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Abstract 

Planar surfaces with geometric protein patterns have been developed for various applications in 

biotechnology, such as orienting cells, arranging membrane proteins, or studying protein-ligand binding 

in massively parallel approaches. Geometric shapes and dimensions of protein patterns vary depending 

on the application. For the study of proteins in living cells, protein patterns in the micrometer range are 

commonly used; these are called protein micropatterns. Diverse lithography techniques have been used 

and were further developed to fabricate even complicated protein micropatterns on various surfaces. 

One of the first techniques to immobilize proteins in geometric patterns on glass surfaces was 

microcontact printing, which is a rather simple stamping approach that immobilizes proteins by physical 

absorption onto surfaces.  

MHC class I are peptide receptors that present the cell´s proteome at the cell surface to T cells. They thus 

play an essential role in the adaptive immune response against cells that are infected by viruses, 

bacteria, or that carry tumorigenic mutations. We have adapted the technology of protein micropatterns 

to the field of MHC class I and have used microcontact printing to immobilize anti-MHC class I antibodies 

on glass surfaces to develop an MHC class I capture assay. The development of this assay consisted of 

optimization and trial experiments; they finally established a robust assay that can be used to specifically 

capture MHC class I in living cells.  

In the field of MHC class I antigen presentation, we have identified two applications for the capture 

assay. First, a novel peptide binding assay was developed that allows for the monitoring of specific 

peptide binding to captured MHC class I in living cells. Further development of the assay led to the 

finding that the use of conformation-specific antibodies allows for differential capture of different 

structural forms of MHC class I. Excitingly, this enables the investigation of conformation-specific in cis 

interactions of MHC class I at the cell surface. With this assay, I discovered and characterized the specific 

cluster formation of a distinct MHC class I conformation that was previously not detectable with 

conventional techniques. These findings contribute to a novel hypothesis of the molecular mechanism 

that underlies MHC class I endocytic sorting.  
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1 Introduction  

The introduction is divided into six major sections. It gives an overview of the technology of 

micropatterned surfaces in general and their applications in cell biology in particular, as well as an 

overview of the cell biology of MHC class I. The first three sections of this chapter (sections 1.1-1.3) give 

an overview of protein micropatterns. A general overview of applications for micropatterns in cell 

biology is presented in section 1.2. Section 1.3 contains a published review article that describes the 

fabrication of micropatterns by the technique of microcontact printing.  

In the following part (section 1.4), I give detailed information about those MHC class I characteristics that 

are relevant for this project. This section also includes background information of MHC class I 

interactions in trans and in cis that have been detected or are still under investigation. 

A detailed list of anti-MHC class I antibodies and their specific epitopes on the MHC class I that were 

used in this study are described in section 1.5. 

I have included one section about MHC class I patterns and their application in T cell arrays 

(see section 1.6). 

The last section of the introduction describes the project motivation (see section 1.7). 

 Soft lithography and generation of protein micropatterns 1.1

The structuring of material is generally referred to as lithography. In biotechnology, the term applies to 

all printing or stamping procedures of biomolecules (proteins, DNA) or particles (nanoparticles, 

quantum dots). Depending on the dimension of the fabricated structures, one can distinguish 

microlithography (structures smaller than 10 µm) from nanolithography (structures smaller than 

100 nm).  

In this project, I used microcontact printing, which belongs to the category of soft lithographic 

techniques in the micrometer regime. 'Soft' lithography indicates that soft materials, such as elastomeric 

stamps, molds, or conformable photomasks, are used for the structuring process. Microcontact printing 

represents one of the oldest soft lithographic techniques and has led to a set of related soft lithography 

methods such as replica molding, microtransfer molding, micromolding in capillaries, and 

solvent-assisted micromolding (see Xia and Whitesides, 1998 for review).  
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The soft lithography process generally consists of two parts. First, the elastomeric elements are 

fabricated, and then, they are used to generate geometric features according to their relief structure.  

Microcontact printing, invented by George M. Whitesides at Harvard University, uses a high-resolution 

stamp as elastomeric element (Wilbur et al., 1994). This stamp is made with the help of a so-called 

‘master’ or ‘mold’. The mold itself can be fabricated by various techniques that are able to produce 

well-defined relief structures.  Photolithography techniques are commonly used to pattern a layer of 

photoresist on a Si wafer, similar to the fabrication of microchips in the semiconductor industry. The 

elastomeric stamps are finally generated by casting a light- or heat-curable pre-polymer such as 

polydimethylsiloxane (PDMS) against this mold.  

Besides the development of various lithography technologies or combinations of these, microcontact 

printing still represents a convenient, effective, and low-cost method for structuring biomolecules on 

various surfaces.  

 Applications of protein micropatterns to cell biology 1.2

Protein micropatterns are used for various applications. They are commonly used to control shape or 

adhesion geometries of cultured mammalian cells, in advanced forms also for tissue engineering (see 

Kane et al., 1999; Falconnet et al., 2006; Khademhosseini et al., 2006 for reference). Another typical 

application is the investigation of protein-protein interactions with bait-prey experiments 

(Schwarzenbacher et al., 2008; Weghuber et al., 2010; Lanzerstorfer et al., 2014; Löchte et al., 2014). 

I have transferred this concept to establish our own assay for the investigation of protein-protein 

interactions (see section 1.3 for more details).   
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 Generation of micropatterns by direct printing on glass surfaces 1.3

1.3.1 About chapter 1.3 

Chapter 1.3 is a published review paper that contains some original data. The experiments in this 

manuscript were designed by me and performed by myself or by my students as indicated. The 

manuscript was written by Sebastian Springer and me. 

The full citation of the paper is: 

Cindy Dirscherl and Sebastian Springer: Protein micropatterns printed on glass: Novel tools for 

protein-ligand binding assays in live cells. Eng. Life Sci. 18 (2018), 124-131; 

DOI: 10.1002/elsc.201700010.  

The paper is online at http://onlinelibrary.wiley.com/doi/10.1002/elsc.201700010/full. 

The figure numbers were changed to match the format of this thesis.  

1.3.2 Abstract 

Micrometer-sized patterns of proteins on glass or silica surfaces are in widespread use as protein arrays 

for probing with ligands or recombinant proteins. More recently, they have been used to capture the 

surface proteins of mammalian cells seeded onto them, and to arrange these surface proteins into 

pattern structures. Binding of small molecule ligands or of other proteins, transmembrane or 

intracellular, to these captured surface proteins can then be quantified. However, reproducible 

production of protein micropatterns on surfaces can be technically difficult. In this review, we outline the 

wide potential and the current practical uses of printed protein micropatterns in a historical overview, 

and we detail some potential pitfalls and difficulties from our own experience, as well as ways to 

circumvent them.  

1.3.3 Introduction: The production and use of protein patterns so far 

Patterned protein surfaces that interact with cell surface proteins were first developed for shaping and 

positioning cells (or parts of cells, such as neurites) with the aim of engineering tissues and specific 

microenvironments, for example to study the growth of cells in response to specific patterns and 

microstructures (Xu et al., 2013); for reviews see (Falconnet et al., 2006; Satav et al., 2015; Thery, 2010; 

Barthes et al., 2014). One convenient way to achieve this is a soft lithography method called 

http://onlinelibrary.wiley.com/doi/10.1002/elsc.201700010/full
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microcontact printing (Kane et al., 1999), in which a polydimethylsiloxane (PDMS) stamp is inked with 

the protein solution and then stamped onto the surface (for example, a glass coverslip). Recently, 

researchers have decreased the sizes of individual pattern elements (i.e., dots or squares) that can be 

printed to the lower micrometer to nanometer range. Such small pattern elements allow the 

redistribution of cell surface proteins, such as receptors, into the shape of the printed pattern: if the 

printed protein is an antibody that binds to the extracellular domain of the cell surface protein of 

interest, then cells can be seeded onto the glass slide that contains the pattern, and the surface protein 

will be captured by the printed antibody into the shape of the pattern (figure 1.3.3 A). This technique has 

allowed researchers to study cell adhesion and phagocytosis (Cavalcanti-Adam et al., 2006; Freeman et 

al., 2016), signaling (Mossman et al., 2005; Wu et al., 2004), cellular protein-protein interactions 

(Schwarzenbacher et al., 2008; Weghuber et al., 2010; Löchte et al., 2014; Wedeking et al., 2015), and 

protein-ligand interactions (Gandor et al., 2013; Dirscherl et al., 2017). The advantage of using printed 

protein patterns to measure protein interactions is that the cell surface protein is in its native 

environment and composition, and that the assay can be performed in the living cell. In this review, we 

focus on the use of printed protein patterns for single-cell applications, more specifically on proteins that 

are printed directly onto the glass surface. We take the perspective of the researcher with a background 

in cell biology who is entering this exciting field.  There are good reviews available about protein arrays 

for in vitro studies (Wilson and Nock, 2003; Weinrich et al., 2009; Korf, 2011; You and Piehler, 2016), so 

we do not include these. We mention, but do not review in detail, the significant recent developments in 

protein micropatterns that are generated by indirect immobilization or sophisticated attachment 

chemistry (Löchte et al., 2014; Waldbaur et al., 2012; Matic et al., 2013). 

  



1 Introduction 

 

5 

 

  

 

Figure 1.3.3: A, Schematic of a cell surface GFP fusion protein binding to a printed protein 

micropattern in a ligand binding assay . The peptide receptor H-2K
b
, a type I transmembrane 

major histocompatibi l i ty complex (MHC) class  I protein, is produced in epithelial cells with the 

green fluorescent protein (GFP; green) fused to its C terminus. The cells are seeded onto a glass 

surface that is printed with a micropattern of the monoclonal antibody (mAb) Y3, which recognizes 

H-2K
b
. Upon binding to Y3, the H-2K

b
-GFP proteins on the cell surface are recruited into the 

printed patterns. In the insert, two H-2K
b
-GFP proteins are shown binding their natural peptide 

l igand (red), here labeled with a fluorophore. B, A cell spreads out over several pattern 

elements to allow assessment of surface protein patterning . A pattern of mAb Y3 labeled with 

Alexa Fluor 647 (red; pattern element diameter 10 μm, interspace 15 μm) was printed onto a gl ass 

coverslide using a PDMS stamp. Vero (African green monkey kidney epithelial) cells expressing 

H-2K
b
-GFP (green) were then seeded onto this pattern and grown for 24 hours. In the phase 

contrast picture (right), the cell is outl ined in white, and the nuc leus is labeled with the letter n. 

Yellow arrows show the circular patterning of H-2K
b
-GFP by the antibody pattern, as depicted in 

A. The intracellular stain of H-2K
b
-GFP (overlaid with the blue letters ER) is in the endoplasmic 

reticulum. Bar, 25 μm. The technique is described in detail in (Dirscherl et al.,  2017). 
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1.3.4 The uses of protein patterns at the single cell level 

When proteins that were printed in a pattern onto a glass slide interact with a surface protein of a single 

cell, then the isotropic distribution of that surface protein is altered, and it becomes rearranged into the 

printed pattern. In contrast to proteins bound to supported lipid bilayers (Mossman et al., 2005), protein 

patterns have a defined distribution, and they do not allow the captured cell surface protein to diffuse 

further. Its rearrangement can thus be conveniently read out by microscopy in the fixed or even live cell 

(figure 1.3.3 B). Sometimes, the distribution of the surface protein is identical to that of the pattern, but 

sometimes, the protein is more concentrated on the edges of the pattern elements, as one would expect 

if proteins on the plasma membrane are freely diffusing and becoming mechanically trapped as they 

encounter the edges of the pattern elements and bind to the printed proteins 

(figure 1.3.3 B, yellow arrows). Consequently, single-cell experiments are especially well suited to detect 

interactions of the patterned protein with other proteins, or with ligands, for microscopic readout.  

One example for this are protein-ligand binding assays (Löchte et al., 2014), our own work being a recent 

example (Dirscherl et al., 2017). We print a monoclonal antibody called Y3 that binds to a cell surface 

peptide receptor of the adaptive immune system, a major histocompatibility complex (MHC) class I 

protein called H-2Kb. When cells that contain a green fluorescent protein (GFP) fusion of H-2Kb, 

H-2Kb-GFP, are seeded onto the glass slides with the Y3 patterns, then the H-2Kb-GFP protein is arranged 

on the cell surface in the shape of the pattern (figure 1.3.3). Binding of the peptide ligand can be 

assessed by labeling it with a fluorescent dye and adding the labeled peptide to the cells that are 

growing on the patterns. When the peptide ligand binds to its receptor H-2Kb-GFP, then the peptide 

fluorescence also becomes visible in the shape of the pattern, but not in the interspaces of the pattern 

elements (figure 1.3.4). We have shown that by competition with a fluorescently labeled index peptide, 

the binding affinity of any prospective ligand to H-2Kb-GFP can be measured (for details see (Dirscherl et 

al., 2017)). This competition assay principle might be applicable to other cell surface receptors whose 

ligands can be fluorescently labeled, and its special advantages are that the affinity measurement is done 

on the receptor in its natural condition and environment (e.g., with all of its subunits, auxiliary proteins, 

and the native lipid environment present).  
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Figure 1.3.4: Binding of the peptide ligand FL9-TAMRA to the MHC class I receptor H-2K
b
 

captured by printed antibody. A pattern of mAb Y3 was printed onto a glass coverslide with a 

PDMS stamp as in f igure 1.3.3, but this t ime, the antibody was not f luorescently labeled. STF1 

(human fibroblast) cells were then seeded onto this pattern and grown for 16 hours. Then, a 

specific peptide l igand binding to H-2K
b
 (the nonapeptide FAPK

TAMRA
NYPAL (FL9-TAMRA), 

labeled on the lysine side chain with the f luorescent dye TAMRA) was added (1 μM final 

concentration), and cells were incubated at 37°C for four hours. The cells were then washed 

with phosphate-buffered saline (PBS), f ixed, and imaged. STF1 cells stably expressing H -2K
b
 

without GFP (center panels) show only the red pattern of the peptide bound to the patterned 

H-2K
b
, while STF1 cells expressing H-2K

b
-GFP show in addition the green fluorescent patterns 

of the protein (right panels; this is the situation shown in the insert of the schematic in 

f igure 1.3.3 A. As a control, STF1 cells not expressing H-2K
b
 show no patterning of peptide or 

protein (left panels). Bar, 25 μm. The peptide binding assay is described in more detail in 

(Dirscherl et al., 2017).  
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Another advantage of optical ligand binding assays with printed antibody patterns is that conformation- 

or assembly-specific antibodies can be used to pattern particular assembly states or conformations of 

the receptor, and that ligand binding measurements are therefore conducted only on this form of the 

receptor and not on any of its other forms that are present in the same membrane at the same time. For 

example, in our example of the H-2Kb peptide receptor, the printed antibody Y3 only recognizes the 

heterodimeric form (heavy chain + light chain) of H-2Kb, but not for example the single heavy chain. This 

ensures that in the binding assay, only the heterodimeric contributes to the observed binding of the 

ligand. In principle, ligand association and dissociation kinetics can also be measured in such assays 

(Löchte et al., 2014).  

In addition to binding their ligands, cell surface proteins also interact with other proteins, which may also 

be membrane-bound, or else cytosolic and soluble. Several groups have used printed protein patterns to 

demonstrate interactions between cell surface proteins (which they call 'baits') and intracellular 

(cytoplasmic) non-membrane proteins ('preys') (Löchte et al., 2014; Gandor et al., 2013). In the simplest 

instance, which is technically a one-hybrid assay, the cell surface 'bait' protein (which is unmodified) is 

arranged by a printed antibody pattern to catch the intracellular 'prey' protein (which is fused to a 

fluorescent protein such as GFP). The arrangement of the intracellular 'prey' protein in the shape of the 

pattern is then observed by microscopy. Ideally, in live cells, one can even follow in real time the 

association and dissociation kinetics of the intracellular 'prey' protein (Weghuber et al., 2010), such as 

the recruitment of elements of the signal cascade to the plasma membrane in a kinetic study 

(Lanzerstorfer et al., 2014). Grinstein and collaborators have used this approach to investigate in an 

elegant study how the formation of the phagocytic cup is regulated (Freeman et al., 2016). It is also 

possible to lyse the cells and then follow the dissociation of the cytosolic 'prey' protein from the surface 

'bait' protein that is still attached to the antibody pattern (Wedeking et al., 2015). The assay might also 

be converted to a two-hybrid assay by printing antibodies against an universal epitope tag such as the 

hemagglutinin (HA) tag and fusing that tag to the extracellular domain of the cell surface 'bait' protein. 

Interactions of surface proteins with other surface proteins can be measured in the same way (Löchte et 

al., 2014). For example, if the question is asked whether two membrane proteins that are located in the 

plasma membrane of the same cell interact with each other ('in cis'), one protein is fused to the epitope 

tag (such as HA), and the other to GFP. Cells are transfected with both fusion (hybrid) proteins and 

seeded onto anti-HA patterns. Arrangement of the GFP-fused protein then demonstrates that it 

interacts, in the natural membrane environment of the live cell, with the HA tagged protein (Weghuber 

et al., 2010).  
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1.3.5 Technical implementations: Challenges and the way ahead 

In the following, we would like to point out some important technical issues in the implementation of 

assay systems based on protein patterns, focusing especially on those that we have encountered during 

recent work with single-cell investigations (Dirscherl et al., 2017), with the aim of perhaps making others, 

who wish to enter this exciting field, aware of potential problems and how to avoid them.  

1.3.5.1 Attaching proteins to the surface 

The simplest way of attaching proteins to a glass surface is to directly print them. A PDMS stamp is inked 

with the protein solution (usually in phosphate-buffered saline, PBS) and lowered gently onto the glass 

surface, or else the stamp is laid down with the inked side up, and the coverslip is laid onto it. After some 

minutes, the contact is broken (and the stamp discarded), the glass surface is washed, and the printed 

protein pattern is used further. The presence and patterning of the printed proteins can be assessed by 

scanning force microscopy (LaGraff and Chu-LaGraff, 2006), by fluorescence microscopy (after additional 

antibody labeling), or by gold labeling and electron microscopy (Dirscherl et al., 2017). The native 

character of the printed protein then needs to be shown through its functionality. Printed antibodies, for 

example, should be tested for binding to their antigen. Indeed, it was shown by Graber and collaborators 

that many antibodies can be printed directly, in this way, onto untreated glass coverslips without loss of 

specificity of binding (LaGraff and Chu-LaGraff, 2006; St John et al., 1998; David J. Graber et al., 2003).  

It is not entirely clear what holds proteins on glass surfaces, though it is fair to speculate that the 

'adsorption forces' are a mixture of ionic interactions and hydrogen bonds, depending on the surface and 

the protein (Messing, 1975). We have found that patterns of antibodies that are printed directly onto 

untreated glass with PDMS stamps are resistant to wash-off (figure 1.3.5.1) 
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Unfortunately, we as well as others have encountered problems with this direct printing method, such 

that some printed proteins were present on the glass but nonfunctional. For example, we have 

reproducibly obtained patterns of the MHC class I-specific monoclonal antibody (mAb) Y3 in its 

functional form (Dirscherl et al., 2017) (as judged by its ability to bind MHC class I in the overlaying cell), 

but this was not achieved for the antibody 25.D1.16 (Dirscherl, unpublished). The most likely reason for 

this is that when the protein is bound directly to the glass surface, the surface-protein adsorption forces 

lead to the denaturation (unfolding) and subsequent loss of function of the protein. Whether this will 

occur with a given protein, or not, is currently impossible to predict. Another possibility is that an 

epitope in the protein antigen that is accessibe to the soluble antibody might not be accessible to the 

immobilized one, for sterical reasons.  

Simple treatments of the glass surface, such as cleaning with ethanol or acid (e.g., 'piranha' solution of 

sulfuric acid and hydrogen peroxide), are sometimes used to generate a uniform and defined glass 

surface for printing proteins. In reports from the literature (Seu et al., 2007) and in our own experience, 

acid treatments alter the glass surface to decrease, or to increase, protein denaturation, depending 

again on the type of protein. The same may be said for plasma cleaning (Liston, 1989). Thus, even though 

the surface treatments presumably generate reproducible surface conditions, a given treatment may or 

may not work for the protein of interest. In our experience, since fabrication-fresh coverslips are usually 

fat- and dust-free, pre-treatments are not generally necessary.  

 

Figure 1.3.5.1: Directly printed antibody patterns are stable over time. PDMS stamps were 

inked with mAb Y3-AF647 in PBS for 15 min and printed onto untreated glass coverslips for  10 

min. Patterns were washed and incubated in PBS for the times indicated, then imaged by  

cLSM. Bar, 50 μm. 
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In addition to the danger of protein denaturation, direct printing of proteins onto glass has the 

theoretical disadvantage that the protein is printed in a random orientation, which may obscure its 

binding site for the cellular interaction partner. Whether this actually poses a problem has, to our 

knowledge, never been systematically investigated. One possible solution to both issues, denaturation 

and random orientation, is the directed attachment of the proteins of interest to other proteins that are 

themselves adsorbed to the glass ('anchor proteins'). For example, antibodies may be printed as anchor 

proteins, which then hold the protein of interest. Or, secondary antibodies may be printed, which then 

hold the antibody of interest that should interact with the cellular surface protein. Other possible anchor 

proteins for antibodies are the S. aureus protein A or the Streptococcus protein G, both of which bind the 

Fc regions of antibodies with high affinity. It is obvious that this strategy depends on being able to print 

the anchor proteins themselves in a functional state; for us, direct printing of protein A or G onto glass 

has been fraught with difficulties. Still, this path is worth pursuing in the future, since indirectly coupled 

antibodies might be less randomly oriented and better positioned for binding to their ligands. 

In addition to printing proteins directly onto glass, and to attaching them to anchor proteins, more 

elaborate systems that use the very tight biotin-streptavidin interaction have been developed. Printing 

of streptavidin as an anchor protein (Iversen et al., 2008) allows the attachment of proteins that are 

biotinylated in vitro (using a biotinylating enzyme) or in vivo. Since streptavidin has several binding sites 

for biotin, it can itself be used in a sandwich mode: biotin is attached to the glass surface, streptavidin is 

bound to the immobilized biotin, and then biotinylated proteins are bound to the free binding sites of 

streptavidin, resulting in a directed-attachment protein pattern. The patterned attachment of biotin to 

the glass is not trivial, but several ingenious ways have been developed: Rapp and collaborators have 

used projection lithography to create biotin patterns by light-triggered covalent coupling of 

biotin-fluorescein to BSA-coated glass surfaces (Waldbaur et al., 2012). Proteins can also be indirectly 

attached to the glass via nucleic acids; this allows multiplexing (Gandor et al., 2013; Kumar et al., 2016) 

or the creation of nanometer-sized patterns on DNA origami structures.   
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1.3.5.2 Differentiating between pattern elements and interspaces 

A related issue is the differentiation between pattern elements and interspaces, that is, to make sure 

that the interspaces are free of protein and do not present a highly adhesive surface in the assay. In 

protein arrays that are subsequently incubated with other proteins (for example, for interaction studies), 

this is a serious problem that must be overcome by blocking the interspaces. For single-cell experiments 

with directly printed protein patterns, untreated interspaces may be less of a problem if the cell culture 

medium (as usually) contains 5-10% fetal bovine serum (FBS), which may accomplish the blocking 

without the need for further steps. But if the protein pattern is built up in several steps, for example by 

printing protein A and then binding an antibody to it (see above), then blocking of the interspaces is a 

necessity. Popular blocking (or 'passivation') reagents are grafted polyethylene glycol, block copolymers, 

and bovine serum albumin (Falconnet et al., 2006).  

An interesting alternative approach that at the same time patterns the protein of interest and blocks the 

interspaces has been developed by Schütz, Weghuber and collaborators (Weghuber et al., 2010; 

Lanzerstorfer et al., 2014). In one example (Lanzerstorfer et al., 2014), they use commercially available 

streptavidin-coated glass slides and print the interspaces of the pattern elements with BSA-Cy5-biotin, 

blocking them from further interaction. The protein to be patterned, a biotinylated antibody, is then 

simply added to the prepared slides and binds to the pattern elements only, since the interspaces are 

blocked.  

Another 'negative patterning' technique (i.e., that first derivatizes the interspaces and then the pattern 

elements, (Falconnet et al., 2006) that does not use printing at all was described by Piehler and 

collaborators (Löchte et al., 2014). They uniformly coat the glass slide with a maleimide-functionalized 

polymer and then attach integrin-binding arginine-glycine-aspartate (RGD) peptides to the interspaces 

only by a photolithographic reaction. The remaining maleimide groups, which are only in the pattern 

elements, are then used to attach a HaloTag ligand (Los and Wood, 2007). The resulting patterns of 

HaloTag ligand are used to pattern cell surface receptors that are fused to the HaloTag sequence.   
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1.3.5.3 Binding of cells to the pattern elements 

In single-cell experiments, the printed proteins usually interact with a component of the cell membrane 

(usually also a protein), arranging it into a pattern of similar shape (see above) (Dirscherl et al., 2017). For 

this to occur, it must be ensured that the cells spread evenly over the pattern, covering the pattern 

elements and the interspaces (the areas between the pattern elements) alike. To a cell, however, the 

pattern element, rich in printed protein, and the interspace, with a glass surface or a different coating on 

it, may provide very different attachment opportunities. We have seen cells clinging preferentially to the 

pattern elements or to the interspaces (figure 1.3.5.3 A). The different cell densities achieved on 

different pattern scales in a competitive setting suggested to us that cells may especially preferentially 

adhere to substrates with alternating surface structure of a certain scale (figure 1.3.5.3 B), as observed 

by others (Bettinger et al., 2009; Nikkhah et al., 2012; Nguyen et al., 2016). These properties varied from 

one cell line to the other, and with the growth state of the cells, and it is likely that with primary cells, 

such preferential adhesion will be a major problem. Here again, special treatment (passivation) of the 

interspaces with an agent that is cell-compatible without encouraging too tight binding, for example with 

polylysine-polyethylene glycol (PLL-PEG), may be helpful (Liu et al., 2009).  
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Figure 1.3.5.3 A: Cells may prefer pattern elements or interspaces, or spread across both. 

Patterns of mAb Y3 stained with fluorescent secondary antibody (left) and seeded with HeLa wt 

cells for 60 hours (right). Widths of pattern elements and of interspaces (in ital ics) are 

indicated. 
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To make sure that cells spread out evenly over the pattern, both elements and interspaces must have an 

appropriate size and shape, such that they are too small for cells to exclusively occupy. We have found it 

most convenient to use 10 µm dots or squares as pattern elements and interspaces of 5 µm (or wider) 

between the dots (figure 1.3.3). This fits with the pattern element sizes between 3 and 10 µm given in 

the literature for similar approaches (Löchte et al., 2014; Gandor et al., 2013; Sunzenauer et al., 2013). 

For even spreading, treatment of the interspaces with a protein (e.g., BSA) or other coating (see 3.2.) 

may also be necessary.  

 

The other important concern in single-cell experiments with protein patterns is that the cell membrane is 

not deformed above the pattern elements. For example, tight binding of non-specific cell surface 

adhesion proteins to the patterned protein might hold the cell membrane very close to the glass surface 

right over the pattern elements, whereas in between, the cell membrane might arch upwards because 

the repulsion between the charges on the plasma membrane and whatever is used to passivate the 

interspaces, or because of the natural urge of the cell to move or to undulate its plasma membrane. In 

such cases, the plasma membrane will acquire pattern-shaped protuberances that are closer to the glass 

surface than the remainder of the cell surface, and thus in a different focal plane in the confocal laser 

scanning microscope (cLSM), or more prominent in total internal reflection fluorescence (TIRF) 

microscopy. This might mislead the investigator to believe that an accumulation of the protein of 

interest has occurred over the pattern elements through specific interaction, when in reality, the protein 

is still evenly distributed on the plasma membrane. It is therefore very important to use negative 

controls such as test proteins that are not bound by the printed protein, and printed proteins that do not 

 

Figure 1.3.5.3 B: Cells may prefer structured over unstructured areas ,  and some pattern 

sizes over others . The same experiment as in Figure 5, larger area shown. Bar,  50 μm .  
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bind to the test protein of interest. We think that it is essential to show that such plasma membrane 

deformations do not occur (Dirscherl et al., 2017), for example by staining with rhodamine phalloidin 

(which binds to the cortical actin cytoskeleton), anti-actin antibody, wheat germ agglutinin, which binds 

to the protein- and lipid-linked glycans of the plasma membrane, or perhaps a fluorescent lipid that is 

inserted into the membrane. 

1.3.5.4 Readout of cell-based assays 

In all publications known to us, readout of single-cell experiments with protein patterns is by cLSM or 

TIRF microscopy. The intracellular portion of the protein of interest is fused to a fluorescent domain 

(most frequently the green fluorescent protein, GFP), and in the experiment, the arrangement of the GFP 

into the printed pattern is followed. In principle, such patterning may be followed in live cells, such that 

changes can be observed over time; in this case, special care must be taken to avoid the bleaching of the 

fluorescent protein domains, which easily occurs. 

An alternative detection method is the staining of the protein of interest with antibodies, and 

subsequent detection by immunofluorescence microscopy. In our experience, the gap between the glass 

surface and the cell is very narrow, and antibodies (molecular weight (MW) 155 000) do not easily 

penetrate into it, and cells must be permeabilized or lysed before proteins of interest can be stained. In 

our experiments, the glass-cell gap did admit fluorescently labeled nonapeptides (MW 1200).  

Any serious use of single-cell experiments with protein patterns, such as in cis interaction assays or 

ligand screening in a high throughput format, will require quantification of the microscopic readout. This 

is not trivial, since intracellular background signals can occur. For example, our model protein H-2Kb-GFP 

is present to only about 50% at the cell surface, whereas the remainder is in the endoplasmic reticulum 

(ER). This ER background is visible in addition to the surface-patterned protein in our experiments, which 

are done with cLSM (figure 1.3.3 B, label e). Thus, simply integrating over one pattern element and 

comparing to an interspace area of similar size (similar to what one would do when, for example, 

quantifying a band in a protein gel) does not yield reproducible results. Instead, the information from 

many pattern elements must be processed. We have found it most convenient to compare the spatial 

distribution of the pattern elements (i.e., the fluorescence of the printed protein) and the protein of 

interest by means of the Pearson coefficient (Dirscherl et al., 2017) (Bolte and Cordelières, 2006). To this 

end, it is best if the printed antibody is directly covalently labeled with a fluorescent dye (figure 1.3.3 A); 

this can easily be achieved with N-hydroxysuccinimide (NHS) chemistry. Pearson coefficient analysis has 
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the added advantage that it can be standardized between experiments and even be automated for high-

throughput analysis. Alternatively to this analysis, TIRF images may, if the cell type is right and the ER is 

sufficiently far above the plasma membrane, avoid the background signal altogether.  

1.3.6 Conclusion 

Single-cell experiments with protein patterns are useful for basic research, assay, and screening 

applications. Their special advantage is that the cell surface proteins that are investigated are in their 

native protein and lipid environment, and as such, they might be a significant extension to conventional 

printed protein arrays that are probed not with cells but with ligands or recombinant proteins, with 

exciting future development opportunities. 

1.3.7 Materials and Methods 

Patterns of antibodies on glass surfaces were produced, incubated with cells, and evaluated by 

microscopy as described (Dirscherl et al., 2017). The same publication also lists the cell lines, antibodies, 

and reagents.  

For the experiment in figure 1.3.3, patterns of fluorescently labeled mAb Y3 (Y3-AF647) were PDMS-

printed for 15 min on glass coverslips. Then, Vero cells stably transduced with H-2Kb-GFP were seeded on 

the Y3 patterns, incubated at 37 °C for 24 hours, fixed, and imaged by confocal laser scanning 

microscopy (cLSM). 

For the experiment in figure 1.3.4, patterns of mAb Y3 were PDMS-printed for 15 min on glass coverslips. 

STF1 wt cells, either untransduced or stably transduced with H-2Kb-GFP, were seeded on the Y3 patterns 

and incubated at 37 °C until they adhered, then shifted to 25 °C and incubated overnight. The next day, 

fluorescently labeled peptide-ligand (1 µM FL9-TAMRA) was added and cells were incubated at 37 °C for 

4 hours, washed with PBS, fixed, and imaged with cLSM. 

For the experiment in figure 1.3.5.1, fluorescently labeled mY3 (AF647) was printed for 10 min and the 

protein pattern was then incubated in PBS for 2 min or 48 hrs at 4 °C, then rinsed with PBS and imaged 

by cLSM.  

For the experiment in figures 1.3.5.3 A and 1.3.5.3 B, patterns of mAb Y3 were PDMS-printed for 60 min 

on plasma-cleaned glass coverslips, the interspaces were blocked with 5% milk for 30 min, and the 

patterns were stained for 60 min with goat anti-mouse antibody conjugated with Alexa Fluor 488 (gαm-
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AF488). Then, HeLa wt cells were seeded on the Y3/gαm-AF488 patterns and incubated at 37 °C for 60 

hours and imaged with cLSM. 
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 MHC class I molecules  1.4

1.4.1 MHC class I and its role in the immune response 

The gene cluster called the major histocompatibility complex (MHC) is located on chromosome 6 in 

humans and chromosome 17 in mice. The genes encoding the α chain of the MHC class I proteins (also 

called MHC class I molecules) are found in this complex. In humans, there are three main gene loci called 

human leukocyte antigen (HLA), and the encoded proteins are thus termed HLA-A, HLA-B, and HLA-C. In 

mice, these loci are referred to as the Histocompatibility-2 (H-2) genes H-2K, H-2D, and H-2L. Each of 

these genes encodes the α chain of the respective MHC class I protein; since the expression is 

co-dominant, human and mouse cells produce up to six different allotypes of the MHC class I heavy 

chain. The light chain beta-2 microglobulin (β2m) of the MHC class I protein is encoded by another gene 

outside the MHC on a different chromosome (chromosome 15 in humans and chromosome 2 in mice). 

Both chains associate non-covalently to form the MHC class I protein.  

MHC class I molecules are expressed on the surface of all nucleated cells in mammalian organisms and 

are part of the  cell-mediated adaptive immune system, where they play a central role in the immune 

response against intracellular parasites, viruses, and tumors. They bind peptides in the cell interior and 

carry them to the plasma membrane. At the cell surface, the MHC class I-peptide complex is bound by 

the T cell receptor (TCR) of CD8+ cells, which is similar in shape and variability to the Fab region of an 

antibody. Since all those T cells that recognize self-peptides bound to MHC class I are eliminated in the 

thymus, the binding of the TCR to the peptide-MHC complex signifies the presence of a non-self protein 

antigen inside the cell. The antigen-presenting cells that are thus recognized are eliminated by the 

initiation of apoptosis.  

The MHC class I genes are the genes with the highest degree of polymorphism in mammals. In humans, 

an individual allele (gene) or allotype (the protein derived from it) is characterized by a four-digit 

number, such as HLA*02:01. In mice, alleles are labeled with superscript indices (such as H-2Db or H-2Kb). 

MHC class I polymorphism has a major effect on antigen recognition by T cells; it lies primarily in the 

peptide-binding groove and determines which kinds of peptides an allele can bind. Allelic variation of 

MHC class I molecules thus extends the range of peptides that can be presented to T cells in a population 

and limits the spread of infections.  
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1.4.2 Structure and folding of MHC class I molecules 

MHC class I molecules consist of the MHC α chain – also termed MHC class I heavy chain or simply 

heavy chain – and the non-covalently bound light chain, called β2m. The folded heavy chain consists of 

three genetically defined domains, the 1, 2, and 3 domains (see figure 1.4.2 for reference). In the 

folded protein, the 1 and 2 domains together form a single structural unit, a binding groove for 

peptides that consists of an eight-stranded beta sheet topped by two alpha helices. This structural unit is 

often called the α1/α2 superdomain. The α3 domain of the heavy chain, and the β2m light chain that binds 

to it, both adopt conventional IgC folds. Newly synthesized MHC class I heavy chains are cotranslationally 

inserted into the ER and, after folding, bind β2m. The MHC class I heterodimer thus formed then binds to 

the peptide-loading complex (PLC). The PLC functions as a quality control system to keep the MHC class I 

heterodimer in a peptide-receptive state to allow for the scanning of optimal peptides (see (Van Hateren 

et al., 2010) for review). The antigenic peptides are generally derived from proteins in the cytosol of the 

infected cell, and they are then actively transported into the lumen of the ER by the TAP (transporter 

associated with antigen processing). The stable binding of peptide finally releases the 

MHC class I-peptide complex from the PLC; it is then transported to the cell surface to fulfill its function.  
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Figure 1.4.2: Crystal structure of the luminal domain of MHC class I complex and the 

peptide binding groove .  H-2K
b
 bound to the FAPGNYPAL peptide. Upper panel , peptide 

binding groove (α1 and α2  domains) and the α3 domain of the heavy chain are shown in grey, 

and the l ight chain β2m is shown in green. Lower panel, top view of  the peptide binding 

groove (α1 and α2 domains) and the beta sheet. Figures courtesy of Esam Tolba  Abualrous. 
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1.4.3 Peptide binding 

Stable peptide binding is important to generate a peptide-MHC class I complex whose peptide cannot be 

exchanged at the cell surface to prevent binding of exogenous peptides that would falsely initiate the 

elimination of uninfected cells (bystander killing). 

The MHC class I peptide binding groove is closed at both ends, and thus only peptides with a length of 

eight to ten amino acids can bind. The bound peptide is held by hydrogen bond networks at both the 

amino and carboxy terminus (Bouvier and Wiley, 1994). Anchor residues at specific positions in the 

peptide sequence bind into pockets at the bottom of the peptide binding groove and thus stabilize the 

complex further.  

Each MHC class I allotype carries specific residues around the binding pockets of the peptide binding 

groove such that it binds a set of allotype-specific peptides with the corresponding anchor residues 

(Madden, 1995). To determine the sequence motif of peptides that bind to a particular class I allotype, 

peptides are eluted from purified MHC class I complexes by acid denaturation and analyzed by mass 

spectrometry to identify their polypeptide sequence (Bassani-Sternberg and Coukos, 2016). Synthetic 

peptides can then be produced and used for analysis of MHC class I molecules. Table 1.4.3.1 lists the 

high-affinity peptides for the murine allotypes Kb and Db that were used in this project. For control 

experiments, peptides specific for human MHC class I allotypes were used. The indicated fluorophores 

were always attached to the side chains of the peptide at positions that do not interfere with peptide 

binding as determined from the crystal structures of the MHC class I-peptide complexes.  

1.4.3.1 MHC class I peptide exchange 

In his PhD project, Sunil Kumar Saini of the Springer group investigated the peptide binding properties of 

peptides to MHC class I and discovered that one can use small molecules such as dipeptides to modulate 

the binding properties. It was then shown that it is possible to fold MHC class I proteins in vitro with 

small molecules to bring them into, and keep them in, a folded and peptide-receptive state (Saini, 2014).  

Besides folding, dipeptides can be used to catalyze peptide exchange on recombinant proteins as well as 

on the surface of living cells (Saini et al., 2015, 2013b). A proposed mechanism for this 

dipeptide-mediated peptide exchange suggests that the dipeptides interact with the F pocket of the 

peptide binding groove (which usually binds the side chain of the carboxy-terminal amino acid of the full-

length peptide) and thus increase the dissociation rate of the leaving peptide (Saini et al., 2015). This 

exchange technology has broad use in diagnostic applications, where it allows for the rapid generation of 
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MHC class I proteins loaded with any peptide of interest; such recombinant peptide-MHC complexes are 

used in MHC multimers (such as tetramers, dextramers, streptamers, etc.) for the staining of patient T 

cells in immunotherapy approaches (Bentzen and Hadrup, 2017). 

According to the peptide binding specificities of individual MHC class I allotypes, specific dipeptides need 

to be tested and identified for each allotype. In the case of Kb, the dipeptide glycyl-cyclohexylalanine 

(GCha) gave the best results for peptide exchange (see table 1.4.3.1).  

Table 1.4.3.1 : MHC class I-specific peptide ligands . Peptide sequences are in the single letter 

amino acid code. The fluorophores (brackets) are attached to the lysine residues of the peptides to 

not interfere with peptide binding. Allotype specificit ies and origin of peptides as indicated.  

 
Abbreviation Amino acid sequence MHC class I 

allotypes 
Source of peptide 

Full-length peptides 

1 SL8 SIINFEKL Kb 
Ovalbumin (257-264) 

2 SL8TAMRA SIINFEK(TAMRA)L Kb 

3 FL9 FAPGNYPAL Kb, