N subsequent 

positions, and these segments must be classified to one of the two diffusion states obtained by the 
CDF fit, which yields the diffusion values of these states. Note that there is no need to determine 
the local diffusion value of the segment, only a need to classify the segment to one of the diffusion 

states. The segment length N is chosen such that the corresponding duration is shorter than the 
typical switching time between states, yet the segment length must be long enough to obtain an 
accurate measure for the classification. A gyration based classification was found to be both robust 

and accurate over a wide range of parameters (chapter 3). The use of the radius of gyration has 
been first proposed by Saxton to measure asymmetry in single molecule trajectories50, and it was 
demonstrated by Elliott et al. that it could also be used to detect confinement51.  

 The gyration based classification method uses a radius of gyration as a local measure of the 
diffusion. The value of the gyration radius is a measure of the space that is explored by the 
molecule within the segment, hence the radius will have a lower value for slow diffusion than for 

fast diffusion, and can be used as a differentiation criterion in classification. The gyration radius Rg 
is defined as:  
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 (4) 

 

where R1 and R2 are the eigenvalues of the gyration tensor T: 
 

 (5) 

 

with i enumerating all subsequent positions  in a segment of length N. For the segment 

length we have chosen N = 7. When N was slightly altered (e.g. N = 4), we obtained similar state 
image maps (see below). 

 We applied this method as follows (Fig. S1). First, the diffusion constants D1 and D2 and the 

fraction size of the fast state from all displacements were determined using a CDF fit. Next we 

obtained the values of the gyration radius for all segments in every trajectory. If the radius Rg of a 

given segment is smaller than a given threshold value Rthreshold the centre position of the segment is 

classified as slow diffusion and otherwise (Rg ≥ Rthreshold) it is classified as fast diffusion. The 

threshold for classification Rthreshold is set at the fast fraction size percentile value of all the gyration 
radius values. This means that when the fraction of fast diffusion α is 0.71, we take the threshold 
value such that 71% of the gyration radius values are higher than the threshold value. By taking 

this threshold we can perform the classification without a subjective threshold. 
 Image maps of diffusion states are composed by reconstruction of all the positions of all the 

molecules in one recording, yielding a map of the areas travelled by all the molecules. Each 
individual position is represented by a colour coded dot, with the colour representing the specific 
state found at that position and time: green for the fast state, and red for the slow state. This 

results in a colour coded super-resolution image showing the areas of slow and fast diffusion. 

We used SNAP-tag technology to fluorescently label EGFR with an intrinsically monovalent and 
photostable probe52–56. The SNAP-tag domain can be fused with a protein of interest, here EGF 

receptor, and allows for specific binding of fluorescent SNAP-substrates. This facilitates labelling 
of plasma membrane receptors in live cells with small and monovalent yet bright and photostable 
dyes favourable for single molecule tracking microscopy, and with the possibility to track 

receptors in multiple colours (chapter 4). By incubation with a straight-forward mix of two 
substrates with fluorescence emission at different colours, we systematically obtained equal levels 
of receptors labelled with green- and red-excitable fluorophores (Fig. 5.1D and Video 1), without a 

need to optimize expression levels. Labelling by means of protein tags has several advantages over 
other approaches, such as labelling with fluorescently labelled ligands and immunostaining with 

antibodies or Fab fragments. For example, the tag does not compete with ligand binding and has 
no antagonistic function, and therefore allows to study effects of ligands or antagonists on ligand-
free and fully functional receptors57.  

 The EGF receptor is expressed in many tissues, but epithelial cells in particular depend strongly 
on this receptor for proliferation58. Therefore we looked at the role of ErbB1 in epithelial cells, and 
the role of its ligand EGF on the diffusion speed. Since it is known that room temperatures drives 

pre-clustering of the EGF receptor13,15, we performed all our experiments at physiological 
temperatures. 
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 The motion of plasma membrane resident receptor proteins can often predominantly be 
described by two dynamic populations (states) of Brownian diffusion18,59,60. Parameters defining 

the characteristics of such diffusion systems are the diffusion coefficients of either diffusion state 
and the lifetimes of the occupancy in both diffusion states. The diffusion coefficients  and  

and the fraction of occupancy in one state  can be obtained by a fit to the 

cumulative density function (CDF) of squared displacements49, and was performed for all receptor 
conditions.  

Changes in the diffusion coefficient of the fast population  are likely to reflect dimerization of 

receptors as detailed in the background (section 5.2.2). It is well established that unliganded EGFR 
is monomeric in cells that do not express a high number of EGF receptors, and forms dimers upon 
addition of its ligand. We therefore determined whether the diffusion coefficient of EGFR reflects 

its dimerization state in MCF7 cells, which express a low number of endogenous EGFR (Fig 3C). 
After incubation with 200 ng/ml EGF (more than the saturation dose for EGFR 
phosphorylation61) the average diffusion coefficient of the fast fraction of EGFR decreased 

significantly (Fig 3A) to a value that was 30% lower than that for monomeric EGFR. For resting 
(unliganded) receptors in the MCF7 cells measured we found = 0.148 ± 0.006 μm2/s, and for 
liganded receptors  = 0.112 ± 0.006 μm2/s. This difference is significant (P < 0.001). The 

intercellular spread of diffusion coefficients is probably due to the exact cell shape or cell cycle, 
and not due to difference in the monomer to dimer ratio. The average diffusion coefficients found 
compares to earlier values in literature from single-particle tracking of EGFR62,63, but is about 

three times faster compared to single-particle tracking experiment using quantum dots18; the large 
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size of quantum dots might have slowed down the diffusion of these receptors64. By monitoring 

the diffusion coefficient of one receptor, we cannot tell whether EGFR forms homo- or hetero-
dimers. Dimerization of EGFR in MCF7 cells is also possible as hetero-dimers with ErbB2, as 
MCF7 cells have an elevated number of ErbB2 (Fig. 5.2C).  

 Pre-clustering of unliganded EGF receptors is a complicating factor in the direct relation of 
EGF-induced dimerization and its diffusion coefficient. The degree of pre-clustering was found to 

be more prevalent in cells expressing the receptor at a high level15. To validate whether such subtle 
effects of partly monomeric and partly pre-clustered receptors are reflected in receptor diffusion, 
we also measured the receptor diffusion in H441 cells, a non–small cell lung cancer (NSCLC) line, 

which have a much higher number of endogenous EGF receptors than MCF7 cells (Fig. 5.2C). The 
pre-clustering indeed coincides with a reduced diffusion of EGFR compared to monomeric 
receptors in resting MCF7 cells (P = 0.06, Fig. 5.2A). The unliganded receptors in H441 cells have 

a diffusion coefficient (  = 0.132±0.006 μm2/s), which is not as low as complete dimerization 
induced by EGF in the same cell line (  = 0.114±0.007 μm2/s, P = 0.08).  
 

 
 

The slow population with diffusion coefficient  was almost immobile (< 0.01 μm2/s) both for 
unliganded and liganded receptors (Fig S2), which is about an order of magnitude slower 
compared to the diffusion of the fast population. To find out whether the multiple diffusion 

populations were originating from two distinct pools of fast molecules and very slow molecules, or 
from a pool of molecules transiently making transitions between the states, we applied diffusion 
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state classification on the trajectories measured. We found that EGFR transiently switches from 

the fast (mobile) state to a very slow (almost immobile) state (Video 2). Therefore the slow 
diffusion state is not related to an interaction with another single protein (homo- or hetero-
dimerization), but more likely with transient visits to cytoskeletal structures or large protein 

clusters. For example, they could be receptors clustering in clathrin-coated pits, the main region 
for endocytosis8,65. To find out whether the very slow diffusion state became more visited upon 

ligand addition, we determined its fraction (1 – α). The data showed that both unliganded 
receptors and receptors with ligand visited the very slow diffusion state (Fig S3). This is in contrast 
with the report that receptors showed dynamic transitions to a very slow diffusion state only upon 

EGF addition63, but in agreement with other reports48 (and personal communications with D. 
Lidke and C. Valley).  

To study the reduced diffusion of cetuximab bound EGF receptors, we added 500 nM cetuximab 

to resting MCF7 and H441 cells. This dose is much higher than the concentration where 
phosphorylation of EGFR is maximally inhibited (10nM, IC50 is 0.3-1 nM in NSCLC cell lines66) 
to ensure rapid binding. In MCF7 cells the diffusion of resting EGFR went down upon cetuximab 

binding to values even lower than EGF-induced dimerization (Fig. 5.2B). The exact values for the 
mean and standard error for each receptor condition can be found in Table S1 in the Supporting 
Materials. The difference in diffusion between the resting receptors and the cetuximab bound 

receptors is significant (P < 0.001). Subsequent EGF addition did not further reduce the diffusion 
of EGFR, and if so not by much. These observations indicate that cetuximab induced an almost 
complete ligand-independent dimerization of the receptor population.  

The results were slightly different for EGF receptors in an EGFR-rich environment (Fig. 5.2B,C). 
In H441 cells the diffusion of resting EGFR went down marginally upon cetuximab binding (P = 
0.02), whereas subsequent EGF addition did further slowdown the receptors (P < 0.001) again to 

even lower values compared to EGF-induced dimerization (P = 0.001). This indicates that the 
monomeric EGF receptors in an environment of pre-clusters do not dimerize upon cetuximab 

addition, perhaps due to that cetuximab does not (strongly) bind to EGFR in a pre-clustered 
formation. 

There are contradicting reports in the literature whether inhibition of the kinase domain of EGFR 
results in monomeric or dimerized receptors. We investigated the diffusion of EGFR upon 

addition of the tyrosine kinase inhibitors erlotinib (specifically targeting EGFR) and lapatinib 
(targeting EGFR and ErbB2) to obtain more insight in the elusive role of the kinase domain of 
EGFR in dimerization. A 24 hour incubation with kinase inhibitors will negatively affect normal 

cell proliferation. We therefore incubated MCF7 cells for one hour with 10 μM erlotinib or with 
20 μM lapatinib, doses that are just above the IC50 values for erlotinib and lapatinib67. We used 

MCF7 cells to look whether resting monomeric EGFR (no pre-clustering) still underwent ligand-
induced dimerization.  
We did not observe diffusion changes of EGFR between its resting state and after treatment with 

one of both kinase inhibitors (Fig. 5.3). This supports the hypothesis that kinase inhibited 
unliganded EGFR is monomeric, as suggested earlier9,10,18, but contrary to other reports33–35. We 
also observed that subsequent ligand addition to the kinase inhibited EGFR did not induce 

reduced diffusion of EGFR. This supports that ligand addition to kinase inhibited EGFR does not 
result in (further) dimerization, which was also observed in kinase dead and tyrosine residues 
mutated EGFR10,63. As ligands can still bind the extracellular part of the kinase inhibited receptors, 

which normally induces a back-to-back dimer, we conclude that the receptor makes a 
conformational change which prevents this dimerization. 
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It is not clear why some cells respond better to cetuximab treatment in combination with an anti-
ErbB3 treatment22. When ErbB3 is indeed taking over the signalling role of EGFR as proposed68, 
deactivating EGFR with cetuximab treatment should then make ErbB3 become more accessible 

for dimerization with receptor partners. In that case, an additional anti-ErbB3 treatment would 
indeed help to obtain a better response to therapy. We chose to take the FaDu cell line, which is 
benefiting from such a combination therapy; proliferation of FaDu cells was found to be worse 

when cetuximab is combined with anti-ErbB3 treatment22. We expressed and fluorescently 
labelled SNAP-ErbB3 receptors in a comparable manner as EGFR, and monitored the diffusion 
coefficient of ErbB3 in FaDu cells before and after 500nM cetuximab treatment (Fig. 5.4).  

