
 
 

 

Photopatterning for probing protein-protein 
interactions in artificial model systems and live cells 

 
 
 

Dissertation 
 
 

Presented to the department of Biology/Chemistry, University of 
Osnabrueck in partial fulfillment of the requirements for the degree of 

‘Doctor Rerum Naturalium’  
 
 
 
 
 
 
 
 

Sharon Waichman 

 
Osnabrueck  
June 2012 

 
 
 

 





 
 

 

…to my parents





i 
 

Table of Contents 

1 Introduction ................................................................................................................... 1 

1.1 General overview ............................................................................................................ 1 

1.1.1 Aims ......................................................................................................................................... 2 

1.2 Protein immobilization ................................................................................................... 4 

1.2.1 Substrates ................................................................................................................................ 5 

1.2.2 Biocompatibility ...................................................................................................................... 6 

1.2.3 Chemical functionality ............................................................................................................. 8 

1.2.4 Protein immobilization strategies ........................................................................................... 9 

1.3 Polymer-supported membranes ................................................................................... 17 

1.3.1 Artificial model systems ........................................................................................................ 19 

1.4 Cells adhesion on solid supports .................................................................................. 22 

1.4.1 Integrin-RGD based adhesion ............................................................................................... 23 

1.5 Patterning ..................................................................................................................... 25 

1.5.1 Optical lithography ................................................................................................................ 27 

1.6 Maleimide as chemical functionality for patterning .................................................... 30 

1.7 Biological model system ............................................................................................... 34 

1.8 Techniques .................................................................................................................... 36 

1.8.1 Reflectance interference spectroscopy (RIfS) ....................................................................... 36 

1.8.2 Total internal reflection fluorescence spectroscopy in combination with RIF (TIRFS-RIF) ... 37 

1.8.3 Confocal laser scanning microscopy (CLSM) ......................................................................... 39 

1.8.4 Total internal reflection fluorescence microscopy (TIRFM) .................................................. 40 

1.9 References .................................................................................................................... 41 

2 Functional Immobilization of Proteins by an Enzymatic Transfer Reaction .................... 59 

2.1 Introduction .................................................................................................................. 59 

2.2 Experimental ................................................................................................................. 60 

2.2.1 Materials ............................................................................................................................... 60 

2.2.2 Protein production, purification and labeling ....................................................................... 60 

2.2.3 Surface chemistry .................................................................................................................. 61 

2.2.4 Binding assays ....................................................................................................................... 61 

2.3 Results and discussion .................................................................................................. 62 

2.3.1 Protein immobilization .......................................................................................................... 62 



ii 
 

2.3.2 Generic application of PPT-based immobilization ................................................................ 65 

2.3.3 Protein immobilization via N- or C- termini ybbR-tag fusion ................................................ 66 

2.3.4 Protein immobilization via a short peptide tag - S6 .............................................................. 67 

2.4 Summary and conclusions ............................................................................................ 68 

2.5 References .................................................................................................................... 69 

3 Maleimide photolithography for single molecule protein-protein interaction analysis in 
micropatterns ..................................................................................................................... 73 

3.1 Introduction .................................................................................................................. 73 

3.2 Experimental ................................................................................................................. 74 

3.2.1 Materials ............................................................................................................................... 74 

3.2.2 Protein production and labeling ........................................................................................... 74 

3.2.3 Surface chemistry and patterning ......................................................................................... 75 

3.2.4 Binding assays by solid phase detection ............................................................................... 75 

3.2.5 Fluorescence imaging of protein micropatterns ................................................................... 76 

3.2.6 Single molecule imaging of protein-protein interactions ..................................................... 76 

3.3 Results and Discussion .................................................................................................. 77 

3.3.1 Surface modification and patterning .................................................................................... 77 

3.3.2 Biotin patterning by photodestruction (proof-of-concept) .................................................. 78 

3.3.3 Generic application of maleimide-based patterning ............................................................ 79 

3.3.4 Single-molecule detection of protein-protein interactions in patterns ................................ 83 

3.4 Summary and conclusions ............................................................................................ 85 

3.5 References .................................................................................................................... 86 

4 Diffusion and interactions of individual membrane proteins confined in micropatterned 
polymer-supported membranes .......................................................................................... 89 

4.1 Introduction .................................................................................................................. 89 

4.2 Experimental ................................................................................................................. 90 

4.2.1 Materials ............................................................................................................................... 90 

4.2.2 Protein production, purification and labeling ....................................................................... 90 

4.2.3 Surface chemistry and micropatterning................................................................................ 91 

4.2.4 Preparation of liposomes and proteoliposomes ................................................................... 92 

4.2.5 Solid phase binding assays .................................................................................................... 92 

4.2.6 Confocal imaging and FRAP experiments ............................................................................. 93 

4.2.7 Atomic force microscope (AFM) imaging .............................................................................. 94 



iii 
 

4.2.8 Single molecule tracking ....................................................................................................... 94 

4.3 Results and discussion .................................................................................................. 95 

4.3.1 Surface modification and patterning .................................................................................... 95 

4.3.2 Capturing, fusion and diffusion ............................................................................................. 96 

4.3.3 Liposomes capturing, fusion and diffusion in micropatterns ............................................... 98 

4.3.4 Diffusion of transmembrane proteins in micropatterns ..................................................... 100 

4.3.5 Ligand-receptor interactions ............................................................................................... 103 

4.4 Summary and conclusions .......................................................................................... 105 

4.5 References .................................................................................................................. 106 

5 Lateral organization of cell surface receptors for probing cellular events .................... 111 

5.1 Introduction ................................................................................................................ 111 

5.2 Experimental ............................................................................................................... 112 

5.2.1 Materials ............................................................................................................................. 112 

5.2.2 Synthesis of maleimide-functionalized RGD peptide .......................................................... 112 

5.2.3 Surface chemistry ................................................................................................................ 113 

5.2.4 Cell culture and transfection ............................................................................................... 114 

5.2.5 Plasmid constructs .............................................................................................................. 114 

5.2.6 Protein production, purification and labeling ..................................................................... 114 

5.2.7 Fluorescence imaging of cell micropatterns ....................................................................... 115 

5.2.8 Single molecule imaging of protein-protein interactions in live cells ................................. 115 

5.3 Results and discussion ................................................................................................ 116 

5.3.1 Surface modification and patterning .................................................................................. 116 

5.3.2 Immobilization of transmembrane proteins into micropatterns ........................................ 117 

5.3.3 Ternary complex assembly .................................................................................................. 121 

5.3.4 Cytoplasmic effector proteins ............................................................................................. 123 

5.4 Summary and conclusions .......................................................................................... 127 

5.5 References .................................................................................................................. 128 

6 Summary ................................................................................................................... 130 

7 Appendix ................................................................................................................... 132 

7.1 Publications ................................................................................................................. 132 

7.2 List of figures ............................................................................................................... 133 

7.3 Abbreviations .............................................................................................................. 135 



iv 
 

 

 

 
  



Introduction 

1 
 

1 Introduction 

1.1 General overview 

Proteins are biological macromolecules that have versatile functions. These include the catalysis 

of chemical reactions, the transport of cellular cargos, the control over growth, proliferation 

and differentiation of cells and the communication across the plasma membrane. Proteins also 

have diverse functions in analytical and biotechnological applications. For instance, proteins are 

used as biological components in biosensors, as biomaterials for medical applications and as 

cargos in drug delivery systems. Proteins are polymers that are comprised amino-acids as 

monomeric units. The sequence of amino-acids constitutes the primary structure of a protein. 

However, most proteins do not exist as linear polymers but instead undergo folding into 

intricate three dimensional structures which ultimately determine their functions and 

properties. These structures can be organized in the following hierarchical order: (i) secondary 

structure, which is the organization of the polypeptide chain into helices structure, beta sheets 

or random coils, (ii) tertiary structure, which is the organization of different secondary 

structures present in a sequence of amino acids into a globular fold and (iii) quaternary 

structure, which is the organization of multiple folded proteins (tertiary structures) into a 

functional protein complex.  

In spite of the tremendous advance in techniques available for characterization of protein 

functionality and interactions, there are still a vast number of proteins and processes that 

remain obscure. In this work, I established tools that assist in studying interactions and cellular 

mechanisms induced by cell surface receptors. These are proteins that are embedded in the 

plasma membrane (PM) through which information is transferred from the extracellular matrix 

into the interior of the cell and vice versa. Binding of extracellular proteins such as growth 

factors, cytokines and adhesion molecules to their cell surface receptors triggers different 

reactions across the plasma membrane and elicit cellular responses. Therefore, cell surface 

receptors play a key role in molecular recognition and signal transduction. For this reason, cell-

surface receptors play a major role in drug discovery as evident from the fact that they function 

as targets of more than 60% of the drugs today [1]. Cell surface receptors are mostly 



General overview 

2 
 

transmembrane proteins that span the membrane either once as in the case of cytokine 

receptors and receptor tyrosine kinases (RTKs), or several times for G protein-coupled receptors 

(GPCRs). In this thesis, cell surface receptors that contain a single α-helix were studied. These 

receptors are composed of three main parts as depicted in Figure 1-1: 

(I) Extracellular (EC) domain – The part of the receptor that extends beyond the PM 

and exposed to the extracellular matrix (ECM) for interacting with its ligand. 

(II) Transmembrane (TM) domain – This is an α-helical segment which exhibits 

hydrophobic nature. This segment is embedded in the PM and is responsible for the 

diffusion and interactions with the membrane.  

(III) Intracellular (IC) domain – this part interact with species at the cytoplasm (such as 

effector proteins) through which downstream signaling is induced. 

 

 
 
Figure 1-1. Cell surface receptor. The structure of a transmembrane protein can be divided into three parts: extracellular 
domain, transmembrane domain and intracellular domain. 

1.1.1 Aims 

It is a very challenging task to study the properties of entire cell surface receptors due to their 

complex structure. Therefore, by exploiting the modular structure of these proteins, I aimed at 

developing generic methods for analyzing functional aspects of the three domains separately. 

Towards this end, I devised techniques which could be used for the immobilization of the 

different protein domains on suitable solid supports and moreover, could be readily combined 

with state-of-the-art microscopic and spectroscopic methods. The fundamental requirement 

from such methods is that they preserve the functionality of the investigated proteins to a high 
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degree. Thus the protein immobilization methods devised were based on (i) biocompatible 

polymer coatings that abrogate non-specific protein interactions with the support and ensure 

the structural integrity of the immobilized proteins and (ii) efficient chemistry for site-specific 

protein immobilization through proteins or peptide tags which can be genetically fused to the 

proteins of interest. Moreover, these methods were amenable to photolithographic 

micropatterning allowing biophysical analysis using ensemble and single molecule techniques. 

These methods were customized for probing different functions of the three domains of a 

transmembrane protein:  

(I) Artificial model systems: 

 Site-specific protein immobilization system for probing interactions between the 

extracellular domain of receptor subunits and their ligand (Figure 1-2a) which is 

presented in chapter 2. In addition, such biocompatible systems were coupled with 

selective chemistry for targeting proteins into micrpatterns and will be discussed in 

chapter 3. 

 Lipid membrane based system, in which recombinantly expressed cell surface 

receptor segments consisting of their extracellular and transmembrane domains 

could be accommodated for characterization of protein diffusion and interactions in 

micropatterns (Figure 1-2b). This system is introduced in chapter 4. 

(II) Live cells based system, from which selective capturing of cell-surface receptors in 

micropatterns was carried out for probing interactions with their extracellular and 

intracellular binding partners (Figure 1-2c). The system is demonstrated in chapter 5. 
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Figure 1-2. Versatile biocompatible systems employed for probing protein-protein interactions where (a) the extracellular 
domain of the receptor was immobilized; (b) the transmembrane domain was incorporated into a lipid-bilayer; and (c) full 
length cell surface receptors were captured onto surfaces directly from live cells. 

 

1.2 Protein immobilization 

Immobilization of proteins on solid supports is highly essential for different purposes in fields 

including biotechnology [2], biomedical engineering [3], drug development and delivery [4], 

energy storage systems [5, 6], electronic devices [7] etc. A fundamental criterion which 

determines the applicability of the immobilization method is to retain protein functionality. 

Thus, the challenge of immobilizing proteins on solid supports is to preserve their structural 

integrity and therefore to prevent loss of function. Hence, rendering surfaces biocompatible is a 

prerequisite for their application with proteins. To this end, different approaches employing 

flexible compounds and polymer cushions were developed. These include the utility of 

dendrimers [8], hydrogels [9, 10] and poly(ethylene) glycol (PEG) coatings [11] as biocompatible 

scaffolds.  In addition to a biocompatible layer, functionalizing surfaces with chemical moieties 

presenting selective groups for site-specific attachment is necessary in order to ensure optimal 

orientation of the immobilized proteins. In this fashion, conformational changes of proteins due 

to immobilization are efficiently reduced and the protein active site is freely accessible to 

interaction partners. The conditions for an adequate protein immobilization approach as 

mentioned above are summarized in Figure 1-3. 
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Figure 1-3. Prerequisites for site-specific immobilization of proteins: A solid support compatible with the detection techniques 
applied (grey), a biocompatible scaffold (blue), chemical moieties (yellow) with selective groups (green) for protein 
immobilization. 

Exploiting an efficient protein immobilization method which enables capturing of proteins from 

cell lysates is an eminent advantage solving the need for protein purification. In this regard, 

efficient immobilization techniques must be bioorthogonal [12] in order to reliably probe 

interactions between proteins. Moreover, bioorthogonal strategies allow the investigation of 

biological processes considering selective attachment of membrane proteins onto surfaces 

directly from live cells.  This way we can avoid purification and conduct functional studies in the 

native environment of the proteins. 

1.2.1 Substrates 

Detection of materials on solid supports can be carried out using a variety of techniques. The 

fundamental requirement for surface detection and characterization is the utility of a substrate 

that has compatible properties with the technique applied.  The following substrates are 

commonly employed using detection techniques: 

Silica-based substrates 

 Glass – a noncrystalline material, transparent to visible light and have high surface 

homogeneity. Thus compatible with techniques such as optical microscopy, atomic force 

microscopy (AFM) and reflectance interference spectroscopy (RIfS). 

 Quartz – a crystalline substance which has a very low absorption at the ultra-violet (UV), 

visible and near infra-red (NIR) range. Compatible with optical techniques and with 

AFM. 

 Silicon – a crystalline material which absorbs light in a wide range of wavelengths: UV, 

visible and near NIR. Silicon surfaces are homogeneous and hence they are suitable with 
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techniques such as atomic force microscopy and ellipsometry. Due to the high 

transparency at the middle IR (MIR) region, it is also suitable for characterization using 

Fourier transform infra-red (FTIR). 

 Mica – silicate-based crystal presenting a layered structure. Highly suitable using AFM 

due to its flatness and smoothness. 

Gold-based substrates  

A transition metal, stable under harsh conditions and interact in a semi-covalent manner with 

thiols. Alkyl-thiols (up to ~20 carbons) react with gold substrates to form self-assembled 

monolayer (SAM), a stable and highly ordered layer. Utilizing their electrical properties, gold 

surfaces are highly compatible with techniques such as surface plasmon resonance (SPR) and 

scanning electron microscopy (SEM). Other techniques include atomic force microscopy and 

FTIR. 

1.2.2 Biocompatibility 

The concept of biocompatibility was frequently associated with implant technology for which 

biomaterials with specific properties were developed and integrated into medical devices. 

These materials must be non-toxic, non-immunogenic, non-carcinogenic and must be free of 

hazard risks in order to be in contact with a biological system [13]. Nowadays the concept of 

biocompatibility has greatly expanded to include a wide variety of applications, which utilize 

synthetic materials such as polymers that maintain the biological integrity of the investigated 

system. Polymer chains that are densely tethered to a solid-support can induce the formation 

of a polymer ‘brush’ layer. Beyond a certain density, a force is exerted on the chains to stretch 

away from the surface and to avoid overlapping, a process which is accompanied with the loss 

of entropy. This effect is similar to bristles in a brush and is therefore denoted as ‘brush’ 

conformation [14]. The following requirements for a polymer brush conformation [15] are 

depicted in Figure 1-4: 

(a) The height of the brush has to be larger than the end-to-end distance of the polymer in its 

free confirmation. 

2

1
2rh 

 
Where h is the ‘brush’ height and r is the end-to-end distance. 
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(b) The distance of two tethering points is smaller than the end-to-end distance of the polymer. 

2

1
2rd    Where d is the distance between tethering points and r is the end-to-end 

distance. 
 

In case that the density of the polymer is not sufficient to fulfill these requirements two 

conformations are possible [16]: 

 ‘Pancake’ conformation, in which the polymer presents attractive forces with the 

surface. 

 ‘Mushroom’ conformation, in which the polymer-surface interactions are non-

attractive.  

 

 

Figure 1-4. Schematic representation of polymer in its free and brush conformations. (a) Polymer brush tethered to a solid 
support. h – height of the polymer brush, d – distance between two tethering points. (b) Polymer conformation according to 

the freely jointed chain model. r – distance between the end points, N – number of bonds and b – length of the bond. 

A polymer that meets the requirements for biocompatibility is PEG, which comprises ether 

moieties as building blocks. PEG is soluble in aqueous solutions as well as organic solvents, 

which therefore designate PEG as a suitable material for surface modification. The solubility of 

PEG in aqueous solutions is not a common feature of polyethers and was assigned to the ability 

of the ether oxygen in this case to form hydrogen bond with the water molecules. The role of 

water in such systems was analyzed using a structural model, in which the entropy and 

enthalpy change of the system were explained by the enhanced water structure around the 

polymer chain [17]. In the context of protein immobilization, PEG layers provide an adequate 

support for biological molecules due to their protein repulsive properties. Thus, PEG inhibits 

non-specific interactions of proteins with the support. Investigation of the unique protein- 
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repellent feature presented by PEG coated substrates, brought up several hypotheses. For 

instance, the hydrated polymer hampers the adsorption of proteins, considering water 

displacement from the polymer as energetically unfavorable [18]. Several models were used to 

explain the parameters that affect biocompatibility in order to allow suitable modification of 

surfaces for studying biological systems [19, 20]. A recent model suggests that interaction of a 

particle (protein) with a polymer brush is accompanied by a loss in conformational entropy, 

which leads to an increase in interaction energy (the energy required to move the particle into 

the polymer chains). Therefore, the major effect contributing to protein resistivity is the 

polymer flexibility, which provides higher degree of freedom and thus high conformational 

entropy [21]. 

 

1.2.3 Chemical functionality  

Strategies for stable surface functionalization on biocompatible supports have a great 

importance in probing biological systems. In contrast to chemical reactions carried out in 

solutions, the degrees of freedom of the interacting molecules are reduced on the surface and 

therefore the efficiency of the reaction is reduced. By applying selective and covalent coupling 

of chemical functionalities, we introduce not only diverse protein capturing groups but we also 

ensure specific protein orientation for increasing the reaction efficiency. An example for such 

method relies upon the utility of azides: the 1,3-dipolar cycloaddition that was meticulously 

studied by Huisgen and afterwards was acquainted as “click” chemistry [22]. The term “click” 

refers to reactions that occur specifically and rapidly to obtain a stable linkage between 

chemical moieties under ambient conditions. In addition to the conventional “click” chemistry, 

nowadays “click” based reactions also include the interaction of thiols with maleimide groups, 

[23] the thiol-ene reaction [24] (olefin groups are coupled to thiol functionalized surfaces by a 

photochemical reaction) and the Diels-Alder ligation[25] (the cycloaddition of a conjugated 

diene to a dienofile). The chemical strategies discussed are highly efficient for surface 

functionalization and can be utilized for direct protein immobilization as well.  
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1.2.4 Protein immobilization strategies 

It is possible to classify the main protein immobilization approaches into two categories: (I) 

random and (II) site-specific immobilization. 

Random immobilization 

Immobilization of proteins in a non-specific fashion can be carried out via:  

(i) Physical adsorption of proteins to surfaces by hydrophobic or electrostatic 

interactions. These forces are essential for preserving the structural integrity and the 

conformations of the proteins and therefore non-specific adsorption to the support 

may cause protein denaturation and loss of function.  

(ii) Chemical coupling of proteins to surfaces through exposed amino acid residues such 

as lysines and cysteines. This is not performed in a controlled fashion, suffers from 

instability, and may increase the probability for randomly oriented proteins. In this 

case, the proteins may be attached to the support by reactions with their active sites 

which are required to carry out their functions and therefore result in the reduction 

of their biological activity [26, 27]. 

For this purpose, efficient immobilization strategies, which are based on stable and selective 

binding approaches, are required in order to retain the structural integrity and functionality of 

the immobilized protein. 

Site-specific immobilization 

The pivotal principle standing behind the utility of highly selective protein immobilization 

methods is the site-specific protein attachment, which plays a key role in preserving protein 

functionality [28]. A traditional method for protein immobilization is based on attachment of 

monoclonal antibodies (mAbs) to surfaces as capturing groups for targeting proteins. In 

addition to their highly stable nature, mAbs specifically recognize their substrate proteins. 

However, applications based on mAbs for protein immobilization require the production of 

mAbs to each target protein which is a highly demanding task. Thus, the availability of mAbs is 

limited and therefore the applicability of this strategy as a generic approach is restricted. In 

addition, mAbs are large in size (~150 kDa) and therefore may hamper further interactions with 
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the binding partners of the proteins attached to the Abs. Hence, other strategies based on 

selective biochemical functionalities were developed. For instance, small proteins (~20-35 kDa) 

fused to the target protein can be used for site-specific attachment. Such methods include the 

cutinase protein which is a serine esterase [29]. The catalytic serine residue in the cutinase 

attacks phosphonate moieties immobilized on a solid support following by the covalent 

attachment of the protein of interest [30, 31]. SNAP-tag [32], is the human DNA repair O6-

alkylguanine-DNA alkyltransferase that forms a covalent adduct with O6-benzylguanine (BG) 

substrate [32-34]. An alternative approach is based on the HaloTag protein (HTP), a haloalkane 

dehalogenase, which will be discussed later on. However, these proteins are still large when 

comparing to peptide tags such as His- and ybbR- tags that will be discussed in more detail later 

in this chapter. The benefit of using short peptide tags emanates from the necessity to preserve 

the biological activity of the target proteins. In order to maintain the active site of the protein 

freely accessible for further interactions it is important to avoid any possible hindrance. To this 

end, the design of short peptide tags is of a great importance. In the current work, I employed 

protein immobilization methods based on biomolecular interactions for selective coupling of 

proteins to a solid-support. The methods can be applied via two types of interactions: (I) non-

covalent (affinity) and (II) covalent based- immobilization. 

 

Non-covalent immobilization 

This type of interactions depends on the degree of attraction between the moieties involved in 

the bond formation which determines the possibility for the binding to occur in a reversible 

manner. 

Tris- nitrilotriacetic-acid 

A highly attractive method for reversible immobilization relies upon the interaction of 

nitrilotriacetic-acid (NTA) as a chelator head to a polyhistidine peptide (His-tag) mediated by 

Ni2+. Transition metal ions form a coordination complex with atoms/molecules denoted as 

ligands. Four of the six coordination sites of Ni2+ can be filled by NTA leaving two coordination 

sites free for other ligands such as histidine residues from proteins (Figure 1-5a). A common 



Introduction 

11 
 

utility of this interaction was the purification of recombinant proteins with oligohistidine tags 

[35, 36], which has been extended for protein immobilization as well [37, 38]. Further addition 

of one (bis-NTA) or two NTA (tris-NTA) moieties, as demonstrated in Figure 1-5b, to obtain 

multivalent chelator heads (MCH) emerged to result in increased binding stability of the 

immobilized protein [39]. Association rate constant of ~ 510 M-1s-1 and dissociation rate constant 

of ~ 510 s-1 were determined for a tris-NTA chelator head and a decahistidine complex. In Figure 

1-5c, His-tagged protein is specifically captured onto a tris-NTA functionalized solid support. A 

subsequent removal of a stably bound protein is carried out using buffer containing imidazole 

as a competitor. Furthermore, displacement of metal ions is performed by introducing 

ethylenediaminetetraacetic acid (EDTA) to the system. Hence, a complete regeneration of the 

tris-NTA moieties can be achieved. Several applications using MCH, particularly tris-NTA were 

shown to be highly suitable for probing protein interactions [40], conformational studies [41] 

and surface properties [42] by employing different techniques.  

 

 

Figure 1-5. Reversible protein immobilization based on NTA chelator head and His-tagged protein. (a) NTA chelator head 
selectively binds to His-tag in the presence of metal ions. (b) Structure of tris-NTA. (c) Protein immobilization on a surface 
functionalized with tris-NTA. Protein removal is possible through imidazole wash. 

Biotin-streptavidin 

An immobilization strategy which is considered almost irreversible is based on 

biotin/(strept)avidin interactions. Streptavidin (SAv) is a tetrameric protein (each monomer has 

a beta barrel structure) that was isolated from Streptomyces culture and can bind biotin (BT) in 

a very strong manner with molecular binding ratio of four BT molecules to one SAv [43]. An 

association rate constant of 76 104.5103  M-1s-1 was previously reported [44] and a 

dissociation rate constant of ~ 610 s-1 [45]. It was recently demonstrated that it is possible to 
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break the interaction in conditions that prevent the SAv from denaturation, thus allowing 

reversible protein capture using this strategy [46]. The tight interaction of BT/SAv is mainly 

attributed to the formation of hydrogen-bonding network between the urea moiety in the BT 

and several residues in SAv that induce the polarization of the ureido group.  This leads to a 

cooperative effect that provides the unique stability of the interaction [47, 48]. Additional 

effects that might contribute to the strong BT/SAv interaction can be related to the van der 

Waals forces formed due to the contact with tryptophan residues in the binding pocket and the 

presence of a flexible 3-4 loop that assists in removing water molecules from the binding site 

[47]. This loop is tightly closed on top of the biotin binding pocket preventing it from escape 

and therefore contributing to the complex stability [49]. SAv is highly resistant to degradation 

by proteolytic enzymes and is stable at broad pH and temperature ranges [43]. For this reason, 

many applications relying upon the interaction of BT and SAv have been developed. A common 

application of BT/SAv complex is the immobilization of proteins on solid supports as illustrated 

in Figure 1-6 [50-52]. For this purpose, a site-specific biotinylation of the protein of interest is 

required. This can be carried out by enzymatic ligation of biotin to an ‘acceptor peptide’ (AP) 

tag which is fused to the protein of interest. The biotin moiety is then attached to the amine of 

the lysine residue in the AP tag to form an amide bond via the catalysis of the biotin ligase BirA 

[53]. 

 

 

Figure 1-6. BT/SAv high affinity interaction. (a) Tetrameric SAv can accommodate four molecules of BT. (b) Protein 
immobilization on solid support through BT/SAv complex formation. 
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Covalent immobilization 

Owing to the growing demand of covalent strategies for stable and reliable attachment of 

proteins on biocompatible supports yet maintaining their activity, site-specific immobilization 

methods were developed. Protein immobilization that is mediated by biomolecular interactions 

can be carried out through a small protein or a peptide ‘tag’ which is fused to the protein of 

interest as discussed in the introduction of this section. 

HaloTag 

HaloTag protein (HTP) is an engineered 34 kDa haloalkane dehalogenase from Rhodococcus 

(DhaA). Haloalkane dehalogenases are responsible for halogen abstraction from a 

molecule/compound. The reaction mechanism is based on a nucleophilic attack of an aspartate 

residue (Asp106) of the protein, on a chloroalkane substrate which causes the removal of the 

chloride from the alkyl chain and the formation of an ester bond. In order to avoid a base 

hydrolysis mediated by the histidine residue (His272) located near Asp106 in the enzyme, DhaA 

was mutated (DhaA.H272F) to stabilize the bond. Further mutations were needed to in order to 

improve binding kinetics. Eventually, an on rate constant of ~ 106 s-1M-1 using haloalkane-TMR 

ligands was obtained. Moreover, the chloroalkane - HaloTag ligand (HTL) was designed 

according to the structural constraints of the HPT. The catalytic site is located 15 Å away from 

the protein surface therefore a flexible linker 14 atoms long including 6 carbon atoms directly 

connected to the terminal chlorine was synthesized [54]. The chemical reaction is shown in  

Figure 1-7.  

 

 

 

Figure 1-7. Chemical reaction of HTP with HTL functionalized solid support to give a stable covalent adduct. 

The HTL can be conjugated to a variety of functional groups such as fluorescent probes, affinity 

handles and solid supports [54]. This labeling and immobilization method was utilized for in 

vitro labeling of proteins with quantum dots [55] or in vivo targeting of proteins in live cells with 

fluorescent nanoparticles [56]. During the investigation of the latter it was observed that the 
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association kinetics strongly depends on the nature of the functional group conjugated to the 

HTL. Utilizing groups containing hydrophobic and positively charged residues lead to an 

increase of the association rate constant [56].  

Phosphopantetheinyl transfer reaction 

This approach is based on phosphopantetheinylation, a reaction which is essential for the 

synthesis of fatty acids, polyketides, non-ribosomal peptides etc [57]. The activation of fatty 

acid synthases, polyketide synthases and non-ribosomal synthetases is based on the 

modification of their acyl carrier protein (ACP) domains (for fatty acids and polyketides 

formation) or peptidyl carrier protein (PCP) domains (for non-ribosomal peptides). In nature, 

carrier protein (CP) domains are subjected to the catalysis of phosphopantetheinyl tranferases 

(PPTases), through which the prosthetic group 4’-phosphopantetheine (P-pant) is transferred 

from coenzyme A (CoA) to a hydroxyl group of a specific serine residue at the protein. This 

results in the conversion of the protein from its inactive apo-form to an active holo-form (Figure 

1-8). Subsequently, a nucleophilic reaction takes place via the thiol of the cysteamine group at 

the P-pant which results in acylation [58].  

 
 
Figure 1-8. Phosphopantetheinylation reaction. The conversion of a protein from its apo-form to holo-form is mediated by a 

PPTase. 

Different PPTases were discovered and characterized.  At first the ACP synthase (ACPS), which is 

responsible for posttranslational modification in Escherichia coli (E.coli) was investigated. ACPS 

unveiled high selectivity to ACP domains and could not activate PCP domains. Therefore 

another family of PPTases was studied and EntD from E.coli and Sfp from Bacillus subtilis (B. 

subtilis) were discovered [58]. PPTases were classified into three groups [59]: (i) ACPS, which is 

involved in the synthesis of fatty acids of prokaryotes. (ii) FAS2, which is the fatty acid synthase 

in eukaryotes and (iii) Sfp, which catalyses the posttranslational modification in surfactin 
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synthetase and is able to recognize different carrier protein substrates at the presence of 

divalent metal ions. The name Sfp is derived from the gene sfp which is responsible for surfactin 

production [60, 61]. A suggested hypothesis for the difference in CP substrate recognition of 

ACPS and Sfp results from structural and mutational analyses from which it was claimed that 

Sfp can bind to different substrates by means of a flexible loop through which the protein can 

be accommodated. In contrast, ACPS contains a rigid helix that is exclusively suitable for ACP 

recognition [59]. These enzymatic reactions have been employed for selective labeling of cell 

surface proteins with diverse compounds [62-65].  In spite of the small size of CPs (8-10 kDa) as 

compared with other protein tags, as discussed at the introduction of this section, the CPs are 

still large enough and may hamper accessibility for the interaction of the fused protein with its 

substrate by steric hindrance and may affect the biological activity.  For this purpose, a short 

peptide tag comprising 11-residues was developed. This tag is fused to the protein of interest 

and exhibits high efficiency reaction with CoA in the presence of Sfp and divalent metal ions. 

The N-terminal half of the tag was derived from a certain sequence called ybbR at the open 

reading frame (ORF) of the B. subtilis genome and therefore the peptide was also named ybbR-

tag. Labeling with small molecules using this technique has been shown to be efficient when 

the tag is fused to the N and C termini of several proteins. Moreover, labeling was even possible 

when the tag was inserted into a flexible loop at the middle of a protein [66].  The peptide 

sequence identified is DSLEFIASKLA with the conserved serine residue underlined. The 

tripeptide DSL was identified as a significant unit for Sfp recognition. It exists in the PCP 

sequence as well, however additional residues which are considered to be essential, are missing 

in the ybbR. The catalytic efficiency observed using this tag is ~ 3105.1  M-1s-1 [66]. This labeling 

technique was successfully utilized for site-specific immobilization of proteins on solid supports 

[67]. Additional short peptide tags A1 and S6 were developed for orthogonal labeling. A1 and 

S6 are composed of 12 residues each, and can be recognized by ACPS and Sfp, respectively. The 

DSL sequence was preserved, however with an additional glycine at the N-terminus. Using S6 as 

a tagging system in the presence of Sfp the catalytic efficiency observed is twice as high as for 

the ybbR [68]. Labeling of proteins fused to S6 and A1 were successfully employed on different 

proteins [69]. The size of the peptide tag necessary for Sfp recognition was further decreased 
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and the minimal tag obtained- A-4, was constructed of 8 residues which is very similar in size to 

the His-tag and the FLAG-tag. 

 

Based on the diverse methods and strategies discussed previously, we devised a bottom-up 

surface chemical approach for selective immobilization of proteins as demonstrated in Figure 

1-9.  Activation of glass substrate was carried out through silane compounds containing epoxide 

groups, followed by surface passivation using PEG in order to obtain a biocompatible system (I) 

[11]. Since PEG inhibits interactions of proteins with the support, chemical functionalities for 

efficient coupling of proteins and for surface photopatterning (as will be discussed later in this 

chapter) are required. For this purpose, surfaces were functionalized with maleimide moieties 

for further reaction with highly selective thiol-functionalized capturing groups in a “click” 

chemistry manner (II). 

 

Figure 1-9. Surface modification and functionalization.  After activation of a glass support, surface rendered biocompatible 
using PEG (I). Subsequently, the surface was reacted with MPA-NHS (II) for further functionalization of various selective groups 
for site-specific immobilization.  
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1.3 Polymer-supported membranes 

The cell is the basic entity of a living organism. Its boundary is given by the plasma membrane 

which is composed of a lipid matrix and proteins. The plasma membrane plays a key role in 

regulating the entrance and exit of substances from the external environment into the cell and 

vice versa. The lipids of the plasma membrane are self-assembled into a fluid sheet comprising 

two lipid layers and is therefore termed lipid bilayer. The major lipid constituents of plasma 

membrane of mammalian cells are glycerophospholipids, sphingolipids and cholesterols [70] as 

depicted in Figure 1-10. These are asymmetric elements that contain a hydrophilic ‘head’ and 

hydrocarbon(s) as hydrophobic ‘body’ and therefore present amphiphilic properties. The lipid 

head group follows the external polar environment, while the apolar lipid body is located 

further away from the polar surroundings. 

 

Figure 1-10. Lipids comprising the plasma membrane. Chemical structures of a glycerophospholipid (a), a sphingolipid (b) and a 
cholesterol (c). X is alcohol based polar group. R1, R2 are the hydrocarbon fatty acid tails. 

The arrangement of proteins that associate with the membrane relies on their nature. 

Peripheral membrane proteins interact with lipid head groups through hydrogen bonds and 

electrostatic interactions, while integral membrane proteins interact with the membrane by 

hydrophobic interactions as well. Transmembrane proteins are integral membrane proteins 

that span the membrane and contain part(s) that is exposed to the extracellular matrix (ECM) 

and part(s) that access the cytoplasm (as mentioned in 1.1). A model suggested by Singer and 

Nicolson for the organization and structure of lipids and proteins in cell membranes is the fluid 

mosaic model [71] as shown in Figure 1-11a. According to this model, the membrane is a two-
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dimensional matrix of proteins in a phospholipid bilayer. With the development of powerful 

tools that provide the ability to detect features beyond the optical resolution limit, it is possible 

to investigate processes occur in the plasma membrane at the nanometer scale. Using such 

methods the heterogeneity of the plasma membrane could be observed. A recent model for 

the organization of the plasma membrane was suggested by Kusumi et al. [72] The model 

proposed is based on the concept of the hierarchical three-tiered meso-scale domain 

architecture of the plasma membrane (Figure 1-11b): (1) Cortical actin skeleton-based 

organization into 40-300 nm domains. The plasma membrane interacts with the actin 

cytoskeleton and the TM proteins anchored to it (“picket and fence” model). (2) Liquid ordered 

lipid domains of 2-20 nm (“raft” domains) enriched in cholesterol, glycosphingolipids and GPI-

anchored proteins. (3) Dynamic protein complexes domains at the scale of 3-10 nm that are 

induced by protein-protein interactions.  

 

 

Figure 1-11. Early and recent models suggested for the organization of the plasma membrane. (a) The fluid mosaic model 
(Taken from ref[71]). (b) The hierarchical three-tiered meso-scale domain architecture of the plasma membrane. (1) Actin-
based membrane cytoskeleton partitioning, (2) “raft”-domains and (3) dynamic protein complex domains. (Taken from ref[72]). 

Thus, the lipids comprising the plasma membrane are not only the fluid platform that 

accommodates proteins. They also play a significant role for protein functions through (i) lipid 

composition (lipid domains):[70] sorting proteins and controlling their function, (ii) membrane 

trafficking [73, 74]: transport of lipids and proteins to distinct places inside or outside the cell in 

order to carry out particular functions and (iii) protein-lipid interactions [74]: activation and 

regulation of proteins by signaling lipids.  
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1.3.1 Artificial model systems 

The plasma membrane contains a wide variety of lipids and proteins that stimulate different 

events at the membrane simultaneously, which therefore makes the investigation of 

membrane proteins in such complex systems highly challenging.  For this purpose, artificial 

model systems for in vitro characterization of proteins are required. Probing protein 

functionalities and interactions in vitro is possible using soluble proteins after their 

transmembrane (TM) domain was truncated (the TM domain assists to embed the protein in 

the membrane, but makes it insoluble in the absence of the membrane). This can be carried out 

through site-specific immobilization on biocompatible solid-supports as discussed in 1.2. In this 

case, only the extracellular part of the protein can be studied. Another possible approach is to 

solubilize the proteins (including their TM domain) in detergent-lipid micelles. However, the 

presence of detergent may affect the stability of the proteins and can impair protein 

functionality. The TM domain in context with the membrane has diverse functions: it is 

responsible for protein mobility across the membrane, it associates with TM domains of other 

proteins, undergoes conformational changes and has a significant role in signaling. Therefore 

artificial model systems composed of lipid bilayers, which can incorporate complete membrane 

proteins, provide an essential tool for probing the behavior of membrane proteins in vitro. This 

has to be carried out in a manner that closely mimics their natural environment and notably, 

meets the needs for the investigation of membrane proteins.  

Model membrane systems 

A recent model membrane approach for probing membrane proteins in vitro is the nanodisc 

based system [75]. Nanodiscs are formed by self-assembly of phospholipids together with two 

membrane scaffold proteins (MSPs). MSPs are derived from the apolipoproteins A-1, which 

transport lipids by the formation of high density lipoprotein (HDL) [76]. The MSPs encircle the 

hydrophobic alkyl chains of each leaflet in a disc-shaped manner, which is freely accessible from 

both sides of the membrane formed and hence is suitable for integrating membrane proteins. 

After nanodiscs formation they can be also selectively tethered on solid supports via 

incorporation of tags to the MSPs [75]. The diameter of a nanodisc is ~10-13 nm and thus 
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imposes difficulties in integrating and probing diffusion properties of very large and complex 

proteins. Another model membrane implemented was the black lipid membrane (BLM) system, 

in which a membrane is generated across a small opening in a Teflon partition embedded in a 

chamber containing aqueous solution. Lipids dissolved in an organic solvent are applied across 

the opening, followed by a lipid monolayer formation and a subsequent fusion to a bilayer.  The 

BLM obtained is free from both sides and therefore highly beneficial for studying membrane 

proteins. However, because of the fragile nature of BLMs and the difficulty to incorporate 

membrane proteins, a robust system that preserves membrane stability is highly essential.  

Alternative model membrane approach is the giant unilamellar vesicles (GUVs). These vesicles 

can have a size of ~1-100 µm in diameter and therefore are compatible with conventional 

optical microscopes. They can be utilized in their free-standing form or tethered to a solid-

support. Using GUVs, it has been possible to perform in vitro studies of different lipid mixtures 

with reconstituted membrane proteins [77, 78]. However, GUV preparation is not 

straightforward and it also requires a dehydration step for the incorporation of membrane 

proteins, which may affect their functionality. Efforts are being made to overcome problems 

regarding GUV preparation and to achieve a robust approach for the reconstitution of 

membrane proteins into the system [79, 80].  

An approach for obtaining planar lipid bilayers is the supported lipid bilayer membrane (SLB) 

(Figure 1-12a). Methods for lipid bilayer assembly on glass, quartz and silicon surfaces include 

the transfer of lipid monolayers from air-water interface to the support by Langmuir trough and 

Langmuir-Blodgett deposition [81, 82] or the direct fusion of lipid vesicles on supports [83-89]. 

Employing such methods, versatile lipid vesicle, monolayer and bilayer characterization via a 

wide variety of techniques has been possible [86, 87, 90, 91]. However, in spite of the high 

fluidity and uniformity that these supported bilayers present, a prominent deficiency is the 

direct coupling of the membrane to the substrate – the distance between the ‘head’ domain of 

the lower leaflet and the support is only ~10 Å. Thus, incorporating proteins with their 

transmembrane domain is limited because of possible interactions with the support [92, 93]. To 

address this issue, approaches relying on surface tethered bilayer lipid membranes (t-BLMs) 

were evolved (Figure 1-12b).  
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Figure 1-12. Solid-supported membranes, different approaches. (a) SLB, (b) tBLM, (c) PSM and (d) polymer-tethered 
membranes. (The tethered lipids in (b) and (d) are shown in black).   

In this strategy, lipids are selectively attached to chemically modified substrates [94-97]. This 

can provide the distance necessary for integrating membrane proteins into the system but does 

not supply adequate biocompatible surroundings. Introducing a soft and flexible polymer layer 

to obtain polymer-supported membranes (PSMs) (Figure 1-12c) or polymer-tethered 

membranes (Figure 1-12d), prevents direct contact of the proteins with the substrate and 

therefore reduces non-specific binding and protein denaturation yet preserves the properties 

of the bilayers [98-104]. Such polymer cushions can be formed of PEG [105-112] and dextran 

based compounds [98, 113] among others [114-117].  

Within addition to the demand for highly specific immobilization methods and fabrication of 

synthetic membranes on surfaces that mimic the native environment of membrane proteins, 

the necessity to spatially control organization of proteins and confine their diffusion into 

minute structures has witnessed a massive growth over the past years. Patterned surfaces 

presenting membrane proteins arrays such as cytokine receptors, tyrosine kinases, G-protein-

coupled receptors (GPCR) or ion channels for high-throughput screening and analysis of drug 

targets can be a significant mean for drug discovery and diagnostics [118, 119]. Moreover, 

surface patterning techniques utilizing artificial model membranes can be highly beneficial for 

fundamental biophysical research towards the elucidation of the initial steps of signal 

transduction. Reduction in spatial dimensions of membrane compartments into the 
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submicrometer regime will have a great impact on the ability to study dynamics of proteins and 

processes at the single molecule level. In chapter 4, PSM was utilized as a biocompatible, fluid 

platform with reconstituted TM proteins. Further control of spatial distribution of lipids and TM 

proteins by means of micropatterns was carried out. Lateral diffusion of lipids and TM proteins 

was probed and interaction studies of the reconstituted protein with its ligand were carried out 

in micropatterns. 

1.4 Cells adhesion on solid supports 

Cell adhesion refers to affinity-based contact either between two cells or between a cell and 

the extracellular matrix (ECM). There adhesive interactions are vital for diverse processes in 

multicellular organisms including the construction and conservation of multicellular structures 

and signal transduction. Cell adhesion also affects processes such as proliferation, 

differentiation and migration [120]. Without cell adhesion apoptosis occurs and malignant 

tumors can grow and spread [121]. Cell adhesion is mediated by cell surface proteins that 

create contacts with other cells or with the ECM. The adhesive interactions can be carried out 

either through homophilic binding in which the same kind of adhesion transmembrane proteins 

on two cell surfaces interact with each other, or via heterophilic binding in which the adhesion 

transmembrane proteins bind to molecules at the ECM [120]. Cell adhesion molecules (CAMs) 

include integrins, selectins, cadherins and immunoglobulin (Ig) superfamily and their interaction 

is mediated by divalent cations (except for the Ig superfamily based-adhesion). Relying upon 

cell adhesion, the controlled manipulation of cells on planar supports has been utilized in 

diverse biophysical and biotechnological applications. Here I will briefly introduce different 

approaches for cell adhesion and their applications: 

Glass-type substrates: 

 Adsorption of ECM proteins with or without prior chemical modification of the 

substrate with hydrophobic polymers [122-124]. This approach was mainly used for 

studying cell adhesion. 



Introduction 

23 
 

 Site-specific attachment of synthetic peptides for cell adhesion. Using this method, 

controlling the organization of neuronal cells on various chemically modified substrates 

attached to laminin-derived peptides, was possible [125].  

 Supported lipid bilayer as a platform for cell adhesion [126, 127]. Utilizing this 

approach, it was shown that signaling of receptor tyrosine kinase EphA2 could be 

regulated by physical barriers fabricated on surfaces [128].  

Gold substrates: 

 Adsorption of ECM proteins on SAMs of alkyl chains mixed with ethylene glycol groups. 

Cell adhesion, spreading and migration were studied using this approach [129]. 

 Selective attachment of the synthetic peptide arginine-glycine-aspartic acid (RGD), 

which will be discussed in the following subsection, using similar surfaces as described 

in the last bullet point [121, 130]. Using this approach, it was possible to control cell 

shape and function [131], cell migration by imposed polarization [132] or by utilizing a 

dynamic adhesive substrate [133].  

Adhesive peptides containing RGD-thiols coupled to gold nanoparticles were utilized to 

investigate the αvβ3 integrin-based adhesion [134]. Also specific attachment of CAMs to 

gold nanodots was carried out to study adhesion and neurite formation of neurons and 

neuroblastoma cells [135]. 

Hence the development of strategies to control cell adhesion plays a key role towards 

understanding mechanisms that are indispensable for the normal functions of cells. 

  

1.4.1 Integrin-RGD based adhesion 
 
Integrins are cell surface receptor proteins that play a significant role in cell adhesion. Integrins 

are composed of two subunits α and β, which are linked together to form a heterodimer. Some 

integrins can have a particular function and therefore bind to specific extracellular ligands while 

others are promiscuous and can bind different substrates. Moreover, integrins associate with 

the cytoskeleton, cluster into focal adhesion (FA) assemblies and activate signaling pathways. 

ECM proteins such as fibronectin and vitronectin have versatile functions. One of the very 
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important functions is to mediate cell adhesion through binding of integrins. However, ECM 

proteins impart adhesion properties to surfaces by adsorption, as mentioned above.  This may 

lead to protein denaturation, unstable protein binding and desorption or randomly oriented 

protein attachment, which impair protein activity. For this purpose, synthetic peptides 

containing the cell adhesive sequence - RGD, were developed. This amino acid sequence was 

derived from ECM proteins that mediate cell adhesion. An example for an integrin-RGD 

complex is demonstrated in Figure 1-13. By employing a short peptide tag the need for isolation 

and purification is abolished and a wide range of conditions such as temperature, pH and 

storage can be applied due to their stability [136]. Therefore, systems comprising RGD 

recognition sites together with integrins are essential for applications exploiting cell adhesion 

[137]. In chapter 5, integrin-RGD based coupling for selective cell adhesion is demonstrated for 

probing protein-protein interactions in surfaces adhered live cells.  

 

Figure 1-13. Crystal structure of the EC domain of αVβ3 integrin. RGD is shown in green. Modified from ref[138]. 
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1.5 Patterning 

Reducing dimensions of components down to the nanoscale regime is well established for 

electronic devices and for applications in the semiconductor industry. Suitable fabrication 

techniques were developed as a tool box for the construction of well defined features on solid 

supports at the micro- and nanometer scales that meet the needs for different applications 

such as sensors [139, 140], microelectromechanical systems (MEMS) [139] among others [141-

143]. In recent times, fabrication techniques for the construction of micro- and nanopatterns 

have paved the road for biological applications. Initially, protein patterning technology was 

applied for creating bio-electronic microcircuits [144] and shortly after, DNA and then protein 

microarrays were developed. This enabled the examination of a wide number of interactions 

simultaneously and ensured much lower sample consumption as compared with traditional 

techniques [145, 146]. By utilizing this technique not only known interactions could be studied 

but also novel binding proteins and activities were unveiled on a proteome chip [147]. Thus, 

microarrays technology has proven to be a powerful tool for studying a wide variety of 

biological interactions that have a great impact on diagnostic assays and drug discovery [148] 

and in general has been highly beneficial for pharmaceutical studies on the large scale [149]. 

Following the trend for miniaturization, the development of nanoarray technology allows the 

reduction of proteins and analytes quantities and shows increase in sensitivity [150, 151]. This 

opened a window of opportunities for the investigation of protein functionalities and 

interactions on solid supports by means of a large diversity of patterning techniques.  

An efficient protein patterning technique must fulfill requirements such as biocompatibility and 

selectivity in order to preserve protein functionality, as discussed in section 1.2. In addition, 

protein coupling and analysis has to be carried out in physiological conditions. Moreover, 

patterns should present high contrast and fidelity for good quality assays and reliable analysis. 

Nowadays, there is tremendous progress in developing patterning techniques most of which 

are derivatives of lithographic approaches. Lithography (lithos = stone, grafein = to write), 
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which was invented by Alois Senefelder in 1796,* summarizes methods for printing on surfaces. 

Thus, fabrication techniques at the micro- and nanoscale are denoted as lithographic. 

Patterning techniques can be classified into two main categories: (i) Printing-based technology, 

which includes soft lithography and scanning probe microscope (SPM)-based lithography and 

(ii) optical lithography. 

Here I will introduce commonly used approaches based on printing technology: 

“Soft” lithography 

A method suitable for micro- and nano-fabrication which is based on an elastomeric stamp for 

transferring patterns to surfaces. A prominent approach for pattern transfer is microcontact 

printing (µCP) in which an elastomeric stamp containing molecules of interest comes into 

contact with a substrate and creates patterns [152-154]. Improving the elastomeric stamps and 

using higher molecular weight species for deposition, patterns presenting sub-100 nm features 

could be obtained [155, 156].  

SPM-based lithography 

The ability of atomic force microscope (AFM) tip to selectively deposit molecules in specific 

regions was applied to generate patterns on surfaces in a “dip-pen” manner, therefore 

introduced as “dip-pen” nanolithography (DPN) [157]. In this technique an AFM tip is used as a 

writing instrument to deliver molecules as ‘ink’ to a solid support as a ‘paper’ by capillary forces 

to generate patterns with resolution of sub-50 nm [40]. A major challenge using DPN was the 

ability to utilize this technique for a large capacity surface pattern production.  For this purpose 

a new method based on DPN was developed. In this approach elastomeric tips (polymer pens) 

were used to transfer ‘ink’ to substrates in a technique denoted as polymer pen lithography 

(PPL) that produced patterns with sub-100 nm resolution over a whole wafer as large as 3-inch 

[158]. Other scanning probe microscopy (SPM) methods employed for protein patterning on 

surfaces include nanografting [159, 160] and nanofountainpen [161].  

However, there are still several obstacles for DPN and related SPM-based lithography 

techniques on the way to achieve robust, high-throughput protein patterning methods and 

continuous efforts are being made for improvements [162]. 

                                                      
*
 Wikipedia 

http://www.answers.com/topic/senefelder-aloys
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1.5.1 Optical lithography 

Lithography which is carried out by light is described as optical lithography or photolithography. 

This is considered to be one of the most common technologies used for constructing 

micrometer features on solid supports. In this method a photosensitive surface is exposed to 

light (ultraviolet, visible or infra-red) in a spatially defined manner leading to the execution of 

photochemical reactions selectively in the exposed regions only. As a result of this the exposed 

regions may be either become activated for further reactions or lose their ability to react, 

depending on the functional groups involved and the photochemistry which occurs.  According 

to the first law of photochemistry, photochemical reactions can occur only when photons 

absorbed by the irradiated compound. The energy carried by the photons is described by: 

     

hE          
    

Where E is the energy of a photon emitted/absorbed, h is Planck constant ( sJ  341063.6 ) and 

is frequency.  

Prior to light exposure electrons will occupy the ground singlet state (S0) in which they are fully 

paired. Upon light exposure an electron is transferred to the first singlet excited state (S1) from 

which there will be a chance for spin inversion and a transition to a triplet state (T1). 01 SS 

transitions have a very short lifetime of 10-8-10-9 s, while 01 ST   are spin-forbidden transitions 

and therefore are several order of magnitude slower. The lifetime of excited states plays an 

important role in photochemical processes. Hence, excited triplet states have a great impact on 

photochemical processes because species in excited triplet states can undergo a large number 

of collisions with other molecules and induce cascade of different chemical redactions before 

deactivation [163]. 

The electronic states and the transitions are illustrated in the Jablonski diagram in Figure 1-14. 
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Figure 1-14. Jablonski diagram presenting radiative and non-radiative transitions between electronic states. (Taken from 
ref[164]). The full arrows represent transitions from the ground state to excited states. The dashed arrows represent radiative 
decay processes such as fluorescence and phosphorescence and the wavy arrows represent non-radiative processes such as 
internal conversion (transition between two electronic states with spin conservation) and intersystem crossing (transition 
between two electronic states with spin inversion).  

The resolution R of an optical system is limited because of diffraction. This follows the Rayleigh 

criterion:  

NA
R


61.0

        

Where λ is the wavelength of the irradiating light source and NA is the numerical aperture. The 

numerical aperture is defined as  sinNA  , in which η is the index of refraction of the 

medium between the lens and the sample and θ is half angle of the maximum cone of light that 

can exit the lens as illustrated in Figure 1-15.  

 

Figure 1-15. Optical system constructed of a UV lamp as a light source and a condenser lens. Light is irradiated directly on a 
mask which is placed on a chemically modified support.  
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Although optical lithography is limited by diffraction, reducing lateral dimensions to the 

nanometer regime has been shown to be possible by scanning near field photolithography 

(SNP), using a scanning near-field optical microscope (SNOM) coupled to a UV laser [165]. 

Moreover, advanced lithographic patterning techniques that proceed beyond the diffraction 

limit were developed. These include electron-beam lithography (EBL) [166] and focused ion 

beam (FIB) writing [167] that can generate patterns in the order of a few nanometers. However 

these techniques are very costly and time consuming and can not be employed for a high 

throughput.  

In the following part I will present versatile protein patterning approaches based on optical 

lithography: 

 Photodeprotection of caged functional groups 

This type of patterning is carried out by utilizing photosensitive molecules (molecules 

that experience electronic transitions upon light exposure). Nitro-substituted aromatic 

compounds are well established as photosensitive amine protecting groups and 

denoted as ‘caged’ amines.  Nitroveratryloxycarbonyl (Nvoc) chloride is an example for a 

commonly used amine protecting group. Upon UV irradiation, the amide bond between 

the caged amine and the Nvoc moiety is cleaved, then amine groups are freely exposed 

and can be further functionalized [168, 169]. In addition to Nvoc, 3-amino-3-(2-

nitrophenyl)-propionic acid (Anp) as an amine caging group was successfully applied.  

Photocleavable peptides carrying Anp were utilized for protein patterning on solid 

supports.  The Anp moiety was attached either to a tris-NTA group for site-specific 

immobilization of proteins [170] or to a polyhistidine peptide chain [171]. The utility of 

nitro-substituted aromatic compounds for patterning can be extended to the protection 

of versatile nucleophiles [172, 173]. Moreover, photosensitive protection groups other 

than aromatic nitro compounds have been employed [174].  

 Photocoupling of chemical functionalities or proteins  

Well established methods include patterning using photoresist technology [144], “click” 

chemistry [175] and thiol-ene reaction [176, 177].  
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 Photodeactivation of functional groups 

The photodestruction of active moieties [178] or cross-linking of polymers [179] through 

light irradiation.   

I have discussed here a variety of patterning techniques. Some present patterns fidelity and 

high selectivity on the micro- and nanometer range, while others offer high patterning capacity. 

Nevertheless optical lithography still dominates applications for patterning of biological 

molecules due to low cost, high-throughput and the ease of handling required yet remains 

robust and reliable patterning technique.  

The photopatterning technique presented in this thesis was further extended for constituting 

lipid bilayer in minute structures as presented in chapter 4. Moreover, controlling spatial 

arrangement of cells and capturing transmembrane proteins directly from cells into surface 

architectures is demonstrated in chapter 5. 

1.6 Maleimide as chemical functionality for patterning 

Maleimide is an unsaturated imide in a cyclic form that can selectively react with thiols in a 

“click” chemistry fashion through Michael addition. With a strong absorption in the wavelength 

range of 300 nm, maleimides were shown to polymerize under UV irradiation using 

photoinitiators [180, 181]. Photoinitiators are photosensitive molecules that upon light 

absorption, generate high energy species such as radicals which can initiate chemical processes. 

However, using such molecules has several drawbacks including their contamination in the final 

polymer or unwanted side products that can be obtained in addition to radicals formation 

[182]. Later on it was discovered that maleimide and its derivatives can undergo 

homopolymerization upon exposure to UV light even in the absence of a photoinitiator [183]. 

However, the requirements for inducing photopolymerization are the presence of a solvent 

that can donate hydrogen (H) [184] or maleimide derivatives containing labile hydrogens that 

can undergo inter- or intramolecular H-abstraction. The triplet state species formed upon UV 

irradiation, initiate the polymerization process via H-abstraction from aliphatic ethers and 

alcohols and proceed through a chain transfer reaction mechanism (a polymer chain reacts with 
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a molecule and is subsequently terminated while a new radical is formed) as illustrated in 

Figure 1-16 [185-187]. 

 

 

Figure 1-16. Schematic of the photopolymerization process which is carried out through H-abstraction. MI-maleimide, R-alkyl 
group and P-polymer. (Taken from ref[187]).  

 
The chemical reaction based on H-abstraction from N-alkylmaleimide is demonstrated in Figure 

1-17. 

 

Figure 1-17. H-abstraction from triplet N-alkylmaleimide species. (Taken from ref[186]). 

A prominent advantage of using maleimides is that the radical initiating species form without 

any harmful side products [182]. Hence, maleimide and its derivatives play different yet 

complementary roles in the polymerization process as monomers and catalysts simultaneously. 

For this reason, in addition to photopolymerization of maleimide derivatives, maleimide was 

further utilized for the polymerization of different systems. The cross-linking of maleimide/vinyl 

ether for example, is possible upon UV irradiation [182]. Vinyl ether is rich in electrons due to 

its C=C bond and therefore functions as electron donor while maleimide, which is poor in 

electrons, is the acceptor. The process is mainly initiated through H-abstraction as for 
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maleimide homopolymerization but it can also be induced via electron transfer from the vinyl 

ether followed by proton transfer as presented in Figure 1-18.  

 

Figure 1-18. Electron transfer reaction mechanism as initiation step of polymerization .(Taken from ref[187]).  

Furthermore, for acceptor/donor systems dissolved in apolar solvents, which do not present 

labile hydrogens, the initiation step is still possible and the polymerization is carried out 

through an electron transfer mechanism [188, 189]. Concerning the propagation step, in 

addition to H-abstraction another mechanism suggested relies upon the homopolymerization 

of the acceptor-donor complex [187].  

The UV light source and the photoinitiator play a major role in the rate of initiation according to 

the following equation [190]: 

  PIl

ii eIr  10  

Where 0I is the incident light intensity, l  is the sample thickness,  is the absorptivity, [PI] is 

the concentration of the photoinitiator (in our case maleimide)  and i is the quantum yield of 

initiation, which is the number of initiating species generated per photon absorbed. 

The UV light source also plays an important role in the propagation of the polymerization 

process. Stronger intensity leads to faster polymerization and higher conversion. In addition to 

the increase in the rate of initiation in accordance with the above equation, higher irradiation 

intensity results in increase in temperature, which leads to higher molecular mobility [190]. 
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Additional benefit  of using stronger intensity is the less sensitivity of the polymerization 

process to oxygen inhibition [186]. Thus utilizing an intense light source yet preserving surface 

biocompatibility is a prerequisite for optimal cross-linking of chemical functionalities. In the 

current work I developed different strategies based on the ability of maleimide moieties to 

undergo polymerization upon UV irradiation for surface patterning, allowing biophysical 

analyses in micropatterns (Figure 1-19). The strategies employed are as follows: 

(I) Maleimide photodestruction - surface maleimides are cross-linked. 

(II) Maleimide polymerization - maleimide moieties in solution are cross-linked with 

surface maleimides. 

(III) Maleimide-vinyl ether polymerization - alkyl chains carrying vinyl ether 

functionalities are cross-linked with surface maleimides. 

These photochemical strategies in combination with maleimide-thiol coupling were utilized to 

pattern surfaces with bio-chemical moieties needed for the quantitative biophysical analysis of 

different model systems as introduced previously in Figure 1-2. 

 

Figure 1-19. Photochemical strategies based on maleimide groups: maleimide photodestruction, maleimide polymerization and 
maleimide-vinyl ether polymerization. 
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1.7 Biological model system 

Interferons (IFNs) are glycoprotein cytokines that are secreted in cells upon viral invasion and 

function as antiviral agents. Apart from their antiviral activity, IFNs exhibit antiproliferative and 

antitumor effects. Binding of IFN to its cell surface receptor impair the replication of RNA and 

DNA molecules of the invaded species. The IFN was discovered in the course of the 

investigation of interference with the growth of live influenza virus in chick chorio-allantoic 

membrane. Upon incubation of inactivated virus with the membrane, an interfering agent was 

released and caused an interference activity [191]. IFNs can be classified into three main types 

based on their interaction with specific receptors: IFN type I, II and III that stimulate various 

signaling pathways in which specific genes are then transcribed. In this work we employed type 

I IFN as our biological model system.  All type I IFNs share a specific cell surface receptor 

complex IFNAR, which consists of two subunits IFNAR1 and IFNAR2 [192]. This group of IFNs 

comprises different subtypes of IFNα proteins including IFNα2, a protein which is encoded by 

the gene IFNα2. IFNα2 binds to IFNAR2 and induces association of IFNAR1 to form a ternary 

complex with subnanomolar affinity [193], presenting a 1:1:1 stochiometry. While IFNAR2 has 

nanomolar affinity towards IFNα2 [194, 195], the affinity towards IFNAR1 is in the micromolar 

range.[193] Despite its lower binding affinity to IFNα2 alone, IFNAR1 recruitment to form a 

ternary complex stabilizes the interaction of all three partners [196]. Upon binding of IFNα2 to 

its transmembrane receptor subunits, a specific signaling cascade is triggered through the cell 

[197]. Janus-activated kinases (JAKs) are involved in transmitting signals. They were found to be 

constitutively preassociated with IFNAR subunits in a non-covalent fashion [198]. Through 

ligand stimulation, JAKs undergo cross-phosphorylation and activation followed by IFNAR 

subunits phosphorylation. While the signal transducer and activator of transcription STAT2 is 

constitutively preassociated with IFNAR2 [199], a docking site for the Src homology 2 (SH2) 

domain of STAT2 is created on the phosphorylated IFNAR1. Subsequently, STAT2 is 

phosphorylated, thus creating a docking site for the SH2 domain of STAT1 which is then 

phosphorylated [200]. STAT1-2 heterodimer and p48 form the IFN-stimulated gene factor 3 

(ISGF3) complex, a transcription factor [201]. Subsequently, ISGF3 complex translocates to the 
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nucleus and binds to IFN-stimulated response elements (ISRE) for gene transcription as 

illustrated in Figure 1-20.  

 

 

 

Figure 1-20. Type I IFN signaling pathway. Upon IFN binding, association with IFNAR1 and IFNAR2 induce signal propagation 
across the cell for gene transcription. 

Additional mechanisms involved in IFNα2-mediated signaling include the activation of STAT3 

and STAT5. Moreover, type I IFNs stimulate the phosphatidylinositol 3-kinase (PI3K)/AKT 

(protein kinase B) signaling pathway and the Ras-related C3 botulinum toxin substrate 1 

(RAC1)/mitogen-activated protein kinase (MAPK) pathways [202]. 

In addition to wild-type IFNα2 (IFNα2-wt), mutants of IFNα2 presenting various affinities were 

employed:  

 IFNα2-YNS – an IFNα2 comprising mutations H57Y, E58N and Q61S. It has a similar 

affinity to IFNAR2 and a 60-fold increased affinity towards IFNAR1 as compared with 

IFNα2-wt [203]. 

 IFNα2-M148A – binds IFNAR2 with 30 fold lower affinity with respect to IFNα2-wt 

[204], and with wild-type affinity to IFNAR1. 
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 IFNα2-M148A-NLYY – an IFNα2-M148A that additional residues 65,80,85 and 89 were 

mutated. It binds IFNAR2 with similar affinity as compared with IFNα2-M148A and has 

almost no binding to IFNAR1 [204, 205]. 

 IFNα2-YNS-α8tail – an IFNα2 in which seven last residues at the C-terminal were 

exchanged with the C-terminal residues of an IFNα8 resulting in a stronger affinity of 

20 fold to IFNAR2 as compared with IFNα2-wt under physiological conditions [206]. 

1.8 Techniques 

1.8.1 Reflectance interference spectroscopy (RIfS) 

RIfS is an optical, label-free, time-resolved detection system which enables to monitor binding 

and interactions of chemical and biological samples in a quantitative manner. The technique is 

based on interference of a white light beam reflected at a thin silica layer (300-500nm) coated 

on a glass support (Figure 1-21a). Due to different refractive indices of the multilayer system 

used (air, glass and silica), an incident light beam is partially reflected at each interface. The 

reflected beams have different optical path length therefore a phase shift is formed [207].  

refl

nd



  2  

Where  is the phase difference, refl is the phase shift upon reflection, n is the refractive 

index, d is the thickness of the layer and   is the wavelength. Superposition of the two 

reflected light beams leads to interference depending on the phase shift between the beams. 

At an incidence angle of zero (the illumination is perpendicular to the surface), the intensity is 

given by [208] 














nd
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Where IR is the intensity upon glass reflection and I1, I2 are the partially reflected beam 

intensities. An interference spectrum is generated from the reflected intensity as a function of 

the wavelength, with maxima and minima for constructive and destructive interference, 

respectively. The change in optical thickness ( dn  ) is determined from the shift of the 

interference spectrum at the extremum. 
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Here, we utilized this technique for a quantitative analysis of protein binding, affinity and 

kinetic studies. Binding events down to a few pg/mm2 can be detected [209]. A change in 

surface loading of 1 pg/mm2 leads to a shift of the interference minimum by 1.2 pm [210].  The 

set-up for RIfS detection is schematically depicted in Figure 1-21b.  

 

Figure 1-21. Principle of RIfS detection. (a) A glass chip bearing a silica layer is illuminated with a white light beam that is 
partially reflected at each interface (left). The interference pattern obtained (right). (b) RIfS set-up. The surface is illuminated 
with a white light source via bifurcated fiber optics. A diode array spectrometer is connected to the second end and is used to 
detect the reflected light. 

 

1.8.2 Total internal reflection fluorescence spectroscopy in combination with 
RIF (TIRFS-RIF) 

Label-free detection techniques provide a powerful tool for quantifying protein binding and 

interactions with detection limit as low as a few pg/mm2 (for RIfS). However these techniques 

are still limited in sensitivity and are not capable of discriminating different species participating 

in a binding event. Introducing fluorescence detection increases sensitivity and enables the 

analysis of different species by means of fluorescent dyes. Thus, the combination of TIRFS and 

RIF provides high sensitivity for monitoring binding events by a simultaneous label-free and 
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fluorescence detection [211]. Total internal reflection (TIR) of an incident light occurs between 

two media with different refractive indices, when the angle of incidence is above the critical 

angle. The critical angle is subjected to Snell’s law, in which the relation between the sine’s of 

the incident angles and the refractive indices is given by 

1

2

2

1

sin

sin

n

n





 

Where θ1 is the angle of incidence and θ2 is the refracted angle (Figure 1-22). n1 and n2 are the 

refractive indices. For n1>n2, θ1<θ2 the critical angle θc is reached when the refraction occurs at 

an angle of 90°. Therefore when θ2=90°, the critical angle is given by 
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Upon TIR, an electromagnetic field termed ‘evanescent wave’ penetrates the boundary to the 

second medium. The intensity of evanescent wave decays exponentially with the distance from 

the surface boundary as formulated in the following equations: 
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Where Iz is the intensity at a perpendicular distance z from the interface, I0 is the intensity of 

the evanescent wave at z=0, dp is the depth of penetration of the totally reflected light beam 

and λ is the wavelength of the incident beam in vacuum [212].  

 

 

Figure 1-22. Refraction at the boundary of two media with different refractive indices (n1 >n2). 
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In the experimental system the two detection techniques are spectroscopically separated: the 

RIF detection is carried out by a single wavelength in the NIR region while the fluorescence 

detection is in the full visible range [211]. A complete spectral separation avoids cross-talk and 

ensures two absolute independent detection techniques combined in one set-up which is 

depicted in Figure 1-23b.  

 

 

 

 

Figure 1-23. Principle of TIRFS-RIF detection. (a) Selective excitation of fluorescence by evanescent wave generated due to TIR. 
(b) Schematic of the simultaneous TIRFS-RIF set-up.  

 

1.8.3 Confocal laser scanning microscopy (CLSM) 

With the utility of antibodies labeled with fluorescent probes, fluorescence microscopes 

emerged as an indispensable tool for the investigation of biological samples [213]. However, 

these microscopes were limited to the investigation of only thin and flat specimens. The image 

of a thick specimen (> 2µm) can be influenced by light from outside the focal plane, which is 

then reduces the image contrast. In order to address this issue, the confocal microscope was 

further developed after its invention in 1955 [214]. In a CLSM, as depicted in Figure 1-24, a laser 

beam passes through a pinhole aperture and is focused onto the specimen by an objective lens. 

Subsequently, the emitted fluorescence passes back through a beam-splitter and is then 

collected into a second pinhole aperture to the detector. The pinhole aperture is conjugated to 

the objective focal plane. Fluorescence that is generated outside the objective focal plane is not 
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confocal with the pinhole and therefore does not reach the detector (Figure 1-24, dotted line). 

The scanning process in CLSM is carried out by the illumination of a focused spot that is 

centered in the focal plane [215]. Therefore, a fluorescence image is formed by scanning the 

area of interest in a serial fashion and collecting the data from the focal planes to the detector. 

Hence, in addition to the higher resolution obtained using a CLSM, a 3D image of a complex 

structure with thickness up to 100 µm can be reconstructed. 

 

 

 

Figure 1-24. Principle of confocal microscopy.
†
 

1.8.4 Total internal reflection fluorescence microscopy (TIRFM) 

In contrast to confocal microscopy which is based on a pair of pinhole apertures for eliminating 

background fluorescence outside the focal plane, TIRFM relies upon TIR illumination via high NA 

objective (as described above). Thus selective excitation of fluorophores in a restricted region 

of the specimen (~100 nm) is achieved, adjacent to the solid-liquid interface. TIRFM is based on 

an earlier development of total internal illumination microscopy in which scattered light was 

detected at the cell/substrate interface [216]. Further extension of this technique to 

fluorescence was carried out for visualization of cell membranes, for probing cell-substrates 

contacts and for monitoring ligand-membrane receptor interactions with the reduction of 

autofluorescence from debris and thick cells [212]. Due to the higher resolution along the z 

direction and the significant reduction of background fluorescence, diverse applications 

                                                      
†
 Image copied from Wikipedia 
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including imaging and quantitative analysis of biological samples can be carried out on the 

single molecule level [217, 218]. In this study we utilized TIRFM for cellular imaging and single-

molecule analysis of protein-protein interactions in artificial model systems and in live cells 

cultured on micropatterns. 
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2 Functional Immobilization of Proteins by an Enzymatic 
Transfer Reaction 

2.1 Introduction 

Protein immobilization on solid supports is rapidly gaining importance in diverse applications 

that require targeting of proteins to surfaces, while preserving their functional integrity to the 

highest possible level. Functional attachment of proteins to solid supports is a key challenge 

because of the fragile nature of proteins and their wide-ranging physicochemical properties. 

For this purpose, protein capturing techniques are required, which site-specifically tether 

proteins to biocompatible polymer layers through protein or peptide tags fused to the protein 

of interest. However, selective recognition pairs with high binding stability are required for 

successful applications in surface engineering. Several approaches based on either the 

interaction between biotin and streptavidin or related proteins [1-4], or on the complexation of 

immobilized transition metal ions by oligohistidine-tags [5-8] have been reported. In addition to 

protein capturing through affinity handles, covalent approaches such as chemical ligation [9], 

Staudinger ligation [10], thiol-ene reaction [3] or “click” chemistry utilizing azide alkyne Huisgen 

cycloaddition [11], were applied. Recently, enzymatic reactions have found increasing attention 

for posttranslational labeling and immobilization of proteins [12, 13]. Surface chemistries based 

on enzymes, which specifically react with substrate analogues [14], have been developed [15, 

16]. Another prominent approach is based on enzymatic phosphopantetheinyl transfer (PPT) as 

discussed in detail in 1.2.4. 

Here, we have explored PPT-based functional immobilization of proteins fused to the short 

peptides ybbR and S6 onto glass type surfaces in a flow through format. To this end, CoA was 

coupled to a dense poly(ethylene glycol) (PEG) polymer brush and protein immobilization was 

monitored in real time by label-free detection using reflectance interference spectroscopy 

(RIfS). Immobilization of the extracellular domains of the type I interferon receptor subunits 

IFNAR1 and IFNAR2 (IFNAR1-EC and IFNAR2-EC, respectively) fused to ybbR- and S6-tags 

mediated by the PPTase Sfp was investigated. The functionality of the immobilized protein was 

http://en.wikipedia.org/wiki/Azide_alkyne_Huisgen_cycloaddition
http://en.wikipedia.org/wiki/Azide_alkyne_Huisgen_cycloaddition
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probed quantitatively by monitoring binding of the protein ligand interferon-2 (IFN2). We 

explored immobilization at different termini, as well as immobilization of ybbR-tagged IFN2. 

  

2.2 Experimental 

2.2.1 Materials 

Homo-bifunctional diamino-polyethylene glycol (DAPEG) with an average molecular mass of 

2000 g/mol was purchased from Rapp Polymere, Tübingen/Germany. 2-mercaptoethanol (2-

ME), manganese(II)-chloride tetrahydrat, HEPES and Sodium chloride were purchased from Carl 

Roth, Karlsruhe/Germany. Oregon Green 488 maleimide was purchased from Invitrogen. 

Streptavidin labeled with ATTO 565 (AT565SAv) was purchased from ATTO-TEC GmbH, 

Siegen/Germany. CoA-488 and phosphopantetheinyl transferase Sfp was purchased from New 

England Biolabs GmbH (Frankfurt am Main, Germany). All other chemicals were purchased from 

Sigma Aldrich. 

2.2.2 Protein production, purification and labeling 

IFN2, IFN2-YNS and IFNAR2-EC carrying an N-terminal ybbR-tag (ybbR-IFN2, ybbR-IFN2-

YNS and ybbR-IFNAR2) were cloned by insertion of an oligonucleotide linker coding for the 

ybbR peptide (DSLEFIASKLA) into the NdeI restriction site upstream of the corresponding genes 

in the plasmids pT72C2 and pT72CR2, respectively [17]. The proteins were expressed and 

purified by the same protocols established for wild-type IFN2 and wild-type IFNAR2-EC [18]. 

IFNAR2 with C-terminal ybbR- and S6-tags (IFNAR2-ybbR and IFNAR2-S6) were cloned by 

inserting the corresponding oligonucleotide linker coding for the corresponding peptides 

sequences (GDSLSWLLRLLN in case of S6) into a SalI restriction site, which was generated at the 

C-terminus of IFNAR2-EC in pT72CR2 by removing the stop codon by site-directed mutagenesis. 

These proteins were expressed in E. coli, refolded from inclusion bodies and purified as 

described previously [17, 19]. IFNAR2-ybbR and ybbR-IFN2 were labeled by PPT using CoA-488 

and Sfp according to published protocols [20]. His-tagged IFNAR1-EC and its mutant N23C were 

expressed in insect cells and purified by IMAC as described previously [21]. IFNAR1-EC N23C 
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was site-specifically labeled with Oregon Green 488 (OG488IFNAR1-EC) as described recently [22]. 

His-tagged IFNAR1-EC was fused to a C-terminal ybbR-tag by insertion of an oligonucleotide 

linker coding for the ybbR peptide and was expressed and purified the same way as IFNAR1-EC. 

2.2.3 Surface chemistry 

Surface chemistry was carried out on transducer slides for RIfS detection (a thin silica layer on a 

glass substrate). Surface coating with a thin PEG polymer brush and further functionalization 

with maleimide groups was carried out as described in detail previously [23]: After surface 

cleaning in fresh Piranha solution (one part 30% H2O2 and two parts concentrated H2SO4), the 

surface was activated by reaction with pure (3-glycidyloxypropyl)trimethoxysilane for 1 h at 

75 °C. Subsequently, the surface was reacted with molten DAPEG for 4 h at 75 °C. For 

functionalization with maleimide groups, the amine-functionalized surfaces were incubated 

under a saturated solution of 3-(maleimido)propionic acid N-Hydroxy-succinimide ester (MPA-

NHS) in dry DMF for 30 min at room-temperature. All further steps were carried out in situ 

under aqueous conditions in a flow-through format (see below). 

2.2.4 Binding assays 

Protein immobilization and protein interactions were monitored by RIfS and by total internal 

reflection fluorescence spectroscopy (TIRFS). Label-free detection by RIfS is based on probing 

changes in optical thickness of a thin silica layer by white light interference [24] as mentioned at 

the general introduction. The measurements were performed under continuous flow-through 

conditions using home-built set-ups as described in detail earlier [25-27]. Maleimide-

functionalized RIfS transducer slides (prepared as described above) were equilibrated in HBS 

(20 mM HEPES pH 7.5, 150 mM sodium-chloride and 0.01% Triton X-100) and then reacted with 

1 mM CoA in HBS. Prior to protein immobilization, the remaining maleimide groups were 

blocked by injection of 10 mM 2-mercaptoethanol in HBS. Subsequently, 1 µM of the 

extracellular domain of the type I interferon subunit IFNAR2 (IFNAR2-EC) which was fused to a 

ybbR tag at the N-terminus (ybbR-IFNAR2) in HBS was immobilized in the presence of 1 µM Sfp 

and 10 mM Mn2+ ions. Surface-bound metal ions were removed by an injection of 25 mM EDTA. 

Then, the activity of the immobilized protein was probed by injecting a suitable binding partner: 
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ybbR-IFNAR2, IFNAR2-ybbR and IFNAR2-S6 were probed by injection of the ligand interferon-α2 

(IFN2). YbbR-IFN2 and ybbR-IFN2-YNS were probed by injection of the interferon receptor 

subunits IFNAR2-EC and IFNAR1-EC, respectively.  

Association and dissociation curves were fitted using the BIAevaluation 3.1 software (GE 

Healthcare). Standard kinetic models assuming a 1:1 Langmuir interaction as provided by the 

software were applied. For binding kinetics at relatively high protein surface concentrations 

employed in RIfS experiments, simultaneous fitting of the association and dissociation curves by 

a model considering mass transport effects was applied. At low protein surface concentrations 

used in TIRFS experiments, association and dissociation curves were fitted separately with 

single exponential functions assuming an unbiased 1:1 Langmuir interaction. 

 

2.3 Results and discussion 

2.3.1 Protein immobilization 

Immobilization of proteins on solid supports was carried out by employing a bottom-up 

chemical strategy based on a PEG polymer brush as a biocompatible scaffold [23] for preventing 

non-specific adsorption of proteins onto surfaces. The chemical strategy was described in 1.2.4. 

Surfaces presenting maleimide functionalities were employed for attachment of CoA via its 

thiol group as depicted in Figure 2-1. Subsequently, the immobilization of the protein of 

interest fused to ybbR tag was carried out through PPT mediated by Sfp and Mn2+. CoA 

functionalization and protein immobilization were probed directly, in real time using RIfS. 



Functional Immobilization of Proteins by an Enzymatic Transfer Reaction 

63 
 

 

 

Figure 2-1. Surface chemistry based on maleimide functionalities for the immobilization of ybbR-tagged proteins onto solid 
supports. Attachment of CoA molecules (I) followed by ybbR-tagged protein immobilization in the presence of Sfp and Mn

2+
(II). 

The immobilization procedure is depicted in Figure 2-2a and the binding experiment is shown in 

Figure 2-2b. After CoA moieties were reacted with surface maleimides, free maleimide groups 

were quenched by reaction with 2-mercaptoethanol (2-ME). YbbR-IFNAR2 immobilization was 

carried out in the presence of Sfp and Mn2+. Subsequent injection of the ligand IFNα2-wt 

confirmed functional immobilization of ybbR-IFNAR2. In this method, CoA functions as a 

substrate for protein immobilization by PPT as verified via an experiment which was carried out 

in the absence of CoA (Figure 2-2b). An insignificant amount of protein binding was observed, 

confirming the very low level of nonspecific binding to the PEG polymer brush.  

Figure 2-2c is the magnified binding signal of IFNα2-wt interaction with the immobilized ybbR-

IFNAR2 as obtained from the binding assay presented in Figure 2-2b. The interaction analysis 

was carried out using a pseudo-first order association and dissociation kinetic model, which 

takes into account mass transfer effects. Association rate constant of 6101 M-1s-1 was 

determined, while the dissociation yielded a rate constant of 0.02 s. Both kinetic parameters 

obtained, fit perfectly with previous analysis reported using different immobilization methods 

[22, 25, 28]. 
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Figure 2-2. Site-specific immobilization of ybbR-IFNAR2 as detected using RIfS. (a) Schematic representation of the sequential 
steps of the immobilization procedure. (b) Binding signal of the immobilization process (black). Injection of CoA (I) followed by 
2-ME (II). Next, a mixture of 1 µM ybbR-IFNAR2 ,1 µM Sfp and Mn

2+
 was introduced into the flow system for specific covalent 

coupling of the protein to the surface (III). Subsequent EDTA injection was carried out for removal of Mn
2+ 

metal ions from the 
surface (IV). At the final step the interaction of the ligand IFNα2-wt with the immobilized receptor was detected (V). A 
measurement in which 2-ME was injected to the system instead of CoA (step I, blue) was carried out as a control for the binding 
assay. The next steps (II-V) were performed exactly as indicated for the black curve. (c) Enlarged view of step V from the black 
curve showing the interaction of IFNα2-wt with its surface immobilized receptor. The curve could be very well fitted using a 
pseudo-first order kinetic model considering mass transfer effects. 

In addition, the specificity of the immobilization method was examined. For this purpose, 

experiments on CoA functionalized surfaces with and without subsequent 2-ME treatment 

were carried out.  Sfp signals obtained on these surfaces are shown in Figure 2-3a. The 

significant binding signal of Sfp, which was observed on a non-treated surface, emphasizes the 

need for 2-ME blocking step in order to prevent non-specific attachment of proteins that 

contain free cysteine residues, as Sfp in our case. Furthermore, the specificity of the tag was 

investigated (Figure 2-3b). Upon injection of Sfp and IFNAR2-EC without an ybbR-tag, a low 

amount of protein was bound to the surface. Moreover, a binding signal of IFNα2-wt could not 

be detected (Figure 2-3c). The same observed for a binding experiment performed in the 

absence of CoA (Figure 2-3c), confirming the high specificity of the PPT-mediated 
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immobilization. In addition, a binding inhibition assay was carried out as demonstrated in 

Figure 2-3d. Binding of IFNα2-wt could not be observed in presence of soluble IFNAR2-EC, 

corroborating the specificity of the interaction. Hence, the data presented above confirms the 

selectivity of immobilization of proteins by PPT, in which the functional properties of the 

immobilized protein are retained to a high degree. 

 

 

Figure 2-3. Binding specificity (a) Binding signals of Sfp obtained on CoA surface treated with (red) and without (black) 2-ME 
prior to Sfp injection. (b) Injection of the protein binding mixture which in addition to Sfp and Mn

2+
contains ybbR-tagged 

IFNAR2 (black) or tagless-IFNAR2-EC (red).  (c) IFNα2-wt binding signal observed after ybbR-IFNAR2 immobilization in presence 
(black) and in absence (red) of CoA on the surface. IFNα2-wt signal obtained using tagless-IFNAR2-EC at the reaction mixture 
(blue). (d) Binding inhibition carried out in presence (blue) and in absence (red) of IFNAR2-EC. Green curve represents injection 
of the IFNAR2-EC as a control. 

 

2.3.2 Generic application of PPT-based immobilization 

PPT-based immobilization was further applied to different proteins.  Immobilization of IFNα2-

wt carrying an N-terminal ybbR-tag was employed (ybbR-IFNα2), yielding a typical binding curve 

of IFNAR2-EC (Figure 2-4a). Moreover, the immobilized ybbR-IFNα2 retained a high degree of 

functionality over time as verified by the IFNAR2-EC binding signals obtained (Figure 2-4b). The 

immobilization procedure was also applied using the IFNα2 mutant YNS. YbbR-IFNα2-YNS was 
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immobilized on a CoA surface exactly in the same manner as previously discussed and its 

functionality was probed by the interaction with IFNAR2-EC (Figure 2-4c) and IFNAR1-EC (Figure 

2-4d). Kinetic measurements of ybbR-IFNα2-YNS produced similar binding affinities towards 

IFNAR2-EC as for ybbR-IFNα2, but higher affinities towards IFNAR1-EC [29]. The immobilization 

data obtained using different ybbR-tagged proteins and the reversibility of the interaction with 

the binding partner corroborates, in addition to specificity, the applicability of this method on 

different types of proteins.  

 

Figure 2-4. Interaction signals of soluble IFNAR subunits with various ybbR-tagged proteins. The interaction signal of IFNAR2-EC 
with the immobilized ybbR-IFNα2-wt (a). Binding signal of IFNAR2-EC observed (black) after 1 h (red) and after 24 h (green) (b). 
The interaction signals of IFNAR2-EC (c) and IFNAR1-EC (d) with immobilized ybbR-IFNα2-YNS. 

 

2.3.3 Protein immobilization via N- or C- termini ybbR-tag fusion 

Next, we probed the impact of the location of the tag on the immobilization efficiency.  To this 

end, ybbR-tags were fused at the C-termini of IFNAR2-EC (IFNAR2-ybbR) and IFNAR1-EC 

(IFNAR1-ybbR). Upon immobilization of these proteins in situ as discussed previously, very low 

amounts of proteins were stably bound on the surface. Moreover, interaction of the injected 

IFNα2-wt with the immobilized IFNAR2-ybbR could not be observed (Figure 2-5a). A comparison 
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between immobilized ybbR-IFNAR2 and IFNAR2-ybbR is demonstrated in Figure 2-5a. In order 

to further explore whether immobilization of proteins tagged via their C-termini was possible, 

we employed a highly sensitive approach that combines label-free detection together with 

solid-phase fluorescence detection TIRFS-RIF. For these measurements, IFNα2 and its mutant 

IFNα2-YNS were labeled with the fluorescent dye ATTO488. After IFNAR2-ybbR immobilization 

and upon injection of AT488IFNα2, the interaction of the labeled ligand with the immobilized 

receptor could be detected (Figure 2-5b). The same approach was carried out using surface-

immobilized IFNAR1-ybbR in which AT488IFNα2-YNS binding signal was monitored (Figure 2-5c). 

These results confirm a selective immobilization of proteins tagged through their C-terminus, 

although at a very low efficiency as compared with the N-terminus fusion. This can be due to a 

constraint in the enzyme recognition of the tag, accessibility obstacles or the impact of the 

amino-acids conjugated to the tag at the C-terminus. 

 

 

Figure 2-5. The effect of C-terminus ybbR-tag on the immobilization efficiency. (a) IFNα2-wt RIfS signals detected by the 
interaction with immobilized ybbR-IFNAR2 (red) and IFNAR2-ybbR (black). (b) 

AT488
IFNα2 fluorescence signal detected by the 

interaction with surface immobilized IFNAR2-ybbR. (c) 
AT488

IFNα2-YNS fluorescence signal detected by the interaction with 
surface immobilized IFNAR1-ybbR. 

 

2.3.4 Protein immobilization via a short peptide tag - S6 

The S6 tag is a short peptide chain comprising 12 amino acids, which was developed for 

orthogonal protein labeling by Sfp and ACPS as discussed in 1.2.4. This tag was proved to be 

highly efficient for protein labeling when fused to the protein of interest at the N- as well as at 

the C-terminus. Moreover, the catalytic efficiency (Kcat/KM) of S6-tag is twice as high as for the 

ybbR tag [30]. The tag was genetically fused to IFNAR2-EC in its C-terminus and the efficiency of 

the immobilization was tested. A comparison of the immobilization efficiencies of IFNAR2-ybbR 
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and IFNAR2-S6 was performed by analyzing the interaction with IFNα2 as demonstrated in 

Figure 2-6. A significant difference in the amplitude signals suggests that the efficiency using S6 

tag at the C-terminus of the protein is higher than that using the ybbR tag. Both tags share the 

same conserved sequence DSL (cf. Figure 2-1) which has been proved to be essential for 

enzymatic recognition. However, it is not clear whether the glycine residue at the N-terminus of 

the S6 is responsible for better catalysis or if the different residues at the C terminus of the tags 

make the difference. The binding curve of IFNα2-wt to immobilized IFNAR2-S6 was fitted using 

a simultaneous fitting model for association and dissociation based on first order kinetics 

considering mass transfer effects. Association rate constant of 6102 M-1s-1 and dissociation 

rate constant of 0.014 s were obtained. This is in a good agreement with the results discussed 

above and with the results previously reported [22, 25, 28]. 

                                                                                                                            

 

Figure 2-6. A comparison of enzymatic catalysis efficiency between IFNAR2-EC immobilized via C-terminal S6 (red) and C-
terminal ybbR tag (black) detected by injection of 1 µM IFNα2-wt.  

 
 

2.4 Summary and conclusions 

We have implemented here a protein immobilization method which relies upon enzymatic 

catalysis by PPT. Using this method, a site-specific, covalent linkage between the protein of 

interest and its substrate was obtained while the biological activity of the immobilized proteins 

was preserved to a high degree. The method is based on a PEG polymer brush as a 

biocompatible platform, which inhibits non-specific proteins-substrate interactions. Surface 

binding of proteins was measured using RIfS or a simultaneous label-free and fluorescence 
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detection based on total internal reflection (TIRFS-RIF) in a flow through format. Rapid 

immobilization (150 s in RIfS and 180 s in TIRFS-RIF) using ybbR-tagged proteins at a low 

micromolar concentration range (1 µM) was possible. Subsequent analysis allowed determining 

kinetics and affinities of the protein complexes, therefore resulting in a direct quantitative 

confirmation of the protein activity after immobilization. Albeit immobilization of ybbR-tagged 

proteins through their C-termini was shown to have low efficiency as compared with N-termini, 

utilizing S6 tag fused at the C-terminus of the protein of interest was emerged to be an 

appropriate alternative.  

We envisage that this immobilization method will open exciting prospects for applications in 

combination with fluorescence imaging techniques.  Therefore, this method will be a valuable 

tool for covalent functional protein immobilization for bioanalytical and biophysical applications 

such as label- free biosensor detection, single molecule force spectroscopy and fluorescence 

imaging techniques. 
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3 Maleimide photolithography for single molecule protein-

protein interaction analysis in micropatterns 

3.1 Introduction 

Lateral organization of proteins into functional microstructures has a major impact not only in 

fundamental research but also in analytical and biomedical applications [1-3]. Biophysical and 

biotechnological applications, however, require protein micropatterning under native 

conditions in order to maintain the functional integrity of the immobilized protein. This is, in 

particular, important for probing protein function on the single molecule level, which requires 

homogeneous functionality and minimum background binding. Moreover, simple and generic 

surface fabrication techniques are required for broad applications. For this purpose, 

photolithographic surface patterning is ideally suited because it is based on relatively simple 

equipment and procedures as discussed in detail in 1.5. Protein capturing to surfaces rendered 

biocompatible using a thin, protein-repellent polymer coating has proven to be very suitable for 

functional protein micropatterning. For site-specific capturing of target proteins, spatially 

resolved functionalization of these layers with suitable capturing groups is required [4]. Optimal 

strategy has to be bioorthogonal to enable direct capturing of proteins from crude cell lysates 

into micropatterns, in order to avoid purification of the target proteins.  

Here, we aimed to meet these requirements by implementing a highly generic approach for 

functional surface patterning, which is amenable with different methods for protein capturing. 

Our chemical strategy follows the bottom-up surface approach presented in 1.2. For surface 

patterning, the terminal amine groups of the PEG polymer brush were reacted with a hetero-

bifunctional cross-linker to obtain maleimide functionalities. As a patterning strategy, we 

explored photodestruction of surface maleimides upon UV irradiation through a photomask. 

Thus, subsequent surface modification with thiol-functionalized molecules is only possible in 

non-irradiated areas. Surface functionalization was carried out with biotin for characterization 

of the process. In addition, we have adapted this method for generic, site-specific 

immobilization of recombinant proteins: (i) covalent immobilization by enzymatic 

phosphopantetheinyl transfer (PPT) as discussed in the previous chapter; (ii) affinity-based 
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immobilization utilizing the interaction of the oligohistidine tag of recombinant proteins with 

tris-(nitrilotriacetic acid)-OEG7-thiol (tris-NTA) modified surfaces. 

3.2 Experimental 

3.2.1 Materials 

Biotin-OEG3-undecanethiol (BT-thiol) was purchased from ProChimia, Sopot/Poland. 

Streptavidin (SAv) was purchased from SERVA Electrophoresis GmbH, Heidelberg/Germany. 

tris-NTA was synthesized as described previously [5]. Imidazole, ethylenediaminetetraacetic 

acid (EDTA) and absolute ethanol were purchased from Carl Roth, Karlsruhe/Germany. 

Streptavidin labeled with ATTO 655 (AT655SAv) and ATTO 655 maleimide was purchased from 

ATTO-TEC GmbH, Siegen/Germany. Microstructured masks for photo-patterning (chrome on 

quartz) were obtained from NB Technologies, Bremen/Germany. CoA conjugated with Dy547 

(CoA547) were purchased from New England Biolabs GmbH (Frankfurt am Main, Germany). CoA 

conjugates with ATTO 655 and  Alexa Fluor 568 (Invitrogen) were synthesized and purified 

according to published protocols [6]. Other chemicals are listed in 2.2.1. The rest were 

purchased from Sigma Aldrich. 

3.2.2 Protein production and labeling 

Enhanced Green Fluorescent Protein carrying an N-terminal hexahistidine tag (H6-EGFP) cloned 

in the plasmid pET21a was expressed in E. coli and purified by immobilized metal ion 

chromatography and size exclusion chromatography by standard protocols. For binding 

experiments with crude cell lysates, cells were sonicated in HEPES buffered saline (20 mM 

HEPES, 150 mM sodium chloride, pH 7.5, HBS) containing protease inhibitor, DNAse and 1 mM 

EDTA followed by centrifugation at 200,000 g. The H6-EGFP concentration in the supernatant 

was determined from its absorption at 480 nm and for surface binding experiments it was 

further diluted into HBS buffer. IFN2 carrying an N-terminal ybbR-tag (ybbR-IFN2) for 

posttranslational labeling using PPT from CoA derivatives [7] was expressed and purified like 

wildtype IFN2. YbbR-IFN2 was labeled with Dy-547 (Dy547IFN2), AlexaFluor 568 (AF568IFN2) 

or ATTO 655 (AT655IFN2) conjugated to CoA by means of the PPTase Sfp according to the 
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protocol from the manufacturer (Covalys Biosciences). After the labeling reaction, labeled 

IFN2 was further purified by size exclusion chromatography. The ectodomain domain of type I 

interferon receptor subunit IFNAR2 fused to ybbR-tag (ybbR-IFNAR2) and the ecodomain of 

IFNAR2 fused to a C-terminal decahistidine tag (IFNAR2-H10) were expressed in E. coli, refolded 

from inclusion bodies and purified as described before [8, 9]. The ectodomain of the type I 

interferon receptor subunit IFNAR1 fused to a C-terminal decahistidine tag (IFNAR1-H10) was 

expressed in insect cells and purified as described before [8].   

3.2.3 Surface chemistry and patterning 

Surface chemistry was carried out as described in chapter 2. This was performed on transducer 

slides for reflectance interference spectroscopy (RIfS) detection (a thin silica layer on a glass 

substrate) [10] as well as standard glass cover slides for fluorescence microscopy. After surfaces 

were reacted with DAPEG, incubation of 1 M mercaptoethanol in DMF for 10 min at room 

temperature was carried out in order to block thiol-reactive sites. For functionalization with 

maleimide groups, the amine-functionalized surfaces were incubated under a saturated 

solution of 3-(maleimido)propionic acid N-hydroxy-succinimide ester (MPA-NHS) in dry DMF for 

30 min at room-temperature. If not stated otherwise, photolithographic patterning was 

performed by irradiation for 5 minutes through a photomask using a 75 W Xenon lamp 

equipped with a 280-400 nm dichroic mirror (Newport Spectra-Physics). Thereafter, the 

chemically modified slides were washed with absolute ethanol. Further functionalization was 

performed by incubation with 500 µM Biotin-thiol or tris-NTA thiol in HBS for 30 min at room-

temperature. Functionalization with CoA was carried out by incubation 100 mM CoA for 10 min 

at room-temperature. 

3.2.4 Binding assays by solid phase detection 

Protein binding to surfaces functionalized before and after photodestruction of maleimides was 

monitored in real time by RIfS as described in 2.2.4. Photoirradiated maleimide-functionalized 

RIfS transducer slides (prepared as described above) were equilibrated in HBS containing 0.01% 

Triton X-100 and then reacted with 1 µM BT-thiol in HBS. The presence of biotin groups was 

confirmed by a subsequent injection of 100 nM SAv. 
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3.2.5 Fluorescence imaging of protein micropatterns 

Ensemble fluorescence imaging of protein micropatterns was performed in a confocal laser-

scanning microscope (CLSM, FluoView 1000, Olympus) equipped with an Argon ion laser 

(488 nm line for excitation of EGFP), a 559 nm diode laser (excitation of AlexaFluor 568) and a 

635 nm diode laser (excitation of ATTO 655). Proteins were diluted in HBS containing 1% (w/v) 

Bovine Serum Albumin (BSA). All binding assays were carried out in a flow-through format. 

Protein samples were injected through a 500 µl sample loop using an injection valve and 

incubated at continous flow for 2-5 min. Before imaging immobilized AT655SAv and H6-EGFP, the 

flow cell was thoroughly rinsed with HBS. Binding of IFN2 to immobilized extracellular domain 

of IFNAR2 (IFNAR2-EC) was probed by injecting 50-100 nM fluorescence-labeled IFN2 and 

images were acquired without rinsing. The dissociation kinetics of fluorescence-labeled IFN2 

were probed by subsequently injecting unlabeled 1 µM IFN2 and time-lapse imaging in 

presence of unlabeled IFN2. All images were acquired without flow. 

3.2.6 Single molecule imaging of protein-protein interactions 

Single molecule fluorescence imaging was carried out with an inverted microscope (Olympus 

IX71) equipped with a single-line TIR-illumination condenser (Olympus) and a back-illuminated 

electron multiplied (EM) CCD camera (iXon DU897D, 512×512 pixel from Andor Technology). An 

argon krypton laser (C70 Spectrum, Coherent) was coupled into the microscope through a 

polarization maintaining monomode fiber (KineFlex, Pointsource). The 647 nm laser line was 

selected by means of an acousto-optical tunable filter (AOTF, AAoptics). A 60X objective with a 

numerical aperture of 1.45 (PLAPON 60X/1.45 TIRFM, Olympus) was used for TIR excitation. The 

excitation beam was reflected into the objective by a quad-line dichroic beamsplitter for 

reflection at 405 nm, 488 nm, 568 nm and 647 nm (Di R405/488/561/647, Semrock), and the 

fluorescence was detected through a quadruple bandpass filter (FF01 446/523/600/677-25, 

Semrock). Fluorescence imaging was performed by excitation at 647 nm with a typical power 

output of 5 mW at the objective. The camera was operated at -80°C with a typical EM gain of 

300 and a frame rate of 1-10 Hz, depending on the kinetics of the interaction. The laser was 

pulsed synchronized to the camera read-out using the AOTF. All binding experiments were 
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carried out at room temperature in HBS containing 0.01% Triton X-100 and 50µM EDTA 

complemented with oxygen scavenger [0.5 mg/ml glucose oxidase (Sigma), 40 mg/ml catalase 

(Roche AppliedScience), 5% (w/v) glucose and 1mM Trolox] to minimize photobleaching.  

Localization and residence times of individual IFN2 molecules were determined from 

trajectories obtained by the multiple target tracker [11]. Trajectories of less than three frames 

were not considered in the evaluation of residence times. Histograms of the frequency of 

different residence times were fitted by a monoexponential decay function. 

3.3 Results and Discussion 

3.3.1 Surface modification and patterning 

The functionalization of glass-type surfaces with maleimide groups was carried out using a 

dense PEG polymer brush, which was covalently coupled to the surface through of silanization. 

Subsequently, surfaces were reacted with 3-(maleimido)propionic acid N-hydroxy-succinimide 

ester (MPA-NHS), followed by functional groups containing thiols for a specific interaction with 

surface maleimides (Figure 3-1). 

 

Figure 3-1. Surface modification and functionalization. (a) Bottom-up surface chemistry. After coupling of a dense PEG layer to a 
silanized glass-type surface, a reaction with MPA-NHS for subsequent coupling of thiol-functionalized capturing groups was 
carried out. (b-d) chemical structures of the functional groups for capturing proteins: (b) biotin-OEG3-undecanethiol; (c) 
Coenzyme A (d) tris-(nitrilotriacetic acid)-OEG7-thiol. 

An efficient surface functionalization with maleimide groups was confirmed by monitoring the 

reaction with CoA by RIfS as presented in Figure 3-2a, yielding a final surface concentration of 

0.4 pmole/mm² (0.24 molecules/nm²). Moreover rapid kinetics of the reaction was observed 
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with a rate constant of 80 M-1s-1 (Figure 3-2b). Thus, saturated binding can be obtained within a 

few minutes of incubation of a thiol-functionalized compound at millimolar concentration. 

 

 
Figure 3-2. In situ coupling of 1 mM CoA to maleimide-functionalized surfaces monitored by RIfS. (a) Full binding curve, yielding 
a final binding amplitude of 0.36 nm corresponding to 0.3 ng/mm² CoA, was observed. Taking the molecular mass of CoA into 
account (767.5g/mol), a molar surface concentration of 0.4 pmole/mm². The injection of CoA is indicated by the grey bar. (b) 
Fitting the association kinetics by a pseudo-first order reaction model yielded a reaction rate constant of ~80 M

-1
s

-1
. 

3.3.2 Biotin patterning by photodestruction (proof-of-concept) 

In the first step, optimum conditions for maleimide-based protein micropatterning were 

established using the immobilization of BT-thiol for a functional read-out (Figure 3-3a). After 

reaction of maleimide-functionalized surfaces with BT-thiol, strong, highly specific binding of 

streptavidin was detected by using RIfS (Figure 3-3b). Upon UV irradiation of maleimide-

functionalized surfaces prior to the reaction with BT-thiol, substantially reduced binding of 

streptavidin was detected. Rapid photodestruction of surface maleimides with a half life of 13 

seconds was observed (Figure 3-3c). This photodestruction can occur due to photoinduced 

radical polymerization of maleimide groups on the surface [12] as discussed in 1.6.  This effect 

was readily employed for micropatterning of biotin on surfaces, as confirmed by fluorescence 

imaging using streptavidin labeled with ATTO655 (AT655SAv, Figure 3-3d). Strong binding of 

AT655SAv to non-illuminated surface areas was observed, while no significant fluorescence was 

detectable in areas where the maleimide groups were destroyed by UV irradiation. Besides 

demonstrating the proof-of-principle of maleimide-based protein micropatterning, such 

architectures can be readily employed for capturing biotinylated proteins. 
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Figure 3-3. Biotin patterning by photodestruction of surface maleimides. (a) Schematic of the patterning process: after UV-
irradiation of surface maleimides through a photomask, BT-thiol only reacts with non-irradiated surface areas. (b) Binding of 
SAv to surfaces reacted with BT-thiol before (black) and after UV irradiation of maleimide-functionalized surfaces for time 
periods of 30 s (red), 100 s (blue) and 300 s (cyan). A negative control without BT-thiol is shown in magenta. SAv binding was 
monitored in real by label-free detection using RIfS. (c) Saturation signal for SAv after different times of UV-irradiation of 
surface maleimides. The red curve is a monoexponential fit of the experimental data. (d) Binding of 

ATTO655
SAv to 

micropatterned biotin-functionalized surfaces imaged by CLSM (left) and intensity profile along the indicated line (right). Scale 
bar 25 µm. 

3.3.3 Generic application of maleimide-based patterning 

Efficient and selective protein capturing into micropatterns even from complex sample matrices 

is an important prerequisite for biological applications, where small amounts of proteins are 

available and purification results in loss of function and material. We therefore aimed to 

establish selective protein capturing into micropatterns from crude cell lysates. To this end, we 

employed stable, yet reversible immobilization of His-tagged proteins by surface 

functionalization with tris-NTA [13]. For micropatterning tris-NTA through maleimide 

photolithography, we employed a thiol-functionalized tris-NTA derivative (cf. Figure 3-1), which 

was generated by reduction of the corresponding disulfide [5]. This compound was incubated 

on surfaces subjected to maleimide patterning by UV-illumination through a photomask (Figure 

3-4a). After loading the NTA moieties with Ni(II) ions, selective binding of H6-EGFP to tris-NTA-

functionalized regions was observed with a contrast of > 50:1 compared to non-functionalized 

areas (Figure 3-4b).  
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Figure 3-4. Reversible capturing of H6-EGFP to micropatterned tris-NTA surfaces. (a) Immobilization scheme. (b) Binding of H6-
EGFP to micropatterned tris-NTA surfaces (top). Intensity profile along the indicated line (bottom). Scale bar 25 µm. (c) 
Reversibility and specificity of H6-EGFP binding. Top: EGFP signal before (left) and after (right) addition of imidazole. Bottom: 
EGFP signal after re-loading the surface with EGFP in presence (left) and in absence (right) of Ni(II) ions. (d) Capturing of H6-
EGFP from crude E. coli lysates to micropatterned tris-NTA (top) and the intensity profile across the indicated line (bottom). 
Scale bar 25 µm. 

While very stable binding of H6-EGFP during rinsing over extended time periods was observed, 

rapid, quantitative elution was observed upon injection of imidazole, which competes with the 

His-tag (Figure 3-4c). After washing with imidazole, the surface could be repeatedly reloaded 

with H6-EGFP without requiring incubation of Ni(II) ions (Figure 3-4c). However, after removal 

of complexed Ni(II) ions from the surface, binding of H6-EGFP was completely abolished (Figure 

3-4c), confirming specific protein capturing to the surface. In order to demonstrate the high 

specificity of protein capturing into micropatterns, we incubated a crude cell lysate, which was 

prepared from E. coli cells expressing H6-EGFP, on micropatterned tris-NTA surfaces. The lysate 

was diluted into HBS to a final concentration of 1 µM H6-EGFP as determined by the absorption 

at 480 nm. Strikingly, selective and very efficient targeting of H6-EGFP into micropatterns was 

achieved (Figure 3-4d) even in this very complex sample matrix containing all soluble E. coli 

proteins. Again, specific binding of H6-EGFP was confirmed by elution with imidazole, and 

repetitive loading was possible. 

For site-specific covalent immobilization of recombinant proteins, we employed enzymatic PPT-

transfer from CoA, which was coupled to maleimide-functionalized surfaces through its thiol 
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group (cf. Figure 3-1). Micropatterned CoA-functionalized surfaces were obtained by coupling 

CoA after photodestruction of surface maleimdes through a photomask. As a target amino acid 

sequence for enzymatic PPT, we chose the peptide-tag ybbR as described in chapter 2. This tag 

was fused to the N-terminus of the ectodomain of the type I interferon receptor subunit 

IFNAR2 (ybbR-IFNAR2) as a model protein for probing protein-protein interactions. Functional 

immobilization of ybbR-IFNAR2 into micropatterns was detected by probing the interaction 

with fluorescence-labeled IFN2 (Figure 3-5a).  

 

 

Figure 3-5. Protein-protein interactions in micropatterns. (a) Schematic of the assay: site-specific immobilization of ybbr-IFNAR2 

to micropatterned CoA in presence of the PPTase Sfp followed by binding of 
AF568

IFN2. (b) Patterning of ybbR-IFNAR2 as 

detected by its interaction with 
Dy547

IFN2 (scale bar 25 µm). The intensity profile across the indicated line is shown on the 

right.  (c) Determination of the contrast: after binding of 
AF568

IFN2 to micropatterned ybbR-IFNAR2, a selected area (indicated 
by the white rectangle) was photobleached. Subsequently, the fluorescence in functionalized and non-functionalized areas was 
determined (scale bar 20 µm). (d) Comparison of the fluorescence intensities in bleached and non-bleached areas. The different 
areas are indicated in panel c. 

Upon incubation of IFN2 labeled with Dy-547 (Dy547IFN2), selective binding to non-

illuminated surface areas was detected (Figure 3-5b). In a similar experiment carried out with 

IFN2 labeled with AlexaFluor 568 (AF568IFN2), we quantitatively assessed the contrast 

between functionalized and non-functionalized regions. For this purpose, part of the structure 

was photobleached by the confocal laser beam (Figure 3-5c) and fluorescence intensity in the 
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photobleached areas was compared with the fluorescence intensity in the non-bleached areas. 

A very low difference between the background fluorescence signals observed in the 

photobleached area compared to the non-bleached area was observed (Figure 3-5d). From 

these signals, a contrast of > 60:1 was estimated, confirming the very efficient photodestruction 

of surface maleimides and the highly selective coupling of thiol-modified compounds to non-

illuminated areas. 

In order to probe reversible interaction between IFN2 labeled with ATTO 655 (AT655IFN2) and 

immobilized ybbR-IFNAR2, we monitored the fluorescence intensity within functionalized 

microstructures upon chasing with 1 µM unlabeled IFN2 (Figure 3-6). The dissociation curve 

obtained from the fluorescence intensity within the microstructures was well fitted by a 

monoexponential decay function (Figure 3-6c).  

 

Figure 3-6. Reversible protein-protein interactions in micropatterns. (a) Signal for 
AT655

IFN2 before (top) and after (bottom) 

chasing with 1 µM unlabeled IFN2 for 450s (scale bar 20 µm). (b) Intensity profile across the line indicated in panel (a) before 

(red) and after (black) chasing with 1 µM unlabeled IFN2. (c) Dissociation curve during chasing with 1 µM unlabeled IFN2 
obtained from time resolved fluorescence imaging (red) and fit by an exponential decay function (black).  

A dissociation rate constant of 0.02 s-1 was obtained from the fit, which is in perfect agreement 

with the dissociation rate constant previously obtained for this interaction [14]. These 

reversible protein-protein interaction assays confirmed functional immobilization of a highly 

fragile protein into micropatterns. The measurements demonstrated the possibility to 

quantitatively probe protein-protein interactions in these micropatterns.  
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3.3.4 Single-molecule detection of protein-protein interactions in patterns 

Even more challenging than ensemble binding assays is to immobilize proteins for interaction 

studies on the single molecule level. In order to evaluate the suitability of our micropatterning 

technique with single molecule analysis methods, we aimed to monitor the interactions of 

individual AT655IFN2 molecules with micropatterned IFNAR2-EC. For this purpose, IFNAR2-H10 

was immobilized on micropatterned tris-NTA. Specific and reversible binding of AT655IFN2 was 

confirmed by ensemble measurements (Figure 3-7a,b). For single molecule experiments, we 

employed the IFN2 mutant M148A, which binds to IFNAR2 with an approximately 30-fold 

decreased binding affinity [15], which is based on a 30-times higher dissociation rate constant 

(~0.6 s-1). IFN2-M148A labeled with AT655 (AT655IFN2-M148A) was incubated on tris-NTA 

micropatterns loaded with IFNAR2-H10. Transient binding of AT655IFN2-M148A was observed 

preferentially to surface areas covered with IFNAR2-H10. A maximum intensity overlay of 

consecutive 1000 frames confirmed the high contrast observed for ensemble experiments 

(Figure 3-7c). From localizing individual binding events in each frame, a contrast of >100:1 was 

determined for AT655IFN2-M148A, which is in good agreement with the ensemble 

measurements. A histogram of the residence times of individual AT655IFN2 M148A (Figure 

3-7d) could be fitted by a monoexponential decay function yielding a rate constant of 0.8 s-1, in 

good agreement with the dissociation rate constant determined for this mutant. 
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Figure 3-7. Single molecule detection of transient protein-protein interactions in micropatterns. (a) Binding of 
AT655

IFN2 to 

IFNAR2-H10 immobilized on micropatterned tris-NTA (scale bar 20 µm). (b) Chasing of 
AT655

IFN2 bound to IFNAR2-H10 with 

unlabeled IFN2. (c) Maximum intensity overlay image of 1000 consecutive frames acquired during incubation of 5 nM 
AT655

IFN2-M148A in absence (left) and in presence (right) of 5 µM unlabeled IFN2 (scale bar 10 µm). The white squares 

indicate the patterned tris-NTA regions. (d) Histogram of residence times for individual 
AT655

IFN2-M148A binding to 
micropatterns loaded with IFNAR2-H10 (red) and MBP-H10 (blue) measured over 1000 frames. Black lines are the best fits by an 
exponential decay function. 

  

These results demonstrate that the micropatterns generated by maleimide photolithography 

are suitable for detecting protein-protein interactions on the single molecule level with very 

high specificity. 
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3.4 Summary and conclusions 

We have employed maleimide photodestruction for micropatterned surface functionalization 

with a very high contrast, which in our hands was substantially higher than those observed for 

other photopatterning techniques such as uncaging of functional groups [16, 17] or 

photodestruction of NTA moieties [18]. While uncaging offers the possibility for binary 

functional patterning, photodestruction of maleimides is ideal for generating microstructures 

with a single functionality. Based on this approach, we have implemented two complementary 

methods for capturing proteins into micropatterns under physiological conditions. Very 

efficient non-covalent targeting of His-tagged proteins into microstructures functionalized with 

tris-NTA thiol was achieved yielding micropatterns with very high contrast. We demonstrated 

micropatterning of His-tagged proteins directly from crude cell extracts. Thus, small quantities 

of highly fragile proteins and protein complexes in complex sample matrices can be assembled 

into functional microstructures. Proteins immobilized into tris-NTA micropatterns were 

efficiently eluted with imidazole and repetitive loading into the microstructures was possible. 

Thus, patterned substrates can be used for sequentially targeting different His-tagged proteins 

or for binding experiments with different protein densities. Since most recombinant proteins 

are fused to a His-tag for affinity purification by immobilized metal ions [19], this generic 

approach is highly applicable for in situ protein micropatterning. As an alternative approach, we 

implemented site-specific, covalent protein immobilization by PPT into microstructures 

functionalized with CoA. For this approach as well, functional protein micropatterns with a very 

high contrast were obtained. This method is advantageous for applications which require very 

robust, irreversible protein immobilization. Maleimide photopatterning is simple, compatible 

with many substrates and surface architectures and it can be used with many other thiol-

functionalized compounds, e.g. for direct coupling of peptides or proteins with free cysteine 

residues into micropatterns or for micropatterning of thiol-functionalized oligonucleotides. In 

addition to the versatile application of maleimide-based immobilization, excellent functionality 

of micropatterned proteins was demonstrated. Owing to the high patterning contrast and the 

excellent protein repelling properties of the surface, transient protein-protein interactions 

could be detected and quantitatively analysed on the single molecule level. While 
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micropatterned surfaces have previously been applied for probing protein interactions on the 

cell surface [20], as well as for real-time protein-protein interaction analysis [21, 22], 

quantitative analysis of interactions between isolated proteins in micropatterns on the single 

molecule level has not yet been reported to our knowledge. The key challenge in such 

experiments is the presence of labeled protein in the bulk, so that even weak non-specific 

binding to the surface will result in substantial background signals. The very good signal-to-

background observed in our study suggests that interactions of protein complexes with 

affinities of up to 10 µM can be readily measured. Thus, the kinetics of protein-protein 

interactions with such low binding affinities can be reliably quantified on the single molecule 

level.  
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4 Diffusion and interactions of individual membrane 

proteins confined in micropatterned polymer-supported 

membranes 

4.1 Introduction 

The mechanistic complexity of transport and communication across membranes still poses a 

fundamental challenge for a biophysical understanding of these processes. Often, the subtle 

interplay of diffusion, interactions and conformational changes involved in membrane protein 

function critically depend on the lipid environment [1-4]. A more detailed understanding of 

transmembrane protein functions in the context of biological membranes therefore requires in 

vitro reconstitution into membranes with a defined lipid composition. Solid-supported 

membranes provide elegant means for this purpose as they are compatible with microfluidic 

sample handling as well as a broad spectrum of spectroscopic and microscopic techniques [5-9]. 

In particular single molecule fluorescence imaging of lipids and proteins in solid supported 

membranes [7, 10, 11] has promising prospects for simultaneously monitoring diffusion, 

interactions and conformational changes. Functional reconstitution of transmembrane 

proteins, however, requires polymer cushions between the membrane and the substrate 

surface in order to maintain the structural integrity of reconstituted proteins and their 

uncompromised mobility in the membrane [12-14], as discussed previously in 1.3. Such 

polymer-supported membranes (PSMs) have already proven suitable for functional studies of 

reconstituted transmembrane proteins by fluorescence imaging techniques[15-17] down to the 

level of individual protein complexes [18]. However, owing to the high mobility of proteins in 

such PSM, individual proteins and protein complexes can be assigned only for the time they can 

be tracked. Efficient long-term tracking not only requires a low density of labeled molecules, 

but also a rapid image acquisition. Spatially confined PSM could allow for capturing and 

monitoring individual membrane proteins in fluid membranes over extended time periods. 

While simple methods for generating micropatterned solid-supported membranes have been 

reported [19, 20], functional reconstitution of transmembrane proteins into spatially confined 

membranes remains highly challenging and only few, specialized approaches have been 
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pioneered so far [21, 22]. Imaging diffusion and interactions of individual transmembrane 

proteins confined in micropatterned PSM with a defined lipid environment has to our 

knowledge not yet been achieved. 

Here, we have implemented a rugged approach for rapid functional transmembrane protein 

reconstitution in micropatterned PSM. To this end, a PEG polymer brush on a glass substrate 

[23] was functionalized with maleimide groups [24] as discussed in chapter 3. Maleimide groups 

were then photoactivated in presence of hexadecyl vinyl ether (HDVE). Thus, hexadecyl 

moieties were covalenty coupled to the surface for capturing proteoliposomes. After fluid 

bilayer formation, we probed transmembrane protein diffusion, functionality and interactions 

using ensemble and single-molecule techniques. 

 

4.2 Experimental 

4.2.1 Materials 

1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) was purchased from Avanti Polar 

Lipids.  Oregon Green® 488-labeled 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

(OG488DHPE) was purchased from Invitrogen Darmstadt/Germany. DY-649 maleimide was 

purchased from Dyomics, Jena/Germany. CoA-647 was purchased from New England Biolabs 

GmbH (Frankfurt am Main, Germany. The baculovirus expression vector system BaculoGold was 

purchased from BD Biosciences. A 75 W Xenon lamp equipped with a 280 – 400 nm dichroic 

mirror was purchased from Newport Spectra-Physics and microstructured masks for photo-

patterning (chrome on quartz) were obtained from NB Technologies, Bremen/Germany. Other 

chemicals are listed in 2.2.1 and 3.2.1. All the rest were purchased from Sigma Aldrich. 

4.2.2 Protein production, purification and labeling 

Transmembrane domains were fused to maltose-binding protein (MBP) by insertion of the 

corresponding oligonucleotide linker into the MCS of pMALc2x via restriction with BamHI and 

HindIII. The following transmembrane (TM) domains were used: 

(i) GSGNTSKIWLIVGISIALFALPFVIYAAKVFLRCSR (MBP-TM1) from the type I interferon receptor 

subunit IFNAR1 and (ii) GSKALAALAALAALAALAALAALAKSSR (MBP-ALA7) as a model TMD. For 
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efficient purification, an N-terminal His10-tag was inserted via the NdeI site. These proteins 

were expressed in E. coli TG-1 cells at 37 °C according to standard protocols. After cell lysis, the 

membrane fraction was solubilized with buffer containing 20 mM Triton X-100 and the proteins 

were purified by immobilized metal ion affinity chromatography (5 ml HiTrap Chelating, GE 

Healthcare). Subsequently, MBP-TM1 was reacted with a 3-fold molar concentration of DY-649-

maleimide (DY649MBP-TM1) for 1 h at room temperature. Finally, DY649MBP-TM1 and MBP-ALA7 

were further purified by size exclusion chromatography in 20 mM Hepes, 150 mM NaCl (HBS) 

containing 0.6 mM Triton X-100 (Superdex 200 10/300, GE Healthcare). 

The IFNAR2 truncated after its transmembrane helix (after Cys245) (IFNAR2-TM) was expressed 

in Sf9 insect cells using a baculovirus expression system. For this purpose, IFNAR2-TM was 

cloned into the expression vector pAcGP67-B fusing it to the secretion sequence of the 

baculoviral protein gp67. Virus generation and protein expression was carried out according to 

the manufacturer’s protocol. IFNAR2-TM was purified from the membrane fraction and labeled 

with DY-547-maleimide (DY547IFNAR2-TM) as described for MBP-TM1. 

IFN2 and IFN2-M148A carrying an N-terminal ybbR-tag (ybbR-IFN2) for posttranslational 

labeling using phosphopantetheinyl transfer (PPT) from CoA derivatives [25] were expressed 

and purified as described for wildtype IFN2 [26]. YbbR-IFN2 and IFN2-M148A were site-

specifically labeled with DY-647 (DY647IFN2) by means of the PPTase Sfp and CoA647 and 

further purified by size exclusion chromatography as described previously [27]. 

4.2.3 Surface chemistry and micropatterning 

Surface chemistry was carried out as described in chapter 2 and 3. This was performed on 

transducer slides for reflectance interference spectroscopy (RIfS) detection (a thin silica layer 

on a glass substrate) [28] as well as standard glass cover slides for fluorescence microscopy. 

Photolithographic patterning was performed in the presence of hexadecyl vinyl ether in 

acetonitrile (1:1, v/v) by irradiation for 60 seconds through a photomask using a 75 W Xenon 

lamp. Thereafter, the chemically modified slides were carefully washed with acetonitrile, 

chloroform and absolute ethanol. 
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4.2.4 Preparation of liposomes and proteoliposomes 

Liposomes and proteoliposomes were prepared from detergent solution by addition of 

cyclodextrin which was described previously [29]. A thin lipid film was prepared from a solution 

of SOPC in chloroform, which was removed using a rotary evaporator. This lipid film was 

solubilized in HBS supplemented with Triton X-100 resulting in a lipid-detergent stock solution 

of 1 mM SOPC and 4 mM Triton X-100 for liposome preparation and 5 mM SOPC and 20 mM 

Triton X-100 for proteoliposomes. Liposomes were prepared from a 20-fold dilution of the stock 

solution in HBS by addition of cyclodextrin to a concentration of 2 mM followed by thorough 

mixing. Incorporation of the fluorescent lipids OG488DHPE into the vesicles was achieved by 

preparation of the lipid-detergent stock solution with fluorescent lipid in a molar ratios of 1:102 

(OG488DHPE:SOPC) for ensemble measurements. Reconstitution of transmembrane proteins was 

achieved by incubation of the lipid-detergent stock solution with the proteins for 5 min, 

followed by a 20-fold dilution in HBS containing 50 mM EDTA (HBSE) and subsequent detergent 

removal by cyclodextrin. The fluorescently labeled transmembrane proteins were added in 

molar ratios of 1:103 (labeled protein:SOPC) for ensemble measurements. Ratios of 1:104 and 

1:107 (labeled protein:SOPC) were used for single molecule measurements of diffusion and 

interactions respectively. The protein reconstitution samples for single molecule studies 

contained additional unlabeled MBP-ALA7 at a ratio of 1:103 (protein:SOPC) in order to 

minimize unspecific interactions of labeled protein with the surface. 

4.2.5 Solid phase binding assays 

Vesicle binding to photochemically functionalized surfaces was monitored in real time by RIfS.   

After conditioning of the surface by injection of 0.1% Triton X-100 for 150 s, SUV (250 µM SOPC) 

were injected for 400 s. Subsequently, the surface was regenerated by injecting 0.1% Triton X-

100 in HBS for 150 s. Reconstitution of IFNAR2-TM into PSM and the interaction with DY647IFN2 

was probed in real time by simultaneous detection by total internal reflection fluorescence 

spectroscopy (TIRFS) and by reflectance interference (RIF) in a flow-through system using a 

home-built set-up [30, 31]. Proteoliposomes containing IFNAR2-TM were captured to the 

surface and fused by injection of 10 % (w/v) PEG solution for 285 s. Before injection of 
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DY647IFN2, excessive lipid was washed off and the surface blocked with 50 mg/ml BSA solution 

to minimize unspecific binding. The IFN2 binding curve was fitted using the BIAevaluation 3.0 

software (BIACORE) by applying a 1:1 Langmuir model accounting for mass transport limitation. 

4.2.6 Confocal imaging and FRAP experiments 

Confocal imaging and FRAP experiments were carried out in a confocal laser-scanning 

microscope which was described in 3.2.5. OG488DHPE was excited with the 488 nm laser line and 

fluorescence emission was filtered by a spectral grating and collected between 500-600 nm 

while DY649MBP-TM1 was excited with the 635 nm laser line and fluorescence emission was 

collected between 650-750 nm. For PSM preparation the functionalized surfaces were 

incubated with VSUV containing OG488DHPE in a molar ratio of 1:102 or the labeled 

transmembrane protein DY649MBP-TM1 in a molar ratio of 1:103 (fluorescent probe:lipid) for 

10 minutes. Unbound vesicles were washed off and fusion was induced by incubation under 

10 % (w/v) PEG solution for 10-20 minutes. Excessive material was washed off the bilayer by 

intensive pipetting of HBSE. For probing OG488DHPE diffusion by FRAP, a pre-bleach image was 

recorded before a circular region of interest (ROI) with a radius of 20  µm was scanned by 

the 405 nm and the 488 nm lasers at 148 and 300 µW, respectively, within a 0.6 – 2.6 s. 

Fluorescence recovery ROIF  of OG488DHPE was monitored for 1-1.5 min with a time resolution of 

1 s. FRAP experiments with DY649MBP-TM1 were done in the same way using the 405 nm and 

the 635 nm laser at 148 and 300 µW, respectively, for photobleaching. The recovery of 

DY649MBP-TM1 was monitored for 10-15 min at a time resolution of 30 s. OG488DHPE was excited 

at 488 nm (3 µW) and DY649MBP-TM1 was excited at 635 nm (25 µW). A background signal BG  

(obtained from the center of the bleached ROI) was subtracted from the ROI intensity signal 

and it was normalized by division of the ROI intensity prior to bleaching. A reference ROI 

outside the bleached area was processed in the same way. To correct for photobleaching 

during the measurement the normalized ROI intensity was divided by the normalized intensity 

of the reference region: 



Experimental 

94 
 

BGprebleachF

BGF
BGprebleachF

BGF
f

REF

REF

ROI

ROI









)(

)(

 

 

The corrected fluorescence recovery curves f  were fitted by Eqn. 1 according to the analysis of 

Soumpasis [32] but allowing less than 100 % of the maximum recovery possible (I0 and I1 are 

modified Bessel functions). For curve fitting the nonlinear regression function nlinfit in the 

Matlab software (The Mathworks, Inc.) was employed. 
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Diffusion constants were determined by the slope of the linear relation of the square radius ² 

of the circular ROI to the diffusion time D (Eqn. 2). 
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  Eqn. 2 

4.2.7 Atomic force microscope (AFM) imaging 

Imaging of captured vesicles and PSM was performed in tapping mode with a NanoWizard 2 

(JPK Instruments) mounted on an inverted microscope (Olympus IX71) placed on an anti-

vibration stage. Prior to use, the AFM probes were cleaned in fresh piranha solution for 15 

minutes to get rid of oil contaminations. The acquired images were further processed using the 

Data Processing software (JPK Instruments).   

4.2.8 Single molecule tracking 

Single molecule tracking experiments were carried out by TIRF microscopy with an inverted 

microscope (Olympus IX71) equipped with a triple-line total internal reflection illumination 

condenser (Olympus) and a back-illuminated electron multiplied (EM) CCD camera (iXon 

DU897D, 512×512 pixel from Andor Technology). A 150× magnification objective with a 
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numerical aperture of 1.45 (UAPO 150×/1.45 TIRFM, Olympus) was employed for TIR 

illumination of the sample. For single molecule binding assays, IFNAR2-TM was reconstituted 

under the same conditions as described for MBP-TM1. After blocking the surface with 10 mg/ml 

BSA, DY647IFN2 was added to a final concentration of 1 nM and incubated for 10 minutes. TIRF 

imaging was carried out in presence of 1 nM DY647IFN2, using a 642 nm laser diode (50 mW, 

CrystaLaser) for excitation, operated at an output power of ~0.5 mW at the objective. 

Fluorescence was detected using a 690/70 band pass filter (Chroma). Images were acquired 

with a time resolution of 22-45 ms/frame. All experiments were carried out using media 

complemented with oxygen scavenger and a redox-active photoprotectant [0.5 mg/ml glucose 

oxidase (Sigma), 0.04 mg/ml catalase (Roche AppliedScience), 5% w/v glucose, 1 µM ascorbic 

acid and 1µM methyl viologene] to minimize photobleaching.  

Individual fluorescent molecules were localized and tracked using the multi-target tracing 

(MTT) algorithm [33]. Evaluation of the trajectories obtained from single-molecule images was 

carried out by a statistical step-distance analysis [34]. Confinement in one dimension, assuming 

two barriers of a distance LX that reflect diffusing particles, leads to a saturation curve of the 

MSD with time and can be evaluated by the method introduced by Kuzumi et.al [34].Diffusion 

constants of single trajectories were determined by linear regression of the mean square 

displacement (MSD) vs. different lag times as described previously [35-38]. For the 

determination of local diffusion constants, the MSD analysis was carried out within a window of 

0.68 s (31 frames). 

 

4.3 Results and discussion 

4.3.1 Surface modification and patterning 

Our strategy for surface functionaliztion is based on PEG polymer coated glass substrates for 

biocompatibility[23] and maleimide moieties as chemical functionalities for photopatterning as 

shown in chapter 3 [24] Maleimide and its derivatives can function as monomers and 

photocatalysts in a polymerization reaction induced by UV light [39]. These unique properties 

were utilized for the cross-linking of chemical moieties that are rich in electrons and function as 
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electron donors in this process [40]. Exploiting these features, an efficient lipid membrane 

patterning approach has been obtained for probing diffusion and interactions of the 

reconstituted transmembrane proteins in a confined manner. In this regard, maleimide 

functionalized surfaces were reacted with hexadecyl vinyl ether moieties (HDVE) upon UV 

irradiation in the presence of a photomask as depicted in Figure 4-1a,b. Subsequently, lipid 

vesicles containing reconstituted transmembrane proteins were selectively captured onto the 

irradiated areas to which hexadecyl chains were coupled as illustrated in Figure 4-1c. 

 

 

 

Figure 4-1. Strategy for membrane protein reconstitution into patterned polymer-supported membranes. (a) Surface chemistry 
based on photochemical polymerization of surface maleimides in presence of HDVE. (b, c) Membrane micropatterning: by 
illumination through a photomask, HDVE moieties for vesicle tethering are selectively coupled in the illuminated area (b). 
(Proteo)liposomes are captured by the HDVE groups and subsequently fused into PSM by addition of PEG (c). 

4.3.2 Capturing, fusion and diffusion  

At first we quantified lipid vesicle binding onto biocompatible, maleimide functionalized 

surfaces after UV treatment in the presence of HDVE moieties. We employed very small 

unilamellar vesicles (VSUV) having diameter of ~ 25 nm [18], which were generated by 

detergent depletion with cyclodextrin [29, 41]. Utilizing reflectance interference spectroscopy 

(RIfS), a label-free, solid-phase detection technique, the amount of VSUV captured on such 

surfaces was reliably determined. In order to assure that binding of lipid vesicles is sufficient to 

obtain a bilayer, different UV irradiation times were tested (Figure 4-2a). Here, VSUV were 

captured on maleimide surfaces reacted with HDVE for different irradiation times. Strong and 

specific binding of VSUV was observed after irradiation for 60 s, allowing VSUV to go beyond 
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the threshold necessary for a bilayer formation. Surfaces that were irradiated for 100 s and 300 

s present similar behavior as for the 60 s or at least provide a sufficient amount of VSUV after 

UV exposure. However, surfaces that were irradiated for 60 s emerged to be more reproducible 

and therefore, unless stated otherwise, we applied UV irradiation for time duration of 60s.  

Surface regeneration was carried out using a detergent solution.  

In order to confirm the formation of a lipid bilayer and quantify its lateral fluidity we performed 

fluorescence recovery after photobleaching (FRAP) measurements using confocal laser scanning 

microscope (CLSM). For this purpose Oregon Green® 488 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (OG488DHPE) were incorporated to the lipids in a ratio of 1:102 

(fluorescent probes: lipids) to obtain fluorescently labeled vesicles. After vesicle capturing, 

fusion was triggered by incubation with 10 % poly(ethylene glycol) (PEG) solution with average 

molecular weight of 8000 g/mol. The mechanism through which PEG promotes fusion is not yet 

clear, however it was observed that its excluded volume has a significant role in fusion. In the 

presence of PEG, osmotic force is generated and causes inter-membranes to be in contact [42].  

 

 

Figure 4-2. Vesicle capturing and fusion on a HDVE-functionalized PEG polymer brush. (a) Binding of VSUV (L) to surfaces 
reacted with HDVE for irradiation time periods of 10 s (magenta), 60 s (black), 100 s (red) and 300 s (green) as detected by RIfS. 
The blue curve represents VSUV injection on an untreated maleimide surface .After binding, surfaces were regenerated with 
detergent solution (TX). The injection periods are marked by a grey background. (b) Lipid diffusion in PSM after fusing vesicles 
captured by a HDVE-functionalized PEG polymer brush as probed by FRAP (scale bar 30 µm). (c) Recovery of the fluorescence in 
the bleached spot over time, and fit of a diffusion model. 

After vesicle fusion, fluorescence imaging indicated uniform and rather homogeneous surface 

as demonstrated in Figure 4-2b, before bleaching. From the FRAP experiment, in which a 

circular area of 20 µm in diameter was bleached, a rapid fluorescence recovery confirmed a 

highly fluid membrane. Figure 4-2c represents the fitted recovery curve from which a diffusion 
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coefficient of 2.4 µm2/s was determined and is in good agreement with previous analyses 

performed on PSMs [18]. Thus at the following step, we applied this approach for probing 

diffusion of transmembrane protein reconstituted in liposomes. For this purpose maltose 

binding protein fused to the transmembrane helix of the type I interferon (IFN) receptor 

subunit IFNAR1 labeled with DY-649 (DY649MBP-TM1) was reconstituted in VSUV. From the FRAP 

experiment (Figure 4-3a) performed and the fitted recovery (curve Figure 4-3b) a high degree of 

transmembrane protein mobility about 60% was obtained. A small fraction of immobile 

proteins can be assigned to opposite orientation of the reconstituted proteins and its 

permanent interaction with the hexadecyl hydrophobic domains [18].  

 

 

Figure 4-3. Diffusion of 
DY649

MBP-TM1 reconstituted into PSM. (a) Typical FRAP experiment (scale bar 10 µm). (b) Recovery of 
the fluorescence in the bleached spot over time, and fit of a diffusion model. 

A diffusion coefficient of 0.5 µm2/s was obtained which is in perfect accord with previous 

published data observed in PSMs [18]. Thus the surfaces devised, provide a suitable 

environment for the investigation of transmembrane proteins.  

4.3.3 Liposomes capturing, fusion and diffusion in micropatterns 

Here, our patterning approach was implemented for capturing lipid vesicles into micro-sized 

architectures. Fluorescently labeled VSUV were captured onto HDVE patterns as shown in 

Figure 4-4 with the intensity profile along the indicated line. Thus, a high contrast vesicle 

patterns were observed.  



Diffusion and interactions of individual membrane proteins confined in micropatterned polymer-supported membranes 

99 
 

 

 

Figure 4-4. VSUVs capturing into micropatterns probed by fluorescence microscopy. Fluorescence image after capturing VSUV 
doped with 

OG488
DHPE to micropatterned HDVE and the intensity profile along the white line. 

Surface characterization was carried out using atomic force microscope (AFM) in tapping mode 

before and after fusion. Before fusion, surfaces were seemingly presenting homogeneous 

patterns of lipid vesicles as demonstrated in Figure 4-5a, left image. However, magnifying the 

patterned vesicle areas unveiled a non-uniform grainy structure (Figure 4-5a central and right 

images) that can be attributed to intact liposomes that underwent a certain degree of 

spontaneous fusion. After PEG addition and a subsequent fusion, homogeneous surfaces were 

obtained as can be clearly seen in Figure 4-5b. The thickness of the membrane obtained was ~6 

nm, which is in good agreement with AFM data of membranes obtained on planar substrates 

[43-45].  

 

Figure 4-5. Vesicle capturing and fusion probed by AFM. (a) Tapping mode images after vesicle capturing into micropatterns 
shown at different magnifications. (b) AFM image of a micropatterned PSM after vesicle fusion and a height profile across the 
white line.  
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In addition to topography, further characterization was carried out for probing the diffusion of 

lipids in the patterns. For this purpose we performed FRAP experiments that yielded a high 

degree of lipid recovery > 80% in micropatterens within less than 1.5 min (Figure 4-6a). Rapid 

recovery could be observed from the recovery curve presented in Figure 4-6b. Therefore, in the 

following step we utilized these highly fluid patterned membranes for studying the behavior of 

transmembrane proteins reconstituted into lipid membranes. 

 

 
 
Figure 4-6. Lipid diffusion in micropatterned PSM probed by FRAP. (a) FRAP experiment with micropatterned PSM doped with 
fluorescent lipids (scale bar 5 µm). (b) Recovery curve observed. 

4.3.4 Diffusion of transmembrane proteins in micropatterns 

Subsequently our patterning approach was applied for probing transmembrane protein 

diffusion in a confined fashion (Figure 4-7). DY649MBP-TM1 was reconstituted in VSUV at the 

same manner as previously discussed in ratio of 1:103 (proteins:lipids) and lateral diffusion was 

monitored by FRAP. Fluorescence recovery of > 70% was observed (Figure 4-7b) and 

corroborated the high mobility of the proteins in the patterns. This provides an evidence for the 

suitability of our patterning method for probing transmembrane proteins reconstituted in 

artificial model membranes in a collective manner. In addition to an ensemble analysis of the 

diffusion properties, probing diffusion of individual transmembrane proteins reconstituted in 

our model patterned membrane system was possible using single molecule techniques. 
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Figure 4-7. Transmembrane protein diffusion in micropatterned PSM probed by FRAP. (a) FRAP experiment with fluorescently 
labeled 

DY649
MBP-TM1 reconstituted into micropatterned PSM. (b) Recovery curve observed. 

DY649MBP-TM1 was reconstituted in lipid vesicles in a ratio of 1:104 (proteins:lipids) together 

with MBP-ALA7 in a ratio of 1:103 (proteins:lipids) for reducing nonspecific binding. 

Subsequently, these proteoliposomes were captured and fused onto a micropatterned surface 

and individual proteins were visualized by single molecule imaging as presented in Figure 4-8.  

Maximum fluorescence intensity image of the proteins, which diffuse in the pattern, obtained 

from 3,000 frames and is shown in Figure 4-8a. In addition to rapid diffusion of the proteins, a 

number of immobile species could be observed not only outside, but also inside the pattern. 

The immobile species observed outside the patterns can be assigned to non-specific adsorption 

of proteoliposomes, while immobile species in the pattern can be attributed to surface defects 

at the nanometer scale. For this reason, images were rendered by removal of immobile species 

in order to optimize tracking fidelity (Figure 4-8a). Homogeneous distribution of the diffusing 

DY649MBP-TM1 is shown in the magnified region (Figure 4-8a).  

In order to quantify protein diffusion in micropatterns, single molecule tracking (SMT) 

experiments were carried out. From 1,000 trajectories detected for > 50 steps (Figure 4-8a), the 

mobility of the reconstituted DY649MBP-TM1 in lateral dimensions was then quantified in a 

patterned (Figure 4-8b, left) and non-patterned (Figure 4-8b, right) PSM. A two component 

analysis based on free diffusion in 1D (Figure 4-8b, black curve) and a restricted diffusion model 
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[46] (Figure 4-8b, green curve) was performed. Homogeneous diffusion along the pattern with 

diffusion constant of 1.55 µm2/s was determined. Considering protein diffusion in a restricted 

area (vertical to the line direction), a diffusion constant of 1.6 µm2/s was determined which is in 

perfect agreement with the value obtained along the pattern direction. Free diffusion with the 

same diffusion constant in the non-patterned PSM was obtained for both components (Figure 

4-8b, right). The values obtained are about three times higher compared with the FRAP 

experiments performed (as demonstrated above) which can be ascribed to the different length 

scales probed by these methods. This corroborates that the protein diffusion properties in the 

restricted area were not affected by the confinement. Hence, the presented micropatterning 

technique is shown to be highly suitable for the investigation of diffusion properties of 

reconstituted transmembrane proteins by utilizing single molecule techniques.   

 

Figure 4-8. Diffusion of individual transmembrane proteins reconstituted into micropatterned PSM. (a) Images from typical 
single molecule tracking experiments. From left: I. maximum intensity image from a single molecule experiment; II: super-
resolution tracking and localization microscopy (TALM) image rendered from individual molecules localized within 3,000 
frames. Immobile molecules were removed by a spatio-temporal cluster analysis; III: zoom into the boundary of the PSM as 
indicated in II. IV: overlay of single molecule trajectories obtained from this data set. (b) Mean square displacement (MSD) 
analysis of the motion along (black) and vertical (green) to the line direction for line width of 2.4 µm (left). For comparison the 
same analysis on a non-patterned PSM is shown (right). 
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4.3.5 Ligand-receptor interactions  

Next, the functionality of the proteins embedded in the membrane was probed. Here, the type 

I interferon receptor subunit IFNAR2, truncated after its transmembrane helix (IFNAR2-TM), 

was reconstituted in VSUV. Proteoliposomes were then captured and fused on surface 

functionalized HDVE, followed by the interaction of the reconstituted proteins with their ligand 

interferon-α2 (IFNα2) (Figure 4-9a). The binding assay was monitored using simultaneous TIRFS-

RIF detection system as demonstrated in Figure 4-9b.  

 

Figure 4-9. Specific ligand binding of IFNAR2-TM reconstituted into PSM. (a) Cartoon of the experiment: VSUV with 

reconstituted IFNAR2-TM (blue) were captured on the surface and fused by addition of PEG, followed by binding of IFN2 (red). 

(b) Reconstitution of IFNAR2-TM into PSM and binding of 
DY647

IFN2 as detected by simultaneous TIRFS-RIF detection. Top: RIF 

channel; bottom: fluorescence channel (
DY647

IFN2). After surface conditioning with Triton X-100 (TX), IFNAR2-TM reconstituted 
into proteoliposomes (PL) was injected, followed by fusion with PEG solution (PEG). A BSA solution was injected to block 

unspecific binding (BSA). Subsequently, 
DY647

IFN2 was injected (IFN). Injection periods are marked by a grey bar. (c) Binding of 
DY647

IFN2 to IFNAR2-TM reconstituted in PSM as detected by TIRFS (red curve) and fit of the dissociation kinetics (black curve). 

For comparison, binding of 
DY647

IFN2 to PSM without IFNAR2-TM is shown (blue curve).  

Rapid proteoliposome capturing to the HDVE moieties was observed, followed by a subsequent 

fusion to a bilayer. Injection of fluorescently labeled IFNα2 (DY647IFNα2) confirmed that the 

functionality of the reconstituted IFNAR2-TM was preserved. Figure 4-9c represents the binding 
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of DY647IFNα2 to reconstituted IFNAR2-TM, which yielded a dissociation rate constant of 0.018 s-

1 by applying monoexponential decay function. The value obtained perfectly correlates with 

former published interaction analysis data [27, 47]. A control experiment was performed 

without IFNAR2-TM in VSUV. As can be clearly seen, binding of DY647IFNα2 could not be 

observed, which therefore corroborates the specificity of the interaction to the reconstituted 

IFNAR2-TM. Hence, this artificial model system we devised is highly suitable for interaction 

analysis. 

At the following step we tested the suitability of this system for a quantitative analysis of 

individual binding events in micropatterns. To this end, IFNAR2-TM was reconstituted in SOPC 

VSUV at the same procedure as for the DY649MBP-TM1. The ratio of proteins/lipids was 1:107 

together with MBP-ALA7 in a ratio of 1:103. Binding of labeled IFNα2 to the reconstituted 

IFNAR2-TM was probed by single molecule TIRF imaging. Figure 4-10a represents a super-

resolution image of individual IFNα2 mutant M148A (DY647M148A) molecules that were 

detected in the pattern. The image was constructed of 10,000 consecutive frames and was 

rendered by removal of immobile species from the pattern and the outside surroundings.  

 

Figure 4-10. Single molecule protein-protein interaction analysis in micropatterned PSM. (a) A super-resoltion image obtained 
from 

DY647
M148A binding to IFNAR2-TM reconstituted into micropatterned PSM after removing immobile particles (square 5 

µm). (b) Overlay of trajectories of individual IFN2 from the same experiment as shown in panel a. (c) Stability of individual 
protein complexes determined from the trajectory length of 

DY647
M148A. The monoexponential fit is shown in black. 

Figure 4-10b demonstrates the trajectories of individual DY647M148A molecules obtained.  Based 

on a quantitative analysis of ~ 15,000 trajectories for > 20 steps, a dissociation rate constant of 

0.8 s-1 was determined using a monoexponential decay function as shown in Figure 4-10c. After 

a correction for bleaching effects a final value of 0.85 s-1 was obtained, which is in a good 

agreement with previous single molecule studies [24].  
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A diffusion constant of 08.01.1  µm2/s was determined from the trajectories of the 

DY647M148A/IFNAR2 complex. However, a quantitative kinetic study of DY647IFNα2/IFNAR2-TM 

interactions was limited by bleaching, which was determined to be 2.5 s. Nevertheless, it was 

still possible to determine the diffusion of the ligand-receptor complex. From the trajectories of 

DY647IFNα2 confined in a square-shaped pattern, a diffusion constant of 01.014.1   µm2/s was 

obtained, which fits with the value obtained for DY647M148A. Moreover, diffusion analysis of 

DY647IFNα/IFNAR2 complex was carried out on the level of individual trajectories (Figure 4-11). 

From a diffusion analysis over 20 s, a diffusion constant of  1.1  µm2/s was determined (Figure 

4-11b). This is in accord with the values obtained from the ensemble analysis. Thus, long-term 

observation of individual membrane protein complexes was successfully achieved.  

 

Figure 4-11. Single trajectory analysis. (a) Individual trajectory obtained for 
DY647

IFN2 bound to IFNAR2-TM reconstituted into a 
micropatterned PSM. (b) Local diffusion constant obtained by MSD analysis within a time window of 0.68 s (scale bar: 5 µm). 
The color-coding of the trajectory presented in panel indicates the local diffusion constant. The average diffusion constant is 
indicated by the blue line. 

 

4.4 Summary and conclusions 

We have here presented a simple and rugged method for spatial organization of PSM on solid 

supports in micrometer dimensions. Our micropatterning approach was carried out via a 

photochemical reaction of surface-immobilized maleimide moieties in presence of hexadecyl 

vinyl ether chains that function as anchors for capturing proteoliposomes and in order to obtain 

PSM. We demonstrated functional reconstitution of transmembrane proteins in these PSM, 

which freely diffuse within the spatially confined lipid bilayers. In these proof-of-concept 

experiments, individual protein-protein complexes could be followed over a few seconds, which 
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was mainly limited by photobleaching and the trajectory reconnection fidelity. While this is 

already sufficient for quantitative studies of many processes, further improvement of the 

tracking fidelity is possible by confinement into smaller structures. PSMs covering an area of 1-

4 µm² can be readily achieved by this technique, which will allow tracking complexes with even 

higher fidelity at lower acquisition rate. 

We envisage this method to play an important role for quantitatively probing the subtle 

interplay of protein-protein and protein-lipid interactions as well as conformational changes in 

a defined lipid environment, which is the basis for unraveling the molecular mechanisms of 

transport and communication across biological membranes. 
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5 Lateral organization of cell surface receptors for probing 

cellular events 

5.1 Introduction 

Selective recognition of extracellular molecules by specific cell surface receptors activates 

communication from outside to inside the cell. This is carried out by signal propagation through 

protein interactions, conformational changes and chemical responses. Signal transduction has a 

significant role for gene transcription and cell metabolism, while disorder in signaling causes 

diseases. The importance of this cellular function can be judged from the fact that at least 60% 

of the current drugs target cell surface receptors. For these reasons, understanding the 

intracellular processes that occur during signal transduction has a great impact on various fields 

such as pharmacology and therapeutics. Spatial organization of proteins on solid supports is 

nowadays commonly utilized for probing protein functionalities and interactions in artificial 

model systems as discussed previously. Such in vitro systems, however, still lack the degree of 

complexity which exists in cells. Hence, investigation of proteins in their native surroundings is 

of a great importance for understanding the origin of their behavior in a complex mixture of 

biological molecules and their impact on diverse cellular events. For this reason, approaches 

that enable the investigation of cellular processes in live cells are highly required. However, 

studying protein functions, intracellular interactions and responses is a highly challenging task 

which requires methods that allow the simultaneous investigation of diverse interaction species 

in live cells. By controlling the lateral organization of cell surface receptors in artificial surface 

architectures we can discriminate different interaction species that are specifically bound to the 

designated regions. The key challenge is to preserve the biological activity of the proteins while 

they are selectively anchored to solid supports. However, methods for selective capturing of 

cell surface receptors directly from live cells are still scarce. Few methods for capturing or 

restricting cell-surface receptors into patterns from live cells were reported recently [1-3]. 

Using these methods protein interaction and regulation analyses were carried out for better 

understanding of signaling processes. However, such methods rely upon special surface design 

using time consuming and expensive technology or non-specific attachment of cells to the 
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support. Thus, generic and simple yet reliable methods for patterning of cell surface receptors 

are required.  

Here, we have developed a patterning approach for covalent immobilization of cell surface 

receptors directly from live cells, based on the photochemistry of maleimide moieties. The 

patterning strategy was carried out on glass substrates exploiting a poly(ethylene glycol) (PEG) 

layer as a biocompatible scaffold. By the combination of RGD peptides together with HaloTag 

ligands (HTLs) we implemented selective cell attachment and cell-surface receptors capturing 

into micropatterns. HTL is a chloroalkane that reacts specifically to the 34 kDa HaloTag protein 

(HTP) upon dehalogenation [4] as described in 1.2.4. Thus, cell-surface receptors which were 

genetically fused to HTP and expressed in cells could be spatially confined into regions bearing 

HTLs for probing extra- and intracellular processes. We utilized this method in order to identify 

interactions involved in Janus-activated kinase (JAK) – Signal Transducer and Activator of 

Transcription (STAT) signaling pathways [5, 6]. We employed HeLa cells transiently transfected 

with type I interferon receptor subunits IFNAR1 and IFNAR2 and cytoplasmic effector proteins 

for recognition and characterization of protein interactions in live cells upon IFNα2 stimulation. 

Using this method we could successfully detect ligand binding, ternary complex formation and 

recruitment of effector proteins.  

5.2 Experimental 

5.2.1 Materials 

Adhesive peptide Ac-CGRGDS-COOH was purchased from Coring System Diagnostix, Gernsheim 

/Germany. A 75 W Xenon lamp fitted with a 280 – 400 nm dichroic mirror was purchased from 

Newport Spectra-Physics and microstructured masks for photo-patterning (chrome on quartz) 

were obtained from NB Technologies, Bremen/Germany. Other chemicals are listed in 2.2.1 and 

3.2.1. All the rest were purchased from Sigma Aldrich. 

5.2.2 Synthesis of maleimide-functionalized RGD peptide 

Maleimide-RGD (MI-RGD) sysnthesis was carried-out using 1-4-bis(maleimido)butane linker and 

a short peptide sequence Ac-CGRGDS-COOH as demonstrated in Scheme 1. 6.5 mg Ac-CGRGDS-

COOH (Mw 635) in 0.5 ml 1 M HEPES buffer pH 8.0 was mixed with 10 mg 1,4-
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bis(maleimido)butane (Mw 248) in 1 ml DMSO for 1 h at room-temperature. The mixture was 

diluted in water and loaded on a C18 reverse phase HPLC column for purification using a 0-70 % 

acetonitrile gradient in 0.1% TFA/water. Purified maleimide-RGD was lyophilized to obtain a 

white powder. MS-ESI: m/z 883.1; Calc. [M]+: 883. 

 

 

Scheme 1. MI-RGD synthesis. (a) 1-4-bis(maleimido)butane, (b) Ac-CGRGDS-COOH adhesive peptide and (c) the product MI-
RGD. 

5.2.3 Surface chemistry 

Surface chemistry was carried out as described in chapter 2 and 3. This was performed on 

transducer slides for reflectance interference spectroscopy (RIfS) detection (a thin silica layer 

on a glass substrate) [7] as well as standard glass cover slides for fluorescence microscopy. If 

not stated otherwise, photolithographic patterning was performed in the presence of 10-20 

mM MI-RGD in DMSO by irradiation for 5 minutes through a photomask using a 75 W Xenon 

lamp equipped with a 280-400 nm dichroic mirror (Newport Spectra-Physics). Thereafter, the 

chemically modified slides were washed with DMSO following by absolute ethanol. Further 

functionalization with 500 µM HTL was performed for 1 h at room-temperature.  
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5.2.4 Cell culture and transfection 

HeLa cells were cultivated at 37°C and 5% CO2 in MEM’s Earle’s with stable Glutamine 

(Biochrom AG, FG0325) supplemented with 10% fetal bovine serum (FBS) (Biochrom AG, 

S0615), 1% non-essential amino acids (PAA laboratories GmbH M11003) and 1% 2 (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer without addition of antibiotics. 

HeLa cells were seeded in 35mm cell-culture dishes to a density of ca. 50% confluence. 24 h 

after seeding, cells were transiently transfected via calcium phosphate precipitation as 

described earlier [8]. 12-15 h after transfection, cells were washed twice with PBS-buffer and 

media was exchanged. 48 h after transfection cells were plated on the chemically modified 

cover glass for 15-20 h. For imaging, the medium was exchanged for medium without phenol 

red. For the generation of a cell line stably expressing Lifeact-EGFP, transfected cells were 

selected for stable neomycin resistance by cultivation in the presence of 0.8 µg/ml G418 

(Calbiochem 345810). A cell clone with homogeneous and moderate expression of Lifeact-EGFP 

proteins were chosen and proliferated. 

5.2.5 Plasmid constructs 

Human expression vectors containing cmv (cytomegalo virus) promoter, which leads to high 

expression of the gene of interest were used. For selection and amplification in E-coli ampicillin 

resistance is encoded. The following plasmid constructs were utilized: HTP-GFP-IFNAR2, HTP-

IFNAR2, fsnap-IFNAR2, AP-IFNAR1-GFP, HTP-IFNAR1, JAK1-GFP, Tyk2-GFP, STAT2-GFP and 

STAT1-GFP. 

(HTP – HaloTag protein, GFP – green fluorescent protein, AP – acceptor peptide, fsnap – O6-

alkylguanine-DNA, IFNAR – interferon receptor, JAK – janus-activated kinase, Tyk – tyrosine 

kinase and STAT –  Signal Transducer and Activator of Transcription). 

 

5.2.6 Protein production, purification and labeling 

IFN2, IFN2-YNS, IFN2-M148A, carrying an N-terminal ybbR-tag (ybbR-IFN2, ybbR-IFN2-

YNS and ybbR- IFN2-M148A) were cloned by insertion of an oligonucleotide linker coding for 
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the ybbR peptide (DSLEFIASKLA) into the NdeI restriction site upstream of the corresponding 

genes in the plasmids pT72C2 [9]. These proteins and additional IFNα2 mutants: IFNα2-

M148A-NLYY and IFNα2-YNS-α8tail, were expressed and purified by the same protocols 

established for wild-type IFN2 [10]. YbbR-IFN2 was labeled with ATTO-655 (AT655IFN2), 

ybbR-IFN2-YNS with ATTO-655 (AT655IFN2-YNS) and ybbR-IFN2-M148A with Dy647 

(DY647IFN2-M148A) conjugated to CoA by means of the PPTase Sfp according to the protocol 

from the manufacturer (Covalys Biosciences). After the labeling reaction, labeled IFN2 was 

further purified by size exclusion chromatography. 

 

5.2.7 Fluorescence imaging of cell micropatterns 

Fluorescence imaging of cell micropatterns was performed in a confocal laser-scanning 

microscope (CLSM, FluoView 1000, Olympus) equipped with an Argon ion laser (488 nm line for 

excitation of EGFP). 

Fluorescence imaging of transmembrane micropatterns was performed using Olympus 

Cell^TIRFM-excellences microscope equipped with 405nm (200mW) laser, 488nm (200mW) 

laser, 561nm (200mW) laser and a 647nm Laser (140mW) and a back-illuminated electron 

multiplied (EM) CCD camera (C9100-13, Hamamatsu). A 60X objective with a numerical 

aperture of 1.45 (UAPON 60X/1.45, Olympus) was used for TIR excitation. The excitation beam 

was reflected into the objective by a quad-line dichroic beamsplitter for reflection at 405 nm, 

488 nm, 568 nm and 647 nm (Di01 R405/488/561/647, Semrock). Fluorescence imaging was 

performed by excitation at 488 nm with power output of 2 mW and at 647 nm with a typical 

power output of 2.5 mW at the objective. 

 

5.2.8 Single molecule imaging of protein-protein interactions in live cells 

Single molecule fluorescence imaging at room-temperature was carried out with an inverted 

microscope (Olympus IX71) equipped with a single-line TIR-illumination condenser (Olympus) 

and a back-illuminated EM CCD camera (iXon DU897D, 512×512 pixel from Andor Technology). 

An argon krypton laser (C70 Spectrum, Coherent) was coupled into the microscope through a 

http://www.imagemccd.com/
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polarization maintaining monomode fiber (KineFlex, Pointsource). The 647 nm laser line was 

selected by means of an acousto-optical tunable filter (AOTF, AAoptics). A 150X objective with a 

numerical aperture of 1.45 (UAPON 150X/1.45, Olympus) was used for TIR excitation. The 

excitation beam was reflected into the objective by a quad-line dichroic beamsplitter for 

reflection at 405 nm, 488 nm, 568 nm and 647 nm (Di01 R405/488/561/647, Semrock), and the 

fluorescence was detected through a quadruple bandpass filter (FF01 446/523/600/677-25, 

Semrock). Fluorescence imaging was performed by excitation at 647 nm with a typical power 

output of 2.5 mW at the objective. The camera was operated at -80°C with a typical EM gain of 

300 and a frame rate of 1-32 Hz, depending on the kinetics of the interaction.  

Single molecule fluorescence imaging at 37 °C was carried out using Olympus Cell^TIRFM-

excellences microscope as described above. Here A 150X objective with a numerical aperture of 

1.45 (UAPON 150X/1.45, Olympus) was used for TIR excitation. A frame rate of 1-32 Hz was 

applied, depending on the kinetics of the interaction.  

All binding experiments were carried out using media complemented with oxygen scavenger 

[0.5mg ml-1 glucose oxidase (Sigma), 0.04 mgml-1 catalase (Roche AppliedScience), 5% w/v 

glucose, 1 µM ascorbic acid and 1µM methyl viologene] to minimize photobleaching.  

Localization and residence times of individual IFN2 molecules were determined from 

trajectories obtained by the multiple target tracking algorithm (MTT) [11]. Trajectories of less 

than three frames were not considered in the evaluation of residence times. Histograms of the 

frequency of different residence times were fitted by a monoexponential decay function. 

 

5.3 Results and discussion 

5.3.1 Surface modification and patterning 

Immobilization of proteins on solid supports requires preservation of the biological activity of 

the investigated proteins. Thus, a biocompatible platform that abrogates non-specific 

interactions with the support is needed. In order to address this issue, glass substrates were 

modified with a PEG polymer brush [12]. However, PEG brush inhibits attachment of cells to the 

support. For this reason, in addition to photopatternable groups, synthetic RGD peptides for 
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selective recognition of cell adhesion molecules (CAMs) were introduced to the system. 

Patterning was carried out via the polymerization of surface maleimides in the presence of  

maleimide-RGD (MI-RGD) moieties in solution as demonstrated in Figure 5-1 [13].  

 

 

 

 

Figure 5-1. Cell adhesion and spreading in micropatterns. (a) Chemical structure in micropatterns before and after UV 
irradiation. (b) Top: fluorescence image of HeLa cells expressing lifeact fused to EGFP. Cells adhere and spread on RGD 
functionalized regions. Bottom: bright-field (BF) image of the cells. Scale bars 10 µm. 

 
Subsequently, HeLa cells stably transfected with lifeact fused to EGFP were cultured onto the 

irradiated surfaces. Cell attachment and spreading along the RGD pattern (Figure 5-1b) 

corroborate the applicability of this method for exploring cellular processes on solid supports. 

 

5.3.2 Immobilization of transmembrane proteins into micropatterns 

Next, the binary nature of the patterning approach was exploited for selective capturing of 

membrane receptors directly from live cells. The free maleimide groups in the regions that 

were blocked by the photomask were further reacted with 500 µM HTL bearing a thiol group 

(Figure 5-2a,b). Then HeLa cells expressing cell-surface receptors fused to HTP were cultured on 

these surfaces and were selectively captured to HTL functionalized areas as depicted in Figure 

5-2b. Figure 5-2c illustrates surface-immobilized receptor (IFNAR2) fused to GFP, and integrin-

RGD interactions for cell attachment. 
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Figure 5-2. Binary micropatterning for capturing transmembrane proteins directly from live cells. (a) Chemical procedure of MI-
RGD cross-linking upon UV exposure (I) and a subsequent surface functionalization of HTL moieties (II). (b) Schematic 
representation of the patterning strategy. (c) A cartoon of IFNAR2 fused to GFP and immobilized through HTP-HTL interaction. 
Cell adhesion was carried out through interaction of integrins and surface immobilized RGD upon UV exposure. 

  

At first, HeLa cells expressing HTP-GFP-IFNAR2 were cultured on line-shaped patterns in which 

IFNAR2 receptor was stably bound to the HTL functionalized regions (Figure 5-3b, left image). 

Subsequently, the functionality of the immobilized receptor was confirmed by its interaction 

with 10 nM fluorescently labeled IFNα2 (AT655IFNα2) as shown in Figure 5-3, central and left 

images.  
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Figure 5-3. Transmembrane protein patterning. (a) Schematic representation of surface patterning of IFNAR2 using HTP-HTL 
interactions and integrin-RGD for cell adhesion. (b) TIRF microscopy images of patterns generated by the attachment of HTP-
GFP IFNAR2 receptor to the surface (left), 

AT655
IFNα2 interaction with the immobilized receptor (center) and overlay of these 

two images (right). The white line indicates the cell’s border (scale bars 10 µm). 

 
In the following experiment, HeLa cells expressing non-fluorescently labeled cell surface 

receptors HTP-IFNAR2 were cultured on a patterned surface. Subsequently, 10 nM AT655IFNα2 

was incubated and line-shaped patterns were exposed (Figure 5-4a, left image). The presence 

of the complete HTL patterns was detected by staining the surface with HTP-GFP as presented 

in Figure 5-4a, central image. The specificity of the interaction was confirmed by a control 

experiment in which HeLa cells expressing IFNAR2 without HTP were cultured on a surface 

bearing the same line-shaped HTL patterns as shown above. First, the surface was incubated 

with 10 nM AT655IFNα2. Shortly after, transfected cells were detected due to the interaction of 

ligands with the expressed receptors. However, unlike the previous experiment, patterns of 

AT655IFNα2 could not be observed (Figure 5-4b, left image). The presence of HTL patterns was 

confirmed by staining the surface with HTP-GFP (Figure 5-4b, central image).  
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Figure 5-4. Transmembrane protein patterning. (a) TIRF microscopy images of patterns generated by the attachment of HTP- 
IFNAR2 receptor to the surface  and a subsequent 

AT655
IFNα2 interaction with the immobilized receptor (left). By incubation of 

HTP-GFP the complete patterns were exposed (center).  Overlay of these two images (right). The white line indicates the cell’s 
border (scale bars 10 µm). 

So far we demonstrated the utility of this method for a qualitative characterization of ligand-

receptor interactions in live cells in an ensemble manner. Next, this micropatterning method 

was tested as a tool for quantitative protein interaction analysis on the single molecule level.  

To this end, HeLa cells expressing HTP-IFNAR2 were cultured on a patterned surface. 

Subsequently, surfaces were incubated with 500 pM IFNα2 mutant M148A-NLYY, which has a 

similar affinity to IFNAR2 as compared with IFNα2-M148A and negligible affinity to IFNAR1 as 

mentioned in 1.7. Enrichment of the ligands was detected on the patterned regions to which 

IFNAR2 receptors were attached as shown in Figure 5-5a. The interaction of the immobilized 

IFNAR2 with individual IFNα2-M148A-NLYY was analyzed and a dissociation rate constant of 

1.52 s-1 was obtained from a monoexponential fit of the ligand residence time histogram (Figure 

5-5b). The value obtained is in accord with values obtained in vitro [14, 15]. Subsequently, 1 µM 

IFNα2 mutant YNS-α8tail which has a stronger affinity towards IFNAR2 was added (Figure 5-5c). 

From the dissociation kinetics obtained during chasing, a dissociation rate constant of 1.56 s-1 

was determined which is in perfect agreement with the rate constant obtained from the 

histogram of individual IFNα2-M148A-NLYY residence times. 
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Figure 5-5. Single molecule analysis in micropatterns. (a) TIRF microscopy image of individual 
AT655

IFNα2 molecules in a line-
shaped micropattern (scale bar 10 µm). (b) Histogram of residence times of individual 

AT655
IFNα2 molecules bound to the 

immobilized IFNAR2. (c) Chasing 
AT655

IFNα2 with 1 µM unlabeled IFNα2-YNS-α8tail.  

Following the results discussed above, the specificity and reversibility of ligand-receptor 

interactions were corroborated using surface micropatterns, thus confirming the suitability of 

this method for single-molecule experiments. 

5.3.3 Ternary complex assembly 

The patterning approach was further applied for probing ternary complex formation. Ligand 

binding induces the association of the two membrane receptor subunits as an initial step of 

signal transduction. In order to probe ternary complex formation, HeLa cells expressing both 

HTP-IFNAR2 and IFNAR1-GFP where cultured onto a patterned surface. Prior to AT655IFNα2 

binding, IFNAR1-GFP was distributed across the cell membrane as demonstrated in Figure 5-6b 

(top, left image). After ligand binding (Figure 5-6b bottom, left) IFNAR1-GFP was enriched in the 

patterns (Figure 5-6b top right) in the regions where AT655IFNα2 was present (Figure 5-6b 

bottom, left). Hence, by applying our micropattern strategy, ternary complex formation can be 

clearly visualized. After ligand binding, cells showed a granular structure, which could be 

explained by endocytosis of ligand and non-immobilized receptor complexes into the cell. At 

the following step we tested the suitability of this technique for quantitative biophysical 

analysis on the single molecule level in the same system as just described. Shortly after 500 pM 

AT655IFNα2-M148A binding to patterns as shown in Figure 5-6d, 1 µM IFNα2-YNS-α8tail was 

added to the system to compete with AT655IFNα2-M148A molecules on the binding sites of the 

immobilized HTP-IFNAR2. After ~20 min almost all binding sites were occupied with IFNα2-YNS-
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α8tail (Figure 5-6d, right image). Figure 5-6e is the dissociation curve obtained during chasing 

with IFNα2-YNS-α8tail, which yields a dissociation rate constant of 3109.6  s-1. From here, the 

experiments performed indicate the suitability of this patterning approach for probing 

interactions using single-molecule techniques in systems bearing a higher degree of complexity. 

 

 
 
Figure 5-6. Ternary complex assembly in micropatterns. (a) Illustration of ternary complex formation induced by 

AT655
IFNα2. (b) 

HTP-IFNAR2 and IFNAR1-GFP co-expressed in HeLa cells are shown. IFNAR1-GFP is spread across the cell membrane (top, left) 
while after 

AT655
IFNα2 stimulation (bottom left), enrichment of IFNAR1-GFP in the pattern was observed (top, right). Overly of 

images after 
AT655

IFNα2 stimulation (bottom left).  Scale bars 10 µm.(c) Schemtic representation of the chasing process in which 
IFNα2-YNS-α8tail displaced bound 

AT655
IFNα2 molecules. (d) TIRFM images of 

AT655
IFNα2 molecules interact with the 

immobilized HTP-IFNAR2 before (left) and after (right) chasing. (e)  Dissociation curve during chasing with 1 µM unlabeled 
IFNα2-YNS. The white line indicates the cell’s border (scale bars 10 µm). 
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5.3.4 Cytoplasmic effector proteins 

Next, we utilized the patterning approach for probing interactions of cytoplasmic effector 

proteins involved in JAK/STAT signaling pathways. 

Protein Janus kinases 

Here, we employed HeLa cells that were co-transfected with HTP-IFNAR1 and Tyk2-GFP (a 

member of the JAK family) for the recognition of Tyk2 towards IFNAR1 in micropatterns. The 

expressed Tyk2-GFP proteins were accumulated in patterns that contained the immobilized 

IFNAR1, before and after AT647IFNα2-YNS binding as shown in Figure 5-7b, top left and right 

images. Binding of AT655IFNα2-YNS molecules specifically in the patterns confirmed the presence 

of immobilized unlabeled HTP-IFNAR1 as shown in Figure 5-7b, bottom left image. Based on this 

experiment we can confirm that indeed, protein kinase Tyk2 is constitutively associated with 

IFNAR1 and independent on activation. 

Then the nature of the interaction between IFNAR1 and Tyk2 in live cells was probed by 

fluorescence recovery after photobleaching (FRAP). Upon photobleaching of Tyk2-GFP a slow 

recovery of Tyk2-GFP from the cytoplasm was observed (Figure 5-7c). This may indicate stable 

interaction of the species involved, or may include contribution of both dissociation and 

association.  
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Figure 5-7. Tyk2 association to IFNα2 receptor subunit IFNAR1. (a) Illustration of IFNAR1 bound to 

AT655
IFNα2-YNS with its 

extracellular domain and to Tyk2-GFP with its intracellular domain. (b) Tyk2-GFP before (top left) and after (top right) 
AT655

IFNα2-YNS stimulation. 
AT647

IFNα2-YNS binding to immobilized IFNAR1 (bottom, left). Overlay of Tyk2-GFP and 
AT655

IFNα2-
YNS (bottom right). Scale bars 10 µm. 

Cytoplasmic transcription factors 

STATs are known to be activated by JAK proteins through tyrosine phosphorylation followed by 

STAT dimerization and translocation to the nucleus for gene transcription. Here we probed 

interactions between IFNAR subunits and cytoplasmic STAT proteins in micropatterns. HeLa 

cells co-expressing HTP-IFNAR2 and STAT2-GFP were cultured on our line-shaped patterned 

surfaces. According to the TIRF images obtained after AT655IFNα2 binding, enrichment of STAT2-

GFP (Figure 5-8b, left) and AT655IFNα2 (Figure 5-8b), center) in the patterns could be observed.  
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The overlay of these images (Figure 5-8b, right) corroborates the association of STAT2-GFP to 

the immobilized IFNAR2. The interaction of STAT2-GFP towards the immobilized IFNAR2 was 

monitored by FRAP. In contrast to the slow recovery observed for Tyk2-GFP, rapid fluorescence 

recovery of STAT2-GFP in the pattern was observed (Figure 5-8c, red curve), which corroborates 

transient interactions of STAT2 to IFNAR2. A comparison of the FRAP curves obtained for 

STAT2-GFP and Tyk2-GFP during 150 s is presented in Figure 5-8c. The recovery curve was fitted 

using a monoexponential function and a dissociation rate constant of 0.08 s-1 was obtained 

(Figure 5-8d). 

 

 

Figure 5-8. STAT2-IFNAR2 interaction characterization in micropatterned surfaces. (a) Illustration of IFNAR2 bound to 
AT655

IFNα2 
with its extracellular domain and to STAT2-GFP with its intracellular domain. (b) TIRF microscopy images of STAT2-GFP (left), 
AT655

IFNα2 (center) and the overlay (right) after 
AT655

IFNα2 binding. The white line indicates the cell’s border (scale bars 10 µm). 
(c) Monitoring interaction dynamics of IFNAR2 with Tyk2 (black) and STAT2 (red) by FRAP. (d) Fitted recovery curve by a 
monoexponentional function assuming diffusion-uncoupled recovery [16]. 

At the following step we aimed to detect interactions of STAT1 with IFNAR subunits in 

micropatterns.  To this end, HeLa cells co-transfected with HTP-IFNAR1 and STAT1-GFP were 

cultured on micropatterned surfaces. STAT1-GFP was shown to be distributed over the cell (in 

the cytoplasm) and not particularly on the line patterns (Figure 5-9b, left). Nevertheless, 



Results and discussion 

126 
 

AT655IFNα2-YNS was specifically accumulated in the HTP-IFNAR1 patterns as shown in Figure 

5-9b, center. The minor degree of STAT1-GFP which is seemingly detected in the pattern (Figure 

5-9b, left) can be attributed to the strong interaction of HTP conjugated to IFNAR1 with the HTL 

functionalized regions, which may results in a stronger attraction of the cell membrane with the 

substrate in these specific regions.   

 

 

Figure 5-9.  STAT1-IFNAR interaction characterization in micropatterned surfaces. (a) Illustration of IFNAR1 bound to 
AT655

IFNα2-
YNS with its extracellular domain, while STAT1-GFP is present in the cytoplasm. (b) TIRF microscopy images of STAT1-GFP (left), 
AT655

IFNα2-YNS (center) and the overlay (right) after 
AT655

IFNα2-YNS binding. (c) From left: STAT1-GFP before and after 
AT655

IFNα2 stimulation. 
AT655

IFNα2 accumulated in a line-shaped pattern where IFNAR2 was immobilized and the overlay of 
STAT1-GFP and 

AT655
IFNα2 after stimulation. The white line indicates the cell’s border (scale bars 10 µm). 

In addition, the interaction of STAT1 and IFNAR2 in micropatterns was tested. Here we 

employed HeLa cells expressing HTP-IFNAR2 and STAT1-GFP, which were then cultured on a 

patterned surface. Prior to AT655IFNα2 binding, a very low amount of STAT1-GFP could be 

detected in the pattern (probably because of attraction of the membrane to the support, as 

mentioned above) but most of the proteins were distributed in the cytoplasm as visualized in 

Figure 5-9c, left image. After AT655IFNα2 stimulation, enrichment of STAT1-GFP in areas, to 

which HTP-IFNAR2 receptors were anchored, was observed as shown in Figure 5-9c, center-left. 
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Specific interaction of AT655IFNα2 with the immobilized HTP-IFNAR2 is clearly seen in Figure 

5-9c, center-right.  

5.4 Summary and conclusions 

Cells carry out different processes to maintain their functions. The investigation of different 

interaction relaying upon signaling molecules binding and activation, for example, is necessary 

for better understanding different signaling pathways. However, the complexity of such 

systems together with the lack of suitable methods hampers the study of cellular processes. To 

address this challenge, we have developed a chemical strategy for patterning transmembrane 

proteins directly from live cells in order to investigate cellular responses before and after 

localized stimulation. This strategy is based on a biocompatible platform in combination with 

maleimide chemistry. Here, unique features of maleimide derivatives were exploited for binary 

micropatterning: (i) maleimide groups selectively react with thiols in a “click” chemistry manner 

and (ii) they undergo polymerization upon UV exposure in the absence of a photoinitiator and 

thus serve as monomers and photocatalysts simultaneously.[13] During UV irradiation MI-RGD 

groups were directly reacted with surface maleimides in specific regions to obtain RGD 

functionalized surfaces for cell adhesion. This was followed by functionalization of the 

previously non-irradiated regions with HTL.  Transmembrane proteins fused to HTP were then 

selectively bound to the HTL patterns directly from live cells. This enabled us to detect ligand 

binding, ternary complex formation and recruitment of effector proteins simultaneously. 

Recognition and characterization of protein-protein interactions in live cells were proved to be 

highly compatible with ensemble and single molecule techniques. In addition to study 

interactions following the JAK/STAT signaling pathways this approach can be a highly promising 

towards the elucidation of versatile processes occurring at the interface of the plasma 

membrane.  
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6  Summary 

Here I have demonstrated a novel, generic and highly efficient technique for micropatterning of 

proteins, artificial membranes and live cells based on the photochemical features of maleimide 

derivatives. To this end, I utilized glass-type substrates compatible with the surface sensitive 

analysis techniques employed in the thesis. A coating layer of a PEG polymer brush imparted 

the biocompatible nature of these surfaces that were subsequently coupled with specific 

chemical functionalities suitable for selective immobilization and patterning of biological 

entities.   The flexibility of this approach for diverse surface capturing groups was successfully 

demonstrated using affinity- and covalent-based interactions.  The well established maleimide 

chemistry emerged to be highly suitable for probing protein interactions in a quantitative 

fashion using ensemble measurement techniques as well as single-molecule means. 

Summing up, the following immobilization and patterning methods were developed: 

I. A site-specific, covalent protein immobilization method based on enzymatic transfer 

reaction. A protein of interest fused to ybbR peptide tag was selectively attached to 

biocompatible surfaces by the transfer of a prosthetic group P-pant, from CoA to a 

hydroxyl group in a serine residue which is a constituent in the ybbR peptide. This 

reaction is catalyzed by the PPTase Sfp. 

II. Functional surface micropatterning was established by utilizing the photodestruction 

of maleimide moieties covalently bound to a PEG coated support. The patterning 

approach relies upon the ability of maleimide groups to undergo polymerization 

upon UV exposure without the assistance of a photoinitiator. Different chemical 

strategies for protein capturing were demonstrated. 

III. Micropatterning of polymer-supported membranes was developed by coupling 

hexadecyl vinyl-ether to surface maleimides upon UV irradiation. Using this approach 

confinement, diffusion and interactions of reconstituted membrane receptors were 

studied.  

IV. Micropatterning of membrane receptors in surface adhered live cells was established 

by the polymerization of surface maleimide with maleimide carrying cell adhesive 

peptides. The binary nature of the patterning strategy was exploited so that after UV 
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treatment, free maleimides that remained were reacted with selective chemical 

groups for site-specific immobilization of membrane receptors directly from cells. 

The systems described here were analyzed using both ensemble and single molecule 

techniques. Therefore the methods developed hold promise as a generic tool to identify and 

characterize diverse biological systems using a wide variety of techniques.   
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MPA-NHS  3-(maleimido)propionic acid N-hydroxy-succinimide ester  

µCP   Microcontact printing 

MI-RGD  Maleimide-RGD   
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Tyk2  tyrosine-kinase2  

 UV   Ultra-violet  

VSUV  Very small unilamellar vesicle 
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