The relatively slow diffusion of ErbB3 in resting cells indicates a pre-clustered state, which 
corresponds to an earlier report that suggests that inactive ErbB3 is a highly clustered pre-

associated receptor69. Without inhibition of any ErbB receptors, EGF binds to EGFR which 
subsequently forms dimers with EGFR or HER2 but not ErbB370. Indeed we did not observe 
diffusion changes of ErbB3 receptors upon addition of EGF. Interestingly, upon cetuximab 

treatment we observed a dramatic increase in the diffusion of ErbB3 (P=0.001), even though there 
is no direct interaction of cetuximab to ErbB3 as far as we know. This result indicates that a large 
portion of the pool of ErbB3 receptors leave the highly clustered state and become monomeric or 

dimerized. A subsequent stimulation by EGF showed a small decrease in the diffusion coefficient 
of ErbB3 (P = 0.11). This could be an indication that ErbB3 is binding a partner when in an 
environment of inhibited EGFR and might form a stable dimer. The combination of results 

indicates that ErbB3 is indeed entangled with the signalling role of EGFR, but only when EGFR is 
treated with cetuximab.  
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Apart from monitoring the two diffusion coefficients (of the two diffusion states), the spatial 

distribution of the slow diffusion state (population) of a receptor protein can provide additional 
insight in the mechanism of receptor signalling or its lifespan. For example it can yield 
information about potential internalization hotspots or the role of cytoskeletal structures, since 

strongly retarded diffusion (the slow population) of a protein is very likely related to strong 
interactions with the protein. We developed a diffusion classification scheme (chapter 3), which 

can reveal where on the membrane a receptor protein is residing in the fast and where in the slow 
diffusion state. We analysed the single-molecule trajectories to classify the motion of unliganded 
EGF receptors (Fig. 5.5A) and liganded receptors (Fig. 5.5B) in MCF7 cells. We observed that 

there are distinct zones of slowed diffusion, although these zones are independent of the ligand 
occupancy of the receptors. We also see filopodia at the boundaries of the cell, and possibly 
collapsed filopodial structures on the basal membrane. Since EGF receptor undergoes retrograde 

transport in filopodia70, its presence in filopodia is expected. We furthermore observed that EGFR 
seems to be more present in the periphery of the cell adjacent to other cells than in the basal 
membrane adjacent to the cover glass, which is commonly observed for EGFR71.  

We did not directly observe dimerization using comovement analysis18 other than events with 
very short dimer lifetimes (Fig. 5.6A,B). Such short events are probably not actual dimers but  

two proteins that are just very close together coincidentally. To determine the expected durations 
of receptors which get close together and falsely appear to be a dimer, we performed simulations 
in a simulation area of 60 x 60 μm where 1,000 molecules experienced motion described by a two- 

state diffusion system defined by the same characteristics as found for EGFR (Fig. 5.6F): = 0.10 
μm2/s, = 0.01 μm2/s, = 300 ms,  = 300 ms, = 30 nm, 24 fps; subsequently comovement 
analysis was performed on these simulated trajectories. The lifetimes detected for liganded 

receptors were not different from the lifetimes obtained in simulations for receptors that only 
show comovement coincidentally (Fig. 5.6D). 
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 Whereas others have seen long-lasting dimers for the same receptors in CHO and HeLa cells48, 

we used MCF7 cells, which do not express much endogenous EGFR, but express ErbB2 at a 
number of approximately 100,000 receptors. This high number of non-labelled dimerization 
partners could easily explain why we did not observe dimer events. In fact, a dimer would only be 

visible when one of the receptors was EGFR- Dy549 and the other EGFR - CF633. The chance p1 
to see a labelled receptor form a dimer with a differently labelled receptor in an environment with 

numerous unlabelled receptors is very slim. For example, when 100,000 ErbB receptors (e.g. EGFR 
or ErbB2) endogenously expressed by a cell (cell lines used here have this level or higher) are 
dimerizing in a completely random fashion, and we have transfected and labelled 100 receptors 

with one dye and 100 receptors with a spectrally distinct dye, the chance pdimer = (100 / 100,200) ≈ 
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0.001. Even when all 200 labelled receptors get dimerized, the chance p1 to see one dimer is still 

slim (p1 ≈ 200 pdimer ≈ 0.2), and to observe two dimers is almost zero (p2 ≈ (200 pdimer)2 ≈ 0.04). This 
means that when ideal non-blinking labels could be used, an average of 5 recordings are needed to 

observe one dimer, which is impractical to compose statistics about dimer events. Therefore to 
observe dimers by correlated motion analysis clearly a cell line is needed that has a limited 
expression level of endogenous ErbB receptors. 
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We speculated that the reduced diffusion observed is due to dimerization events. However, 

different underlying causes can be postulated that lead to reduced diffusion speeds, such as altered 
presence in corral regulated microenvironments72. Since our two-colour tracking experiments 

(which allows direct observation of dimers through co-movement analysis) did not show 
dimerization events, it is also possible that the reduction of the diffusion coefficient represents 
monomers binding to other interaction partners or represent oligomerisation in higher-order 

clusters. Nevertheless, reduced diffusion of receptors in cells are related to a molecular interaction 
with the receptor, otherwise no difference would be observed. Since other interactions with larger 
molecules that may induce similar diffusion reductions are unknown, we attributed the reduced 

diffusion speed to an interaction with one of the receptor partners, hence dimerization.  
 While we used a two-state diffusion system to describe the motion of receptors, a three-state 
system to describe the immobile (slow), dimeric (reduced), and monomeric (fast) states of the 

receptor might be more correct. However, ignoring the immobile state, the reduced diffusion of 
one state in a two-state model, or a change of occupation between two states in an three-state 
model, are equivalent. For example, a 50% dimerization will give a diffusion coefficient value 

equal to the average of the diffusion coefficients of the purely dimeric and monomeric state. We 
therefore chose to use the easiest model applicable to describe our data. 
 Certainly, the relation between diffusion and dimerization is complex, and absolute diffusion 

coefficients cannot be used as the only criterion for identifying dimers and activity, as also stressed 
by others18. Ligand binding, conformational change, dimerization, phosphorylation of receptors, 

recycling, and internalization are all influencing the highly complex interplay and dynamic 
cooperativity of transiently formed dimers73, and inactive dimers exist in a wide variety26,38. We 
therefore verified that the relation between reduced diffusion speed and dimerization was indeed 

valid for several established receptor conditions. Receptor dimerization under other less 
established (antagonistic) conditions for EGFR could be explained in the context of existing 
reports and models. The reduction of the diffusion speed of EGFR upon ligand-induced 

dimerization was also observed in two-colour tracking experiments and correlated with the 
lifetime of directly observed dimers (comovement), both for wild-type and kinase inhibited 
receptors18. The same reports showed using comovement analysis that kinase inhibited receptors 

form dimers upon addition of ligand, which coincided with a reduction of the diffusion speed, 
whereas we did not observe such effects. Future investigations to confirm dimerization under 
antagonistic receptor conditions could include autoradiography and immunoblotting as 

performed earlier33,34, although the harsh procedures and prolonged incubation at cold 
temperatures might not represent the true oligomerisation state of the receptor in live cells. 
 We measured the different receptor conditions within seconds after addition of a compound, 

for a period of 20 minutes. We believe that the receptors are in a steady state after a few seconds 
with the high concentrations of ligand and antagonists used. In comparison, it is known that 
ligand induced phosphorylation happens within seconds7 and is maintained for hours74. The 20 

minutes timeframe was taken since ligand induced dimerization is maintained for approximately 
20 minutes, after which receptors probably dissociate or degrade10.  

 Inactive dimer formation upon cetuximab addition might seem an elusive arrangement, since 
ligand-induced dimerization is normally associated with subsequent kinase activity. Cetuximab 
addition does not lead to tyrosine kinase activation of ErbB proteins75. However, artificially 

formed wild-type EGFR dimer arrangements have been shown to be inactive as well10. Upon 
ligand binding a conformational change in the extracellular part of the ErbB protein occurs to 
allow the dimerization domain to become accessible for receptor back-to-back dimerization. Since 

cetuximab blocks the ligand binding site in the tethered state of EGFR, it is believed that the 
conformational change cannot take place due to steric clashes, thereby preventing the normal 
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back-to-back dimerization and ultimately the activation of EGFR30. It is therefore tempting to 

explain the slowed diffusion as the formation of an alternative side-by-side and/or head-to-head 
dimer proposed in earlier reports9,35,38. It will therefore be interesting to measure whether 
cetuximab bound EGFR remains in the tethered state and indeed does not undergo a 

conformational change to the extended or an alternative state. This can be verified by measuring 
FRET between a dye at the top of EGFR and a membrane-bound dye, as demonstrated recently for 

the EGF induced conformational change76. The therapeutic value to understand the exact 
arrangement formed upon cetuximab binding is that such inactive formations may be locked 
(sequestration) by another antibody which has synergetic anticancer effects, in the same way as 

described for the configuration formed after AG1478 treatment35.  
 The direct inhibition of EGFR activation through blocking its ligand binding site and therefore 
dimerization is believed to act as the primary mechanism for the anticancer activity of 

cetuximab75. Therefore drug-induced dimerization through an alternative arrangement can be 
considered to be a weak aspect for secure inhibition of the receptor activation, since the receptors 
are primed for activation due to their close proximity. The anticancer activity of cetuximab is 

however also attributed to additional mechanisms such as cellular cytotoxicity through the 
immune response and receptor downregulation through internalization. It is therefore interesting 
to correlate the further lifespan of the receptors after the initial molecular responses, such as the 

internalization rate and the expression level.  
 We did not expect dramatic changes in the dimerization state of ErbB3 upon cetuximab 
treatment. Our results indicate that ErbB3 is removed from preformed clusters upon inhibiting 

EGFR and becomes more accessible for other receptors. This means that an additional anti-ErbB3 
treatment in therapies aimed at EGFR (using cetuximab) can be expected to have beneficial 
response. While this was observed to be the case in FaDu cells, other cell lines might have different 

responses, which can be tested using the same methodology. 
 There is a discrepancy in earlier results about the influence of kinase inhibition to the clustering 

state of EGFR. Some reports showed that kinase inhibition increases the formation of inactive 
dimers33,34. In contrast to that, an active kinase domain was shown to be required for 

dimerization63, even when the extracellular dimerization arm is intact. Others reported more 

direct evidence that kinase inhibition caused EGFR to disassociate from pre-clusters and become 
monomeric9, or at least does not further cluster the receptor10 and reduces the lifetime of this 
dimer48. Also mAb 806 antibody, which binds domain II (dimerization arm) of EGFR exclusively 

in the untethered conformation77, showed increased reactivity upon kinase inhibition35. Based on 
the diffusion speed, we believe that kinase inhibited EGFR in the cell systems tested is not partly 
pre-clustered as indicated by anisotropy measurements10. This inconsistency might originate from 

the different ways to achieve kinase inhibition (small molecule inhibitors versus receptor 
mutations). Our results favour that kinase inhibition keeps the receptor in their monomeric state, 

and also indicate that subsequent ligand addition does not affect the monomeric state of EGFR 
(Fig. 5.3). 
 In the light of the above discussion, we postulate the following model for the influence of kinase 

inhibition on EGFR (Fig. 5.7). Upon binding of the kinase inhibition on the kinase domain of the 
receptor, a conformational change has to take place since EGF does not lead anymore to the 
normally induced dimerization of the receptor. This conformational change is from the tethered 

to an alternative but not extended conformation, since this would allow (weak) dimerization. An 
alternative conformation was already proposed earlier due to exclusive binding of mAb 806 to an 
untethered conformation of the receptor77. Even though the extracellular dimerization arm might 

be exposed, as well as the ligand binding site, no dimers of any arrangement are stably formed, 
because the kinase domain is mainly responsible for stable dimerization, and binding to this 
domain is blocked. Therefore the alternative conformation is probably orchestrated by the kinase 

domain. 
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 Our model builds upon other hypotheses that the dimerization arm is needed for dimer 
stabilization but that the kinase part is mainly responsible for receptor dimerization63. It also 

agrees with recent findings that the kinase domain on its own can form stable dimers but is 
impeded to do so by the tethered conformation of the extracellular and transmembrane 
domains78, such that both extracellular and intracellular domains are involved in dimerization27. 

Following this model, the normal ligand-induced dimerization is then induced by a weak 
dimerization through the dimerization arms, and is immediately stabilized by strong dimerization 
of the kinase domains. The chance that (non-inhibited) kinase domains can also form dimers 

when the receptor is exhibiting the tethered conformation is only high enough when receptors are 
present in very high concentrations (pre-clustering). The pre-cluster arrangement does not allow 
the kinase to become active, due to an auto-inhibitory effect of the extracellular tethered 

conformation78,79. We cannot exclude the possibility that the monomeric state coincides with a 
small population of weak dimers (e.g. a side-to-side arrangement), but these dimers have to be 

very transient in that case, unless stabilized in that arrangement by other means (e.g. by mAb 806). 
Furthermore, weak dimers could also be stabilized through artificial factors, such as nonspecific 
adhesion between fluorescent labels. Since stable dimerization is indeed only possible for receptors 

with a non-tethered extracellular conformation and an active kinase, the positive cooperativity of 
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these two mechanisms explains the complex and subtle dimerization and activity conditions of 

ErbB receptors in a variety of receptor conditions. 
 We postulate the following model for the influence of cetuximab on EGFR. Upon cetuximab 
binding, the ligand binding site is occupied, and the receptor changes its conformation from the 

tethered to an alternative conformation. This conformation is different from the conformation 
induced by kinase inhibition, and allows for stable dimerization. Like the pre-dimerization 

conformation it lacks the ability for the kinase domains to become active and phosphorylate its 
partner, hence its inhibitory effects. However, we cannot exclude that the dimer formed is due to 
crosslinking caused by the bivalency of cetuximab, although this is unlikely due to the relatively 

inflexible way it binds to the receptor. This could potentially be verified by incubating the 
receptors with only the Fab fragment of the antibody.  
 The intriguing role of ErbB3 receptor in the ErbB signalling regulatory system is relevant for 

future drug discovery or prognosis of (combined) drug effectiveness. Here we showed that the 
dynamics of this receptor on the plasma membrane is influenced by binding of cetuximab to 
EGFR and again influenced by subsequent addition of EGF in a cell line benefitting from 

combined (EGFR and ErbB3) drugs treatment. Even when the cetuximab bound EGFRs do not 
directly bind ErbB3 receptors, the increase in diffusion speed of ErbB3 receptors triggers many 
questions. For example, how can an antibody targeting one receptor lead to different dynamics of 

another receptor? It would be interesting to determine whether cetuximab also influences the 
normal ErbB3 pathway, and if subsequent addition of its ligand HRG leads to more or a faster 
signalling response. 

 The study of altered diffusion speeds and the related dimerization using single-molecule-
tracking and analysis as presented here is also applicable to other receptor proteins to study 
dimerization under different receptor conditions.  

Looking forward in anticancer therapy, there is a high need to find immunotherapy markers: ways 
to predict a patient’s response to an immunotherapy or to show whether a given treatment is 

working80. As recently suggested, in vitro assays are a simple means for assessing the drug 
sensitivity of a patient’s cancer81. The initial signalling and feed-back system defined by the 
molecular state and spatiotemporal distribution of ErbB receptors in the tumour cells might be 

representative for the response to distinct receptor antagonists. Also within the context of cultured 
cell lines there remain a lot of spatiotemporal and conformational questions to be answered. Such 
studies are relevant in the understanding of the way therapeutic antibodies might work on a 

monomeric or inactive population of receptors, i.e. by halting one or more of the steps involved in 
the ligand-induced dimer formation leading to activation of the kinase domain75.  
 In conclusion, we characterized the diffusion based mobility of EGFR under various receptor 

conditions by obtaining the two-populations diffusion parameters. We showed that certain 
spatiotemporal characteristics of EGFR are clearly distinct under different agonistic and 
antagonistic conditions, such as the diffusion speed, but not the organization of transiently 

immobile receptors in the plasma membrane. We reported on resting and liganded EGFR in 
MCF7 and H441 carcinoma cell lines, and showed a direct relation between dimerization and the 

diffusion coefficient of the fast population. Therapeutic antibodies and tyrosine kinase inhibitors 
alter the normal dimerization process of EGFR. Upon inhibition of the ligand-binding capability 
of EGFR by incubation with cetuximab, EGFR seems to form alternative dimers. We have found 

indications that ErbB3 is involved in this process, since it seems to get recruited from a pre-
clustered state to a more active state, or may actually be the dimerization partner of the alternative 
EGFR dimer. The entanglement of ErbB3 receptors with the inhibition of EGFR needs further 

clarification. Furthermore we found that kinase inhibition by both erlotinib and lapatinib keeps 
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the EGF receptor in a fast diffusing state which is independent of ligand addition. This is an 

indication that an active kinase is needed for stable dimerization. More detailed studies on the 
homo- and hetero-dimerization state of kinase inhibited receptors are however required to explain 
the conflicting results from immunoblotting and biophysical techniques. The final goal will be to 

find the spatiotemporal design principles of the complete ErbB system to cell decision-making, 
and how to manipulate this to get the system towards a healthy outcome. 

We thank Jenny Ibach for providing SNAP-ErbB1 and SNAP-ErbB3 plasmid DNA. We thank 
Yvonne Kraan for culturing the cells. 
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(…) 
 

HMM_PP = HMM_PreProcessStates([hmmdir 'savedir'],'All', [hmmdir 'savedir\' 
'HMM_folder.HMMPP'],100,400, 0.5, 3, 10, 0.001, 5, .200);  
 

 % {'HMM DataFile Directory','Data Conditions','OutPutFile', 'Max Dimer Separation 
(nm)','Domain Size (nm)','Analysis Threshold L (microns)','Min Overlapping Valid Frames', 'Min 
Traj Length (frames)','Duty Cycle','Min Overlapping Time (Frames)','Close Approach Threshold 

(microns)'} 
 
        % NOTE(!), I think  'Min Traj Length (frames' and 'Min Overlapping Time (Frames)' are 

confused here!! 
        % NOTE (!!): to the dimer and domain size all sigmas (loc errors) will be added as well by the 
function, but to appThresh it is -not-! 

 
        % L=0.5; %micron.  Analysis is restricted to frames where separation is less than L.  
               % NOTE (!!!): should be large enough so that the p-chance for a non-free state is 

calculated (and small), such that not a non-free state is interpolated!!! 
        % MinOverlap=3; %frames. Minimum number of overlapping valid frames of two tracks for 

inclusion in analysis 
        % MinPath=10; %frames.  %rule out tracks that don't overlap for enough frames % Tracks 
must have valid points separated by this value or larger or are excluded 

        % DC=.001; %duty cycle.  Tracks must have a (valid frames)/(track length) ratio greater than 
DC 
        % minOLT=5; %frames. Minimum number of overlapping frames (valid or invalid) of two 

tracks for inclusion in analysis 
        % appThresh=.2;%micron Tracks must get this close at least once to be included (see as quick 
throw away setting) 

 
(…) 
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The study of individual single molecules has allowed us to better understand the design principles 

and appreciate the molecular heterogeneities of many biological processes. The methods to 
visualize and localize single molecules in biology has developed to become a standard microscopy 

tool in the field with super-resolution approaches such as Stochastic Optical Reconstruction 
Microscopy (STORM) and Stimulated Emission Depletion (STED) microscopy now being 
commercially available and widely used. In contrast, the manipulation of single molecules is still 

an art1–4, which opens the possibility to study local chemical and biophysical processes. Most 
chemical interactions with cells are typically investigated in bulk with soluble ligands. However, a 
locally applied stimulus can provide key insights to reveal elusive details on the signalling design 

principles of the cell. For example, it was shown using ligand functionalized micron-sized beads 
that plasma membrane receptors may amplify signals by a lateral signal propagation starting from 
the site of ligand-induced activation5. A hint6 lead to the explanation of this propagation; the fast 

diffusion of hydrogen peroxide (H2O2) released upon activation of the receptor activates the 
tyrosine kinases of inactive receptors7. The question remains why hydrogen peroxide, which has a 
short lifetime, can influence receptors over such a wide range in the cell, and how this mechanism 

can be selective for EGFR while numerous other phosphorylation-dependent signals exist8. A 
similar local activation can be achieved with a ligand functionalized AFM tip, which has been used 
extensively in AFM based force spectroscopy to probe the interaction forces between two 

biomolecules9–14. An atomic force microscopy (AFM) based approach has the advantage over a 
bead that this activation probe can be precisely guided to a particular spot at the cell membrane 

and allows control over the duration of interaction as the probe can be retracted at any chosen 
time. Certainly the activity of the biomolecules that are incubated on the AFM tip will result in a 
cellular response in live cells, such that the AFM tip becomes a highly controllable actuation tool. 

We aimed to functionalize AFM tips to locally position ligands to a small part of the cell surface in 
a force-guided manner (Fig. 6.1), and to follow the molecular response of the cell using 
fluorescence microscopy.  

 
 

 
 Several AFM based force spectroscopy experiments using antibodies on the AFM tip and 
receptors on the plasma membrane of live cells have been reported in the last years15–19. The 

incubation of an antibody to an AFM tip has become more or less a routine procedure20,21, which 
can also be used to probe receptors in live cells22. Also, cells have been attached to the AFM tip to 

study cell-cell adhesion with another cell on the surface23, and in another study, the surface was 
functionalized with ligand to study the ALCAM – CD6 interaction24. For smaller biomolecules 
however, experimental protocols are not well established and require custom optimization due to 

the lack of freely accessible binding targets outside the binding pocket, such as free amino or thiol 
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groups in lysine and cysteine amino acid residues respectively. Only recently a receptor actuating 

ligand (MFZ2-12) has been attached on an AFM tips and used to probe serotonin transporter in 
live CHO-K1 cells to determine the energy landscape of these molecules25. The authors of the last 
report did not monitor the molecular response of the cell in that study. Also, they explicitly 

mentioned that not all cell lines are suitable for live cell force spectroscopy due to large excursions 
of the membrane of cells during AFM imaging, such as for HEK293 cells. So far, monitoring the 

cellular response by optical microscopy after AFM based actuation with chemoattractants has only 
been based on white light microscopy (to the best of our knowledge). For example to observe the 
appearance of filopodia and bleb formation after applying a mechanical stimulus by untreated 

AFM tips26, and to monitor cytoskeletal remodelling after local actuation by AFM tips 
functionalised with HA molecules which target CD44 receptors10.  
 In this chapter we describe the methodological developments to attach epidermal growth factor 

(EGF) to the silicon material of AFM tips. For this we used flexible heterobifunctional 
polyethylene glycol (PEG) crosslinkers, which allows the protein to be flexible and present itself in 
all orientations to a recognizing protein. We tested the functionalization by force spectroscopy as 

described earlier20,21. Since the aldehyde-linker chemistry did not show satisfactory results, we 
used a cysteine mutant of EGF to realize the attachment of ligand to the tip. To avoid time-
consuming force spectroscopy experiments to confirm the attachment chemistry, we reasoned 

and confirmed that a single-molecule immunofluorescence assay is a suitable method to validate 
attachment. Furthermore we investigate other criteria for the AFM tip for combined use of AFM 
and single-molecule fluorescence microscopy. Finally, we show preliminary results of live cell 

experiments where we performed local actuation of EGF receptor (EGFR) and performed single-
molecule tracking on its preferred hetero-dimerization partner.  

AFM tips were functionalized according to protocols described by others20,27. The tips were 

washed 3 times for 5 minutes in chloroform, washed 3 times for 5 minutes in ethanol, and dried 
with nitrogen. Thereafter, an (3-aminopropyl)triethoxysilane (APTES) monolayer was deposited 
on the tips by gas vapour deposition28. For this, the tips were put on an inert Teflon supporting 

surface in a 5 litre desiccator, which was then flooded with argon for 10 minutes to remove air and 
moisture. Two plastic cups (lids of Eppendorf tubes) were filled separately with 60 μl distilled 

APTES (stored in argon environment) and 20 μl triethylamine (stored in argon environment). 
The cups were placed in the desiccator, which was then flushed with argon for 1 minute. After two 
hours of incubation the cups were removed, and the desiccator was slowly flushed for 5 minutes 

with argon gas to allow the APTES to cure for at least 2 days (there should be almost zero 
humidity, but a tiny bit of water is required for the curing). The tips were then directly used for 
functionalization with a heterobifunctional PEG-linker and EGF. 

For the force spectroscopy experiments we used an aldehyde-linker29 with EGF incubation 

performed at pH 5.5 to specifically target the exposed amine group of the N-terminus of EGF30. 
This pH reduces the chance that the ε-amino groups in the lysine amino acids of the protein in the 

binding pocket of EGF are targeted, which would block the protein functionality. The other end of 
the linker has an N-hydroxy succinimide (NHS) ester which is much more reactive than aldehyde. 
With careful timing and concentration, this side of the linker binds the amine functionalised 

surface first, such that the aldehyde group can subsequently bind an amine group of a protein, as 
shown in Fig. 6.2. Aldehyde-PEG-NHS linkers were a gift from A. Ebner (University of Linz, 
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Institute of Biophysics, Austria). One portion of aldehyde-linker (3.3 mg) was added to 0.5 mL 

chloroform (6.6 mg/mL), and vortexed until dissolved. The APTES coated tips were placed into a 
Teflon chamber filled with the linker solution, and 15-30 μL triethylamine was added to start the 
NHS reaction. This incubation allows the APTES amine groups to react with the NHS ester 

function, forming a stable amide bond. A glass lid was placed onto the Teflon chamber to prevent 
evaporation of the chloroform. After 2 hours the tips were washed with chloroform as described 

above and extensively dried. Recombinant human EGF (Pan Biotech, Germany) was dissolved in 
PBS and stored in aliquots of 200 μL of 200 μg/mL concentration at -80 °C. One portion of EGF 
was mixed with 2 μl of a 1M sodium cyanoborohydride water (with 10mM NaOH) solution, and 

added to the tips. The cyanoborohydride act as a mild reducing agent for the Schiff base (imine 
bond) formed from the aldehyde and the amino group of EGF. After 2 hours incubation, 50 mM 
ethanolamine was added to react with the remaining aldehyde groups. After 10 minutes, the tips 

were washed with PBS, and stored at 4 °C for up to 2 days. 
 

 

 

 

 
 The immunofluorescence assay and live cell experiments used an optimized method, as a 
cysteine mutant of EGF (cys-EGF, a gift from M. Sonntag, Laboratory of Chemical Biology, TU 

Eindhoven, The Netherlands) had become available to us at that time. The incubation using a 
maleimide (MAL) group on the linker to bind the unprotected thiol in the cysteine of cys-EGF is 
faster than the aldehyde reaction, and is therefore less prone to hydration which reduces the 

number of EGF molecules binding to the linker. It is also better defined as there is only one 
available thiol in cys-EGF, and maleimide reacts relatively fast with this thiol. The maleimide 

linkers were obtained from Polypure (Oslo, Norway). Under an argon gas environment 2.5 mg 
MAL-PEG-NHS linker was added to 2.5 mL chloroform (1 mg/mL), and vortexed until dissolved. 
The APTES coated tips were further incubated with the MAL-linker as described for the aldehyde-

linker. Next 12 μg/ml (≈ 2 μM) cysteine mutated EGF was reacted with the slides in degassed PBS 
buffer (pH 7.4) with 1 mM EDTA for 3 hours, and afterwards washed 3 times in PBS. The tips 
were stored in PBS buffer at 4 °C for up to 2 days. 
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First, microscopy cover slip #1.5 glass slides were cleaned by ozone treatment for 30 minutes. Next 
the glass slides were amino-functionalised and incubated with EGF in a similar way as the AFM 

tips. 
 Immunostaining to detect EGF was performed as follows. The slides were first incubated with 
5% BSA for 30 minutes to prevent nonspecific adhesion since not all the slides were passivated by 

PEG linkers. After washing the slides with PBS, a primary goat antibody specific for the C-
terminus of EGF (sc-1341, Santa Cruz, USA) was diluted 1:50 in 0.1% BSA containing PBS, and 
the slides were allowed to incubate with this solution for 60 minutes at room temperature. Next 

the slides were washed 3 times with PBS, and incubated with 1:500 diluted secondary rabbit anti-
goat antibody labelled with CF-633 (SAB4600148, Sigma-Aldrich) for 60 minutes. After washing 
with PBS, the slides were mounted on coverslips, and fluorescence microscopy was performed 

immediately such that the aqueous environment was conserved.  

Force spectroscopy measurements were performed on a Bioscope II AFM (Veeco Instruments 
Inc.). Force distances curves (typically 1,000) were acquired with a vertical velocity of 200 nm/s, 

the z-range was 100 nm, and the maximum deflection force was set at 300pN. MSCT silicon 
nitride tips B and C from Veeco were used. The nominal spring constant of these tips is 0.01 - 0.03 
N/m; effective spring constants of the cantilevers were determined by the thermal noise method in 

the Veeco software. 

 All cell culture materials were obtained from PAA Laboratories (Pasching, Austria) 

unless stated otherwise. The H441 epithelial human lung adenocarcinoma cancer cell line were a 

gift from Anton Terwisscha van Scheltinga (Department of Medical Oncology, University of 
Groningen, The Netherlands). H441 cells were cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 10% FBS and Pen Strep at 37°C with 5% CO2. H441 

cells stably expressing SNAP-ErbB2 at the single molecule level were made by transfecting H441 
cells in a 60 cm2 well of 40%-confluent cells using 6 μg of SNAP-ErbB2 plasmid DNA and 12 μL 

Lipofectamine LTX and 6 μL Plus reagent (Invitrogen) in 15 mL Pen Strep free cell medium, as 
described in the suppliers’ protocol. Selection (500-1,000 μg/mL of G418) was applied after 24 
hours and maintained for 12 days. Thereafter the cells were split over 10 wells, and further 

maintained under selection. After 5 days, one well contained positive cells with an expression level 
at the single molecule level; these cells were further cultured. For culturing, the concentration of 
active G418 was 350 μg/mL.  

 Before measurements, SNAP-ErbB2 expressing H441 cells were transferred to 35mm 

CellView dishes (product #627860, Greiner Bio-one, Alphen aan den Rijn, The Netherlands), 
grown overnight, and then starved overnight the day after transfection in medium without FBS. 

Labelling of the SNAP-ErbB2 proteins was done by incubating the cells for 2 minutes with 300 nM 
of BG-Dy549 (SNAP-Surface 549, New England BioLabs, Ipswich, MA, USA) and 500nM of BG-

CF633 (New England BioLabs, Ipswich, MA, USA) in starvation medium containing 0.5% BSA. 
Samples were washed after 2 minutes by replacing the labelling solution with PBS buffer 
supplemented with magnesium and calcium (PAA Laboratories, product H15-001). This washing 

step was repeated at least three times, and measurements were performed in the same buffer. 

 Single-molecule tracking experiments were performed on a single-molecule 

microscope as described before (Chapter 2-5). The microscope stage was heated to 33-37°C with a 
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constant current (without feed-back to avoid thermal induced mechanical oscillations) using a 

sample heating plate and objective ring heater.  

A custom AFM was built because the commercially available AFM machines in our lab (Veeco 
BioScope I and II) were not optimized for force-guided and low-drift indentation experiments. 

The requirement we had were that the microscope could be equipped with a heating stage to 
perform experiments at physiological temperatures, and that the AFM tip could be immersed in 
an aqueous solution. Additionally, the AFM laser should not interfere with the wavelengths used 

for the fluorescence microscope (400 – 720 nm). Furthermore, a slow approach (z-axis) should be 
possible such that the molecules on the AFM tip are not scratched away upon contact with the 
cell. This requires that the force feedback should already run whilst using the linear motors during 

the approach. Upon contact, the force must be kept constant at a preset force. In this phase, the 
stage (especially in the z-axis) should not have much drift, since the reference force can only be 
measured before the tip has come into contact with the cell. The realized custom AFM (Fig. 6.3) 

fulfilled all these requirements, and the z-axis drift was approximately 600 nm peak-peak per 4 
minutes (projected stimulation time), which could be compensated for by the force feedback loop 

of the AFM since the Z range of the AFM stage is 20 μm.  
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 Further specifications of the custom AFM are now described in more detail (contributed by R. 

Molenaar). The AFM was built on a large aperture piezo nanopositioning stage (Physik 
Instrumente 517.3CD with E710 controller). The controllable range of this stage is 200 μm in 

lateral direction, and 20 μm in axial (Z axis) direction. All AFM peripheries were mounted on the 
scanning body of the stage, i.e. a laser, a cantilever holder, an adjustable mirror and a quadrant 
photodiode with current-voltage converters. On the fixed body of the stage an aluminium frame 

(AFM-head) was mounted that holds a tripod configuration of three micro positioners to allow 
lateral positioning of the AFM tip towards the sample. One tripod micro positioner is motorized 
to be able to slowly lower the AFM head to the sample (Newport, TRA12CC with SMC100CC 

controller). The AFM uses a 780nm laser diode (Roithner, LDM780/3LJ), to prevent spectral 
overlap with the fluorescent channels. A 780nm band-pass filter (Chroma, Z780/30) was placed 

after the laser diode, to block emission light that would pass into the red channel of the 
microscope. Another identical bandpass filter was placed in front of the quadrant photodiode to 
block the light from the excitation lasers used in the setup. The deflection voltage and actuator Z 

control voltage are read and controlled by an analog input and output Data Acquisition Card 
(National Instruments, NI 6353). To have real-time control of the force on the cell membrane, a 
PI (proportional integral) feedback control loop was implemented in Labview to maintain a pre-

set force.  

To test the aldehyde-based functionalization chemistry to attach EGF to AFM tips with a hetero-
bifunctional PEG linker, we performed force spectroscopy measurements by recording a series of 

1,000 force distance curves. The EGF on the functionalized AFM tip was recognized by antibodies 
(specific for the C-terminus of EGF) which were bound to a mica surface. The mica surface was 
functionalized by APTES coating and subsequent antibody binding via the same aldehyde-linker 

as described for AFM tips. Recorded force distance curves (Fig. 6.4) show zero force when still 
above the surface, and as the cantilever (the tip) deflects when getting into contact with the 

surface, this deflection is translated into a deflection force using the cantilever spring constant. 
The tip is moved towards the surface until the pre-set force limit is reached (trace curve). When 
the cantilever is subsequently retracted, and no protein binding has occurred or when the surface 

had been blocked with soluble EGF, the retrace curve will not show a (negative) force while 
moving the tip upwards away from the surface. When the EGF on the tip has made contact with 
an antibody on the surface, the retrace curve shows an exponentially increasing negative force 

upon moving the tip away from the surface. The slope of the deflection force has a typical 
exponential shape caused by stretching of the PEG linker and the antibody until the binding 
between EGF and the antibody rapidly ruptures, and the deflection force returns to zero31. 

Consequently, the maximum negative force directly before the rupture event indicates the rupture 
(unbinding) force of the two proteins. The increase of negative deflection force is expected to start 
well above the surface, since there is a 10 nm long PEG linker between the surface and the 

antibody, then a 10 nm sized antibody, followed by the EGF, which is attached using the same 10 
nm long PEG linker. Therefore, these specific unbinding events can be distinguished from 
nonspecific adhesion of the AFM tip itself to the surface.  

 We recorded several force distance series for slightly differently prepared functionalized AFM 
tips, and analysed the curves for the typical unbinding characteristics in specific unbinding events 
(as in Fig. 6.4). We used a typical loading rate of 2,000 pN/s, which is relatively fast to increase the 

rupture force21. As a negative control we performed measurements on a surface that was blocked 
with soluble EGF. We developed custom software to automatically find the location (z-value) of 

the surface within the force-distance curve, and predict whether there was a specific unbinding 
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event, in which case the exponential force-distance curve and the baseline (zero force) were fitted 
to obtain the rupture force The fitting was done to an exponential function with variable offset. 

The user can verify and correct these findings in the software. From these data the unbinding 
force distributions (a probability density function) were composed. An example of such a 
distribution (Fig. 6.5), with the lowest recognition percentage for the blocked surface, shows that 

the unbinding forces are rather low (on the order of the thermal noise levels of the cantilever), and 
that the specific recognition percentage is rather low (6.3%).  

 All fairly reliable measurement series (N = 10) indicated a mean specific unbinding force of 56 
pN with a standard deviation of 42 pN. This force compares to individual ligand-receptor 
recognition forces, which are found to be around 50-250 piconewton15,31–33. We obtained a 

recognition chance of 1-6% for active surfaces (N = 10 series of 500-1,000 curves), and a chance of 
2-5% for blocked surface. Other antibody-ligand systems prepared using the same protocols 
showed 25-70% specific recognition20,27,34. In conclusion, our results often show a low recognition 

chance, which suggests that either there are few tips with a functional EGF molecule present at the 
tip, or there is not enough antibody present at the recognizing surface, or that either of the 
molecules fails to make a binding to the other protein. 

 Since the low percentage of recognition events in numerous series of force spectroscopy 
experiments did not convince us that we indeed had functionalized our tips with active EGF, we 
decided to wait until a cysteine mutant of EGF became available. In the mean time we also 

discovered that the stock antibody solution contained 0.1% gelatin for stabilization. Gelatin is 
essentially a large peptide bearing a lot of amino groups. Therefore it is very likely that the 
recognizing surface did not contain a lot of antibodies against EGF but mostly gelatin molecules. 

We also decided that although force spectroscopy is a useful technique for single-molecule 
research on protein forces, it is very time-consuming to just verify the incubation of protein to an 
APTES layer. Such verification is more easily performed by an immunofluorescence assay with a 

single-molecule sensitive microscope. 

An immunofluorescence assay using glass slides instead of AFM tips can serve as a test to confirm 

binding of EGF to an AFM tip, since the chemistry involved is similar. APTES reacts with 
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silicon(di)oxide which is present at both the surface of silicon or silicon nitride AFM tips and glass 

slides; the first atomic layers of silicon materials are oxidized within days in ambient air35. The 
main component of both glass slides and AFM tips is therefore silicon(di)oxide. After incubation 
of cys-EGF on glass slides, using the functionalization chemistry of an AFM tip with a maleimide-

linker, and subsequent immunostaining, we recorded fluorescent images on a single-molecule 
sensitive microscope of both glass slides with cys-EGF and glass slide with APTES only (Fig. 

6.6A,E). We also tested for the specificity of EGF binding by excluding the steps with the linker 
and/or cys-EGF (Fig. 6.6B-D).  

 

 

 The results show that a glass slide with APTES only is not fluorescent. When a glass slide with 
APTES is immunostained, it shows a high fluorescence signal which is due to nonspecific 
attachment of the labelled antibody. To avoid nonspecific attachment of biomolecules, surfaces 

are often passivated with PEG. To replicate the full functionalization procedure, we used the same 
MAL-PEG-NHS linker but made the maleimide unreactive by subsequent hydrolysis with water. 

In this case we obtained non-fluorescent slides (Fig. 6.6C). When cys-EGF was nonspecifically 
attached to the APTES coating without passivation layer (Fig. 6.6D), the slide was fluorescent 
although not to the same extent as in the case with direct antibody adhesion, possibly due to a 

complete filling of the nonspecific adhesion sites of the APTES coating by cys-EGF, which are not 
all oriented such that they are accessible for the antibodies. When the full functionalization 



Chapter 6 

 173 

procedure is followed (Fig. 6.6E), fluorescent images show that the slide is homogenously covered 

with antibody. Because we can exclude nonspecific binding of antibody due to the PEG linkers, we 
can conclude that that cys-EGF must be specifically bound through the MAL-PEG-NHS linker to 
the surface and is homogenously attached to the slide. 

The combination of functionalized AFM tips with optical microscopy requires AFM tips that 
exhibit low autofluorescence. For this we measured the autofluorescence of three different tips. 

The tips that were selected have a low spring constant. Because cells are relatively soft materials, 
the spring constant of the cantilever has to be low (≈ 0.1 nN/nm) to be able to measure the 
reacting force of the cellular membrane. The MSCT cantilevers (Veeco at the time of ordering, 

now Bruker) made of silicon nitride showed very high autofluorescence, although we noticed that 
the tip itself was not autofluorescent (Fig 6.7A). This tip is undoubtedly made of a different 
material than the silicon nitride of the cantilever. Nevertheless, the large autofluorescent 

background observed makes this cantilever unusable for our application. Next we evaluated two 
tips made of silicon, and brought the tip into contact with a surface incubated with single 
fluorescent molecules. The CSG01 tips (NT-MDT) and ARROW CONTR tips (NanoWorld) 

showed virtually no fluorescence (both in the green and red channel, see also chapter 2) compared 
to the fluorescence of single Dy-549 and CF-633 molecules (Fig 6.7B,C). Therefore these tips were 
further tested for their suitability to combine with single-molecule fluorescence microscopy. 

Vibrations due to high-intense illumination power 
 When a cantilever is positioned in the field of view of the microscope, it absorbs a large amount 

of the total excitation light (± 150 mW combined green and red laser power), which is then 
converted to heat. Cantilevers are often coated with a reflective layer to increase the reflected light 
in the photodiode of the AFM. Such layers however make the bending of the AFM cantilever 

temperature dependent due to bi-metal effects (stress between the two materials). This results in 
instant deflection responses upon the stroboscopic illumination (to prevent photobleaching 
between camera acquisition periods). In force feedback, the cantilever deflection, as a measure of 

the force, is held constant over time. Even though the cantilever heating time response falls within 
the bandwidth of the feedback of our AFM system, the feedback cannot discriminate between 
deflection caused by thermally induced deflection (stress inside the cantilever) or height 

displacement (of the surface). For this reason the force accuracy is limited by the thermal response 

of the AFM tip and the thermal stability of the stage heater. (Section contributed by R. Molenaar) 
We measured the deflection force induced by the thermal response when both illumination lasers 

were used to image single molecules. Whereas CONTR cantilever showed a response that was 
larger than the measurement range of the photodiode (± 40 nN), the CSG01 tips showed a much 

lower peak-peak force response of 2 nN). Therefore we continued with the CSG01 cantilever, 
which has a nominal force constant of 30 pN/nm. 

Since the single-molecule recognition events in the force spectroscopy experiments were very 

sparse or even non-existent, we decided to increase the contact area of the tip with the cells to 
increase the number of EGF molecules that are exposed to the cell membrane at the same 
functionalization concentration. This was accomplished by milling the end of the pyramid shaped 

tip by focussed ion beam (FIB) (Fig. 6.8). The FIB milling did not affect the autofluorescence of 
the tips (Fig 6.7D). 
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After exposure to ambient air for a few days (to oxidize the silicon surface), milled tips were 

functionalized with cys-EGF following the procedure with the MAL-linker. For one tip 
functionalization with EGF was confirmed by immunostaining (as in Fig 6.6E). This tip was 
mounted in the AFM and brought into contact with the cover glass of a dish containing a PBS 

solution. Single-molecule fluorescence images of the tip were recorded in both channels (defined 
in chapter 2). The images (Fig. 6.9) show that EGF was indeed attached to the AFM tip, although 

we cannot be sure that there are many EGF molecules at the bottom of the pyramid, which is the 
main contact area with the cell. Because the tip will also bend around the plasma membrane of the 
cell, we reckoned that the edges of the pyramid of the tip would also get into contact with the cell. 

Therefore a high local concentration of EGF molecules would be able to access the EGF receptors 
on the cell membrane, and this batch of functionalised tips was used to perform the live cell 
experiments. We are not aware of any effect that could have caused this inhomogeneous staining. 

 
 

 
 

 

An important aspect of AFM based receptor actuation is to have a microscopy based readout for 
receptor activation that is compatible with live cells. The early events of EGF receptors activation 
are kinase phosphorylation of the tyrosine residues. Therefore one possibility is to use a FRET 

probe to monitor the phosphorylation of the residues, since this is the most direct way to assess 
the effect of the local actuation. Although FRET between a fluorophores on the receptor and 
labelled antibody specific for the phosphorylated tyrosine residues of EGFR would yield best 

results, this approach is incompatible with live cells. Other FRET pairs are based on labelled EGFR 
and labelled downstream proteins, such as Shc protein, which allows real-time measurements in 
live cells. However, we were not able to detect FRET between EGFR-mTurquoise and Shc-EYFP36 

upon EGF addition in HeLa cells using a frequency based fluorescence lifetime imaging 
microscope (FLIM). Also, we were not able to detect increased FRET with a more optimized pair 

using phosphotyrosine binding domain (PTB) fused to EYFP37 or PTB-mCitrine (point mutated 
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from PTB-Citrine by us). We therefore decided to monitor EGF receptor actuation in a different 

and more indirect way.  
 Since the EGF on the AFM tip will bind EGFR, the receptors will be immobilized in the area 
that is in contact with the AFM tip. When EGFR is activated, the dimerization arm in the 

extracellular part of the receptor becomes available for dimerization (Chapter 2 and 5). Since 
ErbB2 is the preferred hetero-dimerization partner of EGFR38, this receptor will also be 

immobilized when it dimerizes with an EGFR that is bound to the AFM tip via EGF. Therefore 
such dimerization events can be monitored by tracking ErbB2 receptors by single-molecule 
fluorescence microscopy during local actuation of EGFR with the AFM tip.  

 The EGF functionalized milled AFM probes were loaded and brought into contact with H441 
cells expressing SNAP-ErbB2 at the single molecule level in PBS. These cells were chosen because 
they tend to spread quite a lot. This is an advantage when imaging the apical membrane of the cell, 

the membrane that will get into contact with the AFM tip, while the AFM probe pushes the cell 
membrane down. The AFM probe has to exert a force to the cell membrane to ensure that it stays 
in contact with the cell. The H441 cells endogenously express EGFR at a level of about 50 

receptors per μm2, such that the tip with EGF will have enough receptors to target within the 
contact area. We gently brought the tip into contact with a cell that had a flat apical membrane 
such that single molecules could be seen within the focal plane. Upon contact, we recorded 

fluorescence images of the ErbB2 receptors in the apical plasma membrane of the cells using a 
TIRF objective with widefield illumination at video-rate (24 fps). Image series were about 100 
frames, and were recorded at an interval of a few minutes, after which we retracted the AFM tip 

whilst taking fluorescent recordings.  
 As expected we can see in the supplementary videos that ErbB2 receptors around the contact 
area indeed became immobile while receptors at a different location in the same cell were still 

mobile (Fig. 6.10A,B). This effect was almost immediate, and lasted at least for 7 minutes. We 
believe that the immobilization of the receptors was due to the specific EGF – EGFR – ErbB2 

interaction, but we cannot exclude a mechanically induced cytoskeletal effect. Upon retraction of 
the AFM tip, we noticed membrane bending until 20 μm away from the contact area. Furthermore 
a striking loss of labelled molecules was observed around the contact area (Fig. 6.10C,D). This loss 

may be due to removal of the molecules that are firmly bound to the AFM tip and pulled out of 
the membrane upon retraction of the AFM tip. This is supported by the observation that the tip 
had become fluorescent after being in contact with the cell (supplementary video); the 

fluorescence spectrum was similar to the spectrum of the dye used to label the ErbB2 receptors. 
Alternatively the plasma membrane was so much deformed that it was no longer in the same focal 
plane.  

A negative control should confirm whether the SNAP-ErbB2 receptors can still be mobile whilst 
an passivated AFM tip is touching the cell, such that the receptors are indeed immobilized due to 
specific stimulation of EGFR by EGF molecules on the AFM tip. The passivated AFM tip may be 

an APTES coated tip which is passivated with an unreactive PEG linker. The passivation layer is 
important as an APTES layer or bare silicon suffers from nonspecific interactions with 
biomolecules (like in Fig. 6.6A). Another study already showed that PEG linkers on the AFM tip 

do not interact with or penetrate into the lipid membrane of living cells25. 
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The interactions of ligands with plasma membrane proteins is widely studied, but almost never in 
a way where there is exact control over the duration of application and precise location of the 
stimulus. We have demonstrated that ligand functionalized AFM tips can be used to realize such 
experiments. To ensure that ligands induce receptor actuation, we enlarged the tip-cell contact 
area by milling the bottom part of the AFM tip by focussed ion beam. We have seen that ErbB2 

receptors, which are the preferred dimerization partner of EGFR, became immobile around the 
tip-cell contact area whereas ErbB2 receptors at a different location in the same cell were still 
mobile. A negative control is still required to confirm the specificity of the interaction. 
To obtain EGF functionalized AFM tips proved to be a difficult task with wild type human EGF, 
which does not have free accessible thiol groups and whose lysines are partly located in the 
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To obtain EGF functionalized AFM tips proved to be a difficult task with wild type human EGF, 

which does not have free accessible thiol groups and whose lysines are partly located in the 
binding pocket. This might be due to the slow or low binding chance of the N-terminal amino 
group to the aldehyde group of the aldehyde-linker at pH 5.5, or due to the gelatin in the solution 

of the recognizing antibody incubated on the recognizing surface in the force spectroscopy 
experiments. However, we did not have access to a cysteine mutant of EGF at that time. For 

testing the binding chemistry of the mutant, we devised an immunofluorescence assay that 
mimics the functionalization chemistry to the silicon oxide in the AFM tips by using silicon 
(di)oxide glass slides instead. This assay was not prone to amino groups contaminations in the 

antibody solution, since these antibodies were not bound via an aldehyde group as necessary in 
the force spectroscopy measurements. The assay showed that we can achieve a successful 
attachment of cysteine mutated EGF to an AFM tip.  

Ultimately, the goal of single-molecule manipulation is to be in command of the signalling 
machinery of a single receptor in a living cell. By studying the behaviour of molecular machines 
one by one, we might infer the design principles for cellular decision making and outcome. 

Combining advanced optical techniques with chemical force probe microscopy has only recently 
come into focus of the scientific community as a new toolbox to unravel single molecule 
interactions. Combining single-molecule tracking fluorescence microscopy with functionalized 

AFM for locally actuating plasma membrane receptors will permit a combined visualization and 
manipulation of these receptor down to nanoscopic scales. The AFM probes may present different 
chemical stimuli to the receptors, such as ligands but also inhibitory antibodies, or yet another 

class of molecules. The further development of such biophysical tools will help us to cross borders 
currently limited by conventional microscopy techniques, and to elucidate the sophisticated 
functions of biological matter. 

We thank Robert Molenaar for the implementation, characterization and documentation of the 
custom built AFM and controlling software. We thank Kees van der Werf for the initial design of 

the custom built AFM. We thank Jenny Ibach for providing SNAP-ErbB2 plasmid DNA, Donna 
Arndt-Jovin for providing Shc-EYFP, and Philippe Bastiaens for providing PTB-Citrine. We 
thank Andreas Ebner for providing NHS-PEG-aldehyde crosslinkers and discussions on force-

spectroscopy measurements. 
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Single-molecule tracking has not yet been used to its fullest potential to reveal elusive details of the 

proteins in the plasma membrane. Nevertheless, the potentials of the technique are almost endless, 
ranging from following the lifespan of a protein, to finding clues of the composition of the plasma 
membrane1. Extending tracking to 3D using double-helix microscopy also allows to observe the 

lifespan of cytosolic proteins2–4. Especially promising is the use of multiple colours to track 
multiple proteins, which allows direct observation of homo- and hetero-dimerization of single 

receptors5,6 and interactions of cytosolic proteins when tracking in 3D. Understanding protein-
protein interactions is key to understand the kinetics in signal transduction7. In this chapter we 
provide an overview of the relevant new instrumentation developments and scientific insights 

gained described in the course of this thesis. Scientific work usually brings more questions than 
answers. Therefore we also provide a number of future perspectives and discuss some of the 
hurdles of performing single-molecule tracking experiments.  

The single-molecule tracking technique is not yet as much used as other microscopy techniques. 
However, once a protein can be suitably labelled and advanced analysis toolboxes can be applied 
on the trajectories obtained, the time required to prepare and perform the experiments and 

subsequent analysis is about equal. However, single-molecule tracking has more potential and 
clear advantages over other microscopy techniques, such as FRAP measurements (described in 
chapter 1). We therefore envision that single-molecule tracking might become more and more a 

standard microscopy technique in biological and medical research. 
The first stage of the research described was to realize a single-molecule sensitive microscope 
(chapter 2), which can image individual fluorescently labelled proteins. We utilized low-cost high-

power (± 0.5 Watt) solid-state lasers to obtain relatively high illumination power in single cells 
resulting in detectable fluorescent signals at acquisition times of around a millisecond for 
optimized labels. At that time most single-molecule microscope were build using continuous-

wave (CW) gas lasers where acousto-optical tunable filters (AOTF) can switch the illumination 
light on and off. We realized that solid-state lasers could deliver much more power relative to their 

price than gas lasers (per laserline). Although low-cost lasers have rarely been used before for 
single-molecule imaging, and do not typically have a beam quality and coherence length as good 
as more expensive gas and solid-state lasers, we showed that these properties are not crucial to 

realize a highly-efficient microscope yielding good image quality to detect the signals from weakly 
emitting fluorophores. Much more important is the choice of a good filter set. We envision that 
future single-molecule microscopes will be realized more using solid-state lasers due to the cost-

effectiveness of this solution and their ease of use and modularity. Indeed contemporary 
commercial STORM microscopes already make use of solid-state lasers. Nowadays it is also 
possible to buy a complete set of high-power RGB solid-state lasers (635 nm/532 nm/473 nm), 

such that no additional alignment of the laser beams is required. We have also introduced the use 
of a rotating diffuser to reduce interference effects in the illumination pattern. A diffuser based 
method allows working in free-space, i.e. without fibres, which makes optical adjustments easier 

and in practice results in less loss of optical illumination power.  
This thesis has shown that whereas the current instrumentation available to build a single-
molecule tracking setup has almost ideal specifications, mainly methodological hurdles are 

obstacles in advancement of the technique. Especially limiting to derive convincing conclusions 
on protein clustering is the lack of an ideal protein labelling system to date to obtain unobscured 

multiple-colour data. Ideally, an orthogonal labelling system, which allows multiple protein 
species to be labelled, is used with the best fluorescent labels available. The ideal fluorescent label 
for single-molecule tracking would be a bright and photostable dye, with an ultimate specificity 

for the protein of interest, monomeric and non-adhesive such that no artificial clustering can be 
induced; it should also be of small size to avoid a loss of functionality due to steric hindrance for 
conformational changes of the protein, or due to an increased drag in a crowded environment. 

Protein-tag labelling systems, such as SNAP-tag labelled with organic dyes, which can be 
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combined with CLIP-tag for orthogonal labelling, are a promising labelling system. Whereas such 

tags can be labelled with an optimal choice of fluorescent substrates in respect to brightness and 
specificity, the amount of blinking and relatively rapid photobleaching of single dyes keeps this 
system far from ideal yet. In Chapter 4 we showed that SNAP-tag fused proteins can be labelled at 

the single-molecule level in two distinct colours by BG-Dy549 and BG-CF633. Although this is 
not the first demonstration of using two SNAP substrates to obtain dual-colour labelling of SNAP-

tag8, our choice of fluorophores allows for a prolonged imaging period without much blinking, 
unlike earlier choices. In particular, choosing a red-excitable dye that did not suffer from 
photobleaching or nonspecific attachment required an extensive evaluation of fluorophores 

beyond the ones used earlier to label SNAP-tag. 
Single-molecule tracking requires exceptionally long trajectories to unambiguously observe 
dimerization in multiple distinct colours of labels. Even though quantum dots are extremely 

bright and photostable, they are much larger than most proteins themselves which might sterically 
hinder the movement of the protein9. This reduces the applicability of quantum dots to single 
molecule tracking microscopy when monitoring the diffusion of proteins. The mobility of 

proteins is also important for their unperturbed function when monitoring protein interactions. 
When studying clustering effects of receptors, monovalent quantum dots should be used, which 
requires custom fabrication and optimization10–12. Even when no differences in mobility are 

observed after labelling a protein with a quantum dot or a smaller label, quantum dots might 
result in artificial induction or stabilization of dimers due to their tendency for nonspecific 
labelling and aggregation13,14. This tendency certainly enlarges the chance to see a labelled dimer in 

an environment with numerous unlabelled receptors (forming only transient dimers). In contrast, 
the SNAP-tag and the fluorescent labels used here do not have a tendency to adhere 
nonspecifically (chapter 4), and we did not observe correlated motion of labelled receptors in the 

dual-colour recordings (also hours after labelling) which indicates that there is no tendency for 
agglomeration either (chapter 5). Dimerization events probably failed to appear due to the high 

number of non-labelled endogenous ErbB receptors. However, others have seen dimers and even 
altered dimer lifetimes when utilizing quantum dots in HeLa cells, which endogenously express a 
large number of ErbB receptors with respect to the labelled number of receptors5. This should 

have made it unlikely to observe dimers by correlated motion in that cell line. Dual-colour 
correlated motion experiments for EGFR are perhaps better performed in cell lines which contain 
no endogenous ErbB receptors, such as Chinese hamster ovary (CHO)-K1 cells15. However in that 

case a hamster cell line is used to draw conclusions about human receptors. When correlated 
motion is indeed observed in such cell lines using SNAP-tag labels, this is an indication that the 
SNAP labelling system using organic dyes is more suitable to detect dimers. To conclude, it is 

important to determine the aggregation tendency of a label, as labels might induce or stabilize 
dimerization of proteins.  
It is crucial to find better fluorescent labels that are getting close to the ideal label than currently 

available labels to study the lifetimes of dimers. Further fluorescent label developments, such as 
highly stable organic dyes and small nano-diamonds16 and discotics17, are therefore essential to 
further advance the capabilities of single-molecule tracking. We emphasize that quantum dots can 

be effectively used for tracking applications where their aggregation tendency is not a concern, 
such as looking at altered motion of a protein due to a certain cellular structure. 

Another hurdle in the advancement is the difficulty to relate protein motion to biological 
implications. Whereas multiple colour tracking holds clear promise in unravelling protein-protein 
interactions, the motion itself also holds a lot of hidden information. One approach to extract the 

information from protein trajectories is to fit MSD curves of complete trajectories on models as 
commonly performed. Whereas this is a valid approach when the motion is homogenous, several 
reports have showed that protein motion is not homogenous but includes transient effects1,18–21. 

We believe that the transient nature of protein motion requires other analysis methods, and that 
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the use of full trajectory analyses should be limited when the state lifetimes are much shorter than 

the trajectory recorded. Although difficult, because diffusion leads to a large spread of 
displacements, it is not impossible to analyse short trajectory segments which have much less 
overlap of diffusion states.  

Chapter 3 described the framework composed to perform a classification of dynamical diffusion 
states from protein trajectories. Currently there is no generally accepted method to perform such a 

task. The novelty in our framework is the notion that there is no need to determine local diffusion 
values for segments, since the global diffusion values can be very accurately obtained from a fit 
using all displacements in the trajectories. The approach can therefore use an objective threshold 

for diffusion classification using any quantification measure of choice. Different quantification 
measures currently used to characterize the motion of proteins can be used in this framework, but 
confinement measures had not previously been used to provide a classification of diffusion states. 

Our framework allows to utilize the robust gyration method to objectively classify segments to a 
diffusion state. Moreover, the visualization of where proteins move slowly has heretofore not been 
combined with super-resolution like images. Our framework and other methods recognizing the 

different transient modes of protein motion are of general use for the analysis of single protein 
tracking data. Our approach has already showed its potential to reveal protein interactions with 
cellular components such as microtubules and filopodia. 

We showed that the spatial information of protein motion can reveal where proteins interact with 
cellular structures, since binding of proteins to such structures alters their diffusion speed. 
Whereas this spatiotemporal information did not show many features at first sight in the case of 

EGFR, remarkably clear elongated structures were visible in the case of EP4 (manuscript in 
review), a prostanoid G protein-coupled receptor. The visualization of the diffusion states at high 
spatial resolution as developed in chapter 3 was essential to reveal the mechanism regulating the 

relatively rapid signalling by EP4 upon ligand binding. In contrast, EP2, a related GPCR, shows 
marginal signalling and does not localize to the elongated areas. The dynamically localization of 

EP4 in elongated areas of the plasma membrane were found to be structured by the underlying 
cortical microtubule network. Especially interesting was that EP4 exhibited almost exclusively 
slow diffusion near microtubules, where these structures are normally associated with active 

transport. This led to an additional concept of the dynamic organizations of proteins in the 
plasma membrane, different from actin corrals and lipid rafts, based on cortical microtubules as 
template hubs for receptor signalling initiation and attenuation. Visualization of the diffusion 

states of other membrane receptors might reveal more details about the mechanisms orchestrating 
receptor signalling. 
We assumed that the motion of plasma membrane receptors, such as EGFR, is described by a two 

population diffusion system, which is probably too naive. In fact, we noticed that several 
molecules showed rather linear movements, probably due to active transport by microtubules or 
actin orchestrated paths (chapter 3 and 5), and certainly in filopodial structures in the cell 

periphery. These linear movements are probably even noticeable in the histograms of squared 
displacements as a small bump of larger displacements. Therefore our framework could be 
expanded to extract such linear transport first, for example by looking at the difference in the 

direction between subsequent displacements in a segment, and only classify the remaining 
displacements by populations of diffusion. 

Other future applications for single-molecule tracking and analysis of diffusion and receptor 
dimerization might lie in the development of anti-cancer drugs. A crucial step in the development 
of a novel anti-cancer drug is to acquire molecular evidence for drug functionality. A combination 

therapy, where more than one domain of the protein or even multiple proteins are simultaneously 
targeted, seems to have most promises for therapeutic success22. However, due to the vast number 
of possible combinations of drug combinations, more ways to acquire insight in the molecular 

effects of drugs are needed. In chapter 5 we showed that reduced diffusion speeds obtained using 
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single-molecule tracking may assist in finding clues about receptor dimerization. Once a protein 

system can be adequately labelled, experiments to study the reduced diffusion upon addition of 
many different drugs and combinations of drugs can be performed in a relatively straight-forward 
manner.  

Tracking of EGFR to obtain insights in its motion, its reliance on lipid domains in the plasma 
membrane, and on dimerization has been the subject of extensive previous study5,23–27. In Chapter 

5 we described the diffusion of EGFR in terms of a two population diffusion system, which 
therefore does not give an average description of the motion within a trajectory, but a description 
of a diffusion system which allows for transitions between states within the trajectories. Such 

descriptions are rarely given, and only once recently for EGFR5. We have, in the context of the 
two-population diffusion model developed in this work, studied the influence of the receptor 
antagonists erlotinib, lapatinib and cetuximab on the motion of EGFR and ErbB3. We noticed 

alterations in the diffusion speed that could be related to dimerization, which may have 
consequences for the molecular design of drug molecules. Although speculative, our results 
provide evidence that ErbB3 is related to EGF-induced EGFR signalling by leaving inactive 

clusters and forming hetero-dimers with EGFR upon conformational changes induced by 
cetuximab of EGFR.  
As a final excursion, we have demonstrated that functionalized AFM tips can be combined with 

single-molecule fluorescence microscopy, such that single receptors on the plasma membrane can 
be tracked whilst locally actuating a subpopulation of receptors. With an EGF functionalised tip 
we showed that receptors (ErbB2) are halting their motion when in low-pressure contact with the 

tip (contact force around 1.5 nN). We might have observed specific hetero-dimerization events, 
which would have resulted in this halt of motion of the dimerization partner of the receptor 
actuated (chapter 6). However, the availability of a good readout probe for phosphorylation of the 

particular receptor actuated in live cells remains essential to truly understand the implication of 
the stimulus in such experiments. Whereas the idea to bring rationally designed actuating probes 

in a controlled fashion to the cell sounds appealing, its value to answer biological questions has to 
be carefully considered. A unique aspect of AFM induced receptor actuation is the possibility to 
retract the AFM tip to obtain a short stimulation impulse, such that the impulse response of 

receptor signalling can be measured. Such information can provide more details of the highly 
complex biological feedback loops, but requires readout probes for the processes in the signalling 
cascade. Furthermore, the possibly attenuated signalling strength of a relatively short lived ligand 

stimulation can yield interesting results, as cells also have an intrinsic signal attenuation system 
(ubiquitination and degradation). From a biological and medical perspective, studying and 
manipulating that attenuation system can be an interesting new route in anticancer research, such 

as developing a drug molecule that rapidly ubiquitinates (and degrades) a receptor upon ligand 
binding.  
To conclude, there is enough room for improvement in the toolbox for fluorescently labelling 

proteins at the single-molecule level and to extend the analysis toolbox for protein tracking data to 
encourage biophysicists to further advance and develop the single-molecule tracking technique to 
unleash its full potential. 
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In this thesis we developed tools to utilize single-molecule tracking microscopy to study the 

signalling mechanism of the ErbB family of receptors, and in particular of the epidermal growth 
factor receptor (EGFR). This receptor family is prototypical of receptor tyrosine kinases (RTK) 
and are implicated in the development and progression of various human cancers, and therefore 

form attractive targets for drug discovery. The organisation of these receptors in the plasma 
membrane shows dynamic clustering and hindered motion on the nano- and micro-scale levels. 

This dynamical behaviour of proteins are thought to play a crucial mechanistic role in the 
amplification and sensitivity of signal transduction inside the cell. We related the diffusion speed 
of EGFR to its dimerization state, which is an essential step in its central role of transducing 

extracellular signals into cellular outcomes. Malignancies therein and drug-induced dimerizations 
are therefore important research topics for therapeutic application.  
Our single-molecule tracking data of EGFR and ErbB3 revealed specific molecular interactions in 

tumour cells, and also altered behaviour when drugs are applied which are especially designed to 
prevent such molecular interactions. Before we were able to record trajectories of EGFR, and 
analyse these in term of dimerization and interactions with other cellular structures, we realized a 

microscope for this purpose, devised a framework to analyse trajectories in term of different 
diffusion populations, and further advanced an existing protein labelling system – SNAP-tag – to 
the single molecule level. The research described in this thesis offers advancements to this protein-

tag labelling system for application in single-molecule imaging and tracking, and to the post-
measurement analysis of protein trajectories recorded by introducing a classification framework 
for multiple populations of diffusion, to be able to investigate dynamic protein motion and 

interactions in live cells. We concluded our thesis with a proof of principle that locally induced 
stimulation of receptor by ligand functionalized AFM tips can provide additional insight in 
molecular interactions when combined with single-molecule tracking.  

Chapter 1 provides an introduction to the ErbB family of receptors and their molecular 
interactions; the single-molecule tracking technique in general and currently available fluorescent 

labels; and to controlled receptor actuating tools focussing on functionalization strategies of AFM 
cantilevers. In chapter 2, we describe the requirements and implementation for a single molecule 
sensitive fluorescence microscope to be able to track single fluorescently labelled proteins in live 

cells. We demonstrated that solid-state lasers are a cost-effective alternative to widely used gas 
lasers for this application, without compromising image quality. A rotating diffuser and Köhler 
illumination scheme were used to provide high-intensity incoherent excitation light without the 

need for a more common fibre coupling. The realized setup can detect proteins labelled with 
single fluorescent organic dyes with a localization accuracy typically down to 20 nm within 10 ms, 
which satisfied the requirements to track EGFR. To construct protein trajectories from the 

recorded image series, tracking software is available. We utilized arguably the fastest software, 
based on GPU processing, and made a few extensions to this software to decrease the time of 
processing microscopy recordings. Existing analysis methods to characterize the motion of 

proteins in live cells from the trajectories obtained after tracking are described.  
Translating protein trajectories to biological implications, such as protein interactions, requires 
the classification of protein motion within the trajectories. Visualization of the spatial 

organization of protein motion can reveal where the protein interacts with cellular structures, 
since binding of proteins to such structures often reduces their diffusion speed. In chapter 3 we 

describe an analytical framework to determine in which diffusion state a molecule is residing 
during the course of its trajectory. We compared different quantification measures for utilization 
within this framework to classify between trajectory segments to two diffusion states (populations 

of different diffusion coefficients) using realistic simulated datasets. Diffusion classification can be 
applied to determine state lifetimes, and super-resolution like images of the diffusion states. A 
gyration based diffusion classification and a Bayesian approach were the most accurate in 

diffusion classification, where the gyration method required roughly thousand fold less 
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computational time. For realistic experimental parameters and a diffusive system with an order of 

magnitude difference between the diffusion coefficients of the two populations, a classification 
correctness around 85% was achieved. This was enough to visually detect distinct zones of slowed 
diffusion in simulations and experimental data. 

The SNAP-tag is an intrinsically monovalent and highly specific genetic tag for attaching a 
fluorescent organic dye to a protein of interest. A careful choice of the fluorescent substrate for 

SNAP-tag is important, as many labelled substrates either suffer from blinking and rapid 
photobleaching or high nonspecific staining. Since little information was available on the optimal 
choice of fluorescent labels for use in SNAP-tag at the single molecule level, in chapter 4 we 

evaluated 6 green- and 16 red-excitable dyes for their suitability. We determined the nonspecific 
binding levels in three different cell lines and the photostability of these dye conjugates, which are 
arguably the most important parameters to optimize in single-molecule tracking experiments, but 

appear to be unpredictable beforehand. We found using SNAP-tag fused EGFR that Dy 549 and 
CF 640 are the best dyes amongst the ones tested. These dyes only showed approximately 10 
nonspecifically attached dyes (i.e. < 5%) per field of view (± 2,000 μm2) in all cell lines tested. 

When specifically attached, these dyes had an expected photostability of 53,000 and 57,000 
photons (Dy 549 and CF640 respectively), which is roughly an order of magnitude more than for 
autofluorescent proteins (e.g. 8,000 photons for eYFP28). With a mix of Dy 549 and CF640 

substrates we could systematically obtain a dual-colour labelling of EGFR.  
Whereas there is a strong link of dysregulation of ErbB proteins to carcinogenesis, the response in 
current anti-cancer therapy based on ErbB antagonists is limited. This motivates a better 

molecular understanding of such antagonists to secure a more stable signalling inhibition. In 
chapter 5 we recorded trajectories of EGF receptor, and determined the characteristics of the two 
population diffusion system. We noticed that the diffusion speed of the fast fraction relates to the 

clustering state of the receptor by validating the relation using known dimerization conditions, i.e. 
free resting, liganded and pre-clustered receptors. In a cellular environment with receptor 

antagonists, we found additional indications for the following model of EGFR dimerization in 
antagonistic conditions. Whereas cetuximab inhibited receptors can form relatively stable dimers 
due to an alternative extracellular confirmation distinct from the back-to-back ligand-induced 

formation, kinase inhibited receptors do not form stable dimers. The extracellular dimerization 
arms form only a weak connection, and stable dimers cannot be formed because the kinase 
domains cannot bind each other. Upon cetuximab binding to EGFR, ErbB3 shows increased 

diffusion in a cell line having a beneficial response on dual-target inhibition of EGFR and ErbB3, 
and shows decreased diffusion again upon subsequent addition of EGF. This indicates that ErbB3 
is entangled with the signalling role of EGFR, and provides preliminary details why combination 

therapies, such as cetuximab treatment in combination with an anti-ErbB3 treatment, can be 
beneficial in some cell lines. 
In chapter 6 we demonstrated that single receptors on the plasma membrane can be tracked whilst 

locally actuating a subpopulation of receptors using a functionalized AFM tips. This permits a 
local presentation of receptor stimuli with the possibility to monitor the response of the receptor 
proteins individually. First the bottom part of AFM tips were milled to obtain a tip-cell contact 

area of approximately 2x2 μm, such that several ligand molecules are presented to the receptors of 
the cell. Next cysteine mutated EGF was attached to an amino-coated milled AFM tip via a flexible 

heterobifunctional polyethylene glycol (PEG) crosslinker with reactive NHS and maleimid 
groups29. An immunofluorescence assay was devised to confirm that cysteine mutated EGF 
attaches specifically to the reactive maleimid group on the PEG linker. Upon inducing the ligand-

receptor (EGF – EGFR) interaction in live cells, we observed a stop of diffusion of the preferred 
hetero-dimerization partner (ErbB2) of the actuated receptor. This immobilization was only 
observed around the tip-cell contact site whereas receptors at a different location in the same cell 

were still mobile. 
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Dit proefschrift beschrijft nieuwe methodieken en toepassingen voor single-molecule tracking, een 

microscopische techniek om enkele individuele eiwit moleculen in levende cellen te volgen. De 
methodieken zijn toegepast om het signaleringsmechanisme van de ErbB receptorfamilie te 

bestuderen, in het bijzonder de epidermal growth factor receptor (EGFR). De ErbB receptorfamilie 

valt onder de receptor tyrosine kinases (RTK), en is betrokken in de vorming en progressie van 
tumoren. De ontwikkeling van nieuwe medicijnen die aangrijpen op deze receptoren is daarom 

van belang. Deze receptoren zijn over het plasmamembraan van de cel georganiseerd in 

dynamische samenstellingen (clustering), en ondergaan belemmerde diffusie op nano- en 
microniveau. Er wordt gedacht dat dit dynamische gedrag van receptoren een cruciale 

mechanistische rol speelt in de versterking en gevoeligheid van signaaltransductie binnen de cel. 
We hebben laten zien dat de diffusiesnelheid van EGFR gerelateerd is aan zijn 

dimerisatietoestand, een essentiële stap binnen de rol van de receptor om signalen van buiten te 
cellen te laten resulteren in bepaalde intercellulaire processen, zoals apoptose of celdeling. 
Kwaadaardige tumoren kunnen ontstaan door ontregeling van de receptorsignalering veroorzaakt 

door ontregelde dimerisatietoestanden. Door medicijnen geïnduceerde veranderingen in 

dimerisatietoestanden en de receptor organisatie (clustering) zijn daarom belangrijke 
onderwerpen in therapeutisch kankeronderzoek.  

De gemeten single-molecule tracking data van EGFR en ErbB3 hebben veranderingen in de diffusie 
van deze receptoren in tumorcellen onthuld, die wijzen op specifieke moleculaire interacties, 

onder invloed van medicijnen die specifiek ontworpen zijn om zulke moleculaire interacties te 
voorkomen. Voordat we in staat waren om trajecten van EGFR te meten, en te analyseren op 
dimerisatie en interacties met andere cellulaire structuren, hebben we een microscoop voor dat 

doel gebouwd, een framework bedacht om trajecten te analyseren op verschillende 

diffusiepopulaties (populaties met verschillende diffusiecoëfficiënten), en een bestaand protein-tag 

fluorescerend label systeem – SNAP-tag – doorontwikkeld tot het niveau van individuele 

moleculen (single-molecule). Het in dit proefschrift beschreven onderzoek biedt de mogelijkheid 
om dit label systeem te gebruiken voor toepassingen in het afbeelden en volgen van individuele 

moleculen (single-molecule tracking), en om het framework te gebruiken voor classificatie van 
meerdere diffusiepopulaties binnen gemeten trajecten afgelegd door eiwitten zodat de dynamische 

eiwitbewegingen en interacties in levende cellen bestudeerd kunnen worden. Het proefschrift 
eindigt met een conceptmeting waarbij we laten zien dat lokaal geïnduceerde receptor activatie 

door ligand gefunctioneerde atomaire krachtenmicroscoop (AFM) tips aanvullende inzichten in 

de moleculaire interacties kan brengen wanneer dit gecombineerd wordt met het volgen van 
individuele eiwit moleculen. 
Hoofdstuk 1 bevat een introductie tot de ErbB receptorfamilie en hun moleculaire interacties; het 

concept van de single-molecule tracking techniek en de huidige beschikbare fluorescentie labels; en 
tot gecontroleerde receptor activatie middelen met een nadruk op strategieën om AFM tips te 

functionaliseren (te voorzien van eiwitten). In hoofdstuk 2 beschrijven we de voorwaarden en 

gerealiseerde implementatie voor een fluorescentie microscoop met single-molecule gevoeligheid 
waarmee individuele eiwitten met een fluorescerend label gevolgd kunnen worden in levende 

cellen. We hebben laten zien dat solid-state lasers voor deze toepassing een kostentechnisch 
gunstig alternatief zijn voor de meer gebruikte gas lasers, zonder dat de kwaliteit van de 

afbeeldingen er onder lijdt. Een ronddraaiende diffusor in een Köhler belichtingsschema is 
gebruikt om een incoherente lichtbron met een hoge intensiteit te krijgen zonder gebruik te 
maken van een meer gebruikt schema met optische fibers. De microscoop kan individuele 

fluorescerende moleculen (organic dyes) detecteren met een lokalisatie nauwkeurigheid van 20 



Chapter 7 

 193 

nanometer binnen 10 milliseconden, wat voldoet aan de voorwaarden om EGFR te kunnen 

volgen. Om de afgelegde trajecten te reconstrueren uit een serie van microscoopopnames is 
bestaande software beschikbaar. We hebben software gebruikt die gebruik maakt van de GPU 

(grafische kaart), en hebben enkele uitbreidingen op deze software gemaakt om de tijdsduur om 

microscoopopnames te verwerken te verminderen. Verder worden in dit hoofdstuk bestaande 
methoden beschreven om de beweging van eiwitten uit hun afgelegde trajecten te analyseren.  

Voor het afleiden van biologische implicaties, zoals interacties tussen eiwitten, uit afgelegde 
trajecten van eiwitten is een classificatie binnen zulke trajecten van de eiwitbewegingen nodig. Het 
visualiseren van de ruimtelijke organisatie van deze eiwitbewegingen kan onthullen waar een eiwit 

interacties heeft met cellulaire structuren, omdat zulke interacties doorgaans resulteren in 
verminderde diffusiesnelheid van het eiwit. In hoofdstuk 3 beschrijven we een analytisch 

framework waarmee kan worden bepaald welke diffusietoestanden een molecuul aanneemt op elke 

positie van het afgelegde traject. We hebben verschillen kwantificatiemethoden vergeleken voor 

gebruik binnen dit framework om trajectsegmenten te classificeren in twee diffusiepopulaties met 

behulp van realistisch gesimuleerde datasets. Classificatie van de diffusie kan worden toegepast 
om de levensduur van de diffusietoestand (diffusie behorende bij een van de populaties) te 
bepalen, en super-resolutie achtige afbeeldingen op te stellen van de diffusietoestanden. Een 

methode die gebruikt maakt van de gyration-straal of een Bayesiaanse methode bleken de hoogste 

accuraatheid voor diffusieclassificatie te hebben, waarbij de op gyration gebaseerde methode 

ongeveer duizend maal minder rekentijd nodig heeft. Een classificatie correctheid van ongeveer 
85% is gehaald voor experimenteel realistische parameters en een diffusie systeem met een orde 
van grootte verschil tussen de diffusie coëfficiënten van beide populaties. Dit was genoeg om 

structuren waar te nemen in de zones met afgenomen diffusie zowel in simulaties als in 

experimentele data (in vivo). 

De SNAP-tag is een intrinsiek monovalente genetische protein-tag waaraan zeer specifiek een 

fluorescerend substraat (met organic dye) kan worden gebonden; de tag zelf kan aan een eiwit naar 

keuze gekloneerd worden. Een afgewogen keuze van het fluorescerende substraat voor de SNAP-

tag is belangrijk, omdat veel fluorescerende substraten slecht presteren wat betreft blinking en 

snelle bleking (photobleaching) of hoge niet-specifieke kleuring. Omdat er weinig informatie 

beschikbaar was wat betreft een optimale keuze van fluorescerende substraten voor de SNAP-tag 
op het niveau van individuele moleculen, hebben we in hoofdstuk 4 gekeken naar de geschiktheid 

van 6 groen- en 16 rood-geëxciteerde fluorescentie labels. We hebben de mate van niet-specifieke 
kleuring door deze labels bepaald in drie verschillende cellijnen, alsmede de bleking 
karakteristieken. Deze eigenschappen worden gezien als de belangrijkste parameters om te 

optimaliseren in single-molecule tracking experimenten, en bleken niet van te voren te voorspellen. 
Onze conclusies zijn dat van de geteste substraten die met Dy 549 en CF 640 de beste zijn in ons 

systeem, een met een SNAP-tag gefuseerd EGFR. Deze substraten vertoonden ongeveer 10 niet-

specifieke bindingen (< 5% t.o.v. specifiek gebonden substraten) per gezichtsveld (field of view) 
van ongeveer 2’000 μm2 in alle geteste cellijnen. Voor de specifiek gebonden substraten geldt dat 

zij een gemiddelde levensduur (voor bleking) hebben van respectievelijk 53’000 en 57’000 fotonen 
voor Dy 549 en CF 640. Dit is ongeveer een orde van grootte meer dan voor auto-fluorescerende 
eiwitten (bijvoorbeeld 8’000 fotonen voor eYFP28). Met een mengsel van Dy 549 en CF 640 

substraten konden we systematisch een twee-kleuren kleuring van SNAP-EGFR bewerkstelligen. 
Hoewel er een sterk verband is aangetoond tussen ontregelde ErbB receptoren en tumorgroei, is 
de werking van op deze receptoren gerichte antikankermedicijnen die moleculair ingrijpen nog 

beperkt. Een beter moleculair begrip over de werking van zulke medicijnen is nodig voor een 
betere onderdrukking van de receptorsignalering. In hoofdstuk 5 hebben we trajecten van EGFR 

geanalyseerd middels een dynamisch diffusiesysteem met twee populaties. We hebben een 

verband gelegd tussen de diffusiesnelheid van de snellere populatie en de dimerisatie of clustering 
toestand van de receptor. Dit verband hebben we geverifieerd met van tevoren bekende 
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dimerisatie toestanden, namelijk met vrije (in rust), ligand gebonden, en pre-clustered receptoren. 

Gebruik makend van dit verband konden we aanwijzingen vinden voor het volgende moleculaire 
model wanneer receptor onderdrukkende moleculen in de omgeving van de cel aanwezig waren: 

hoewel door cetuximab onderdrukte receptoren relatief stabiele dimeren kunnen vormen dankzij 
een alternatieve extracellulaire conformatieverandering, die verschillend is van de door een ligand 

geïnduceerde back-to-back formatie, kunnen door kinaseremmers onderdrukte receptoren geen 

stabiele dimeren vormen. De extracellulaire dimerisatiearmen vormen dan slechts een zwakke 
verbinding, en stabiele dimeren worden niet gevormd omdat de kinase domeinen onderdrukt zijn 
en geen binding meer met elkaar kunnen maken. Wanneer cetuximab aan EGFR bindt, versnelt 

de diffusie van ErbB3 receptoren in een cellijn die gevoelig is voor een combinatietherapie van 
EGFR en ErbB3; deze diffusie vertraagt weer nadat EGF ligand is toegevoegd aan het celmedium. 

Dit vormt een aanwijzing dat ErbB3 betrokken is in het signaleringsmechanisme van EGFR, wat 
weer een aanwijzing kan zijn waarom sommige cellijnen gevoelig zijn voor combinatietherapieën, 
zoals een behandeling met cetuximab en antilichaam voor ErbB3. 

Tot slot hebben we in hoofdstuk 6 laten zien dat individuele receptoren op het plasmamembraan 
gevolgd kunnen worden terwijl we een subpopulatie van receptoren activeren met behulp van 
ligand gefunctioneerde AFM tips. Dit stelt ons in staat om lokaal receptoren te stimuleren terwijl 

tegelijkertijd de respons van individuele receptoren kan worden bekeken. Hiervoor is allereerst de 

onderkant van AFM tips verwijderd met een focussed ion beam zodat het tip-cel contactoppervlak 
ongeveer 2x2 μm wordt, waardoor meerdere ligand moleculen zich aan receptoren op de cel 

kunnen presenteren. Vervolgens zijn cysteïne-gemuteerde EGF moleculen op een amino-gecoate 
AFM tip gezet middels een flexibele en hetero-functionele polyethylene glycol (PEG)-verbinder 

met reactieve NHS en maleimide groepen29. Een immunofluorescentie assay is opgesteld om te 
bevestigen dat de cysteïne-gemuteerde EGF moleculen specifiek aan de reactieve maleimide groep 
van de PEG-verbinder bindt. Nadat de ligand-receptor (EGF-EGFR) interactie was geïnduceerd in 

levende cellen, zagen we dat ErbB2 receptoren, een geprefereerde hetero-dimerisatie partner van 
EGFR, ophielden met bewegen. Deze bewegingsstilstand was specifiek op de plek van het tip-cel 
contact, en receptoren op een andere plek in dezelfde cel vertoonden nog steeds diffusie. 

Samenvattend kan worden gesteld dat er nog genoeg ruimte voor verbetering is om eiwitten te 

voorzien van fluorescerende labels op de schaal van individuele moleculen (single-molecule level), 
en om methoden uit te breiden die erop gericht zijn om de door eiwitten afgelegde trajecten te 

analyseren, dat biofysici worden aangemoedigd de single-molecule tracking techniek nog verder te 
verbeteren zodat haar volledige potentie kan worden gebruikt. 
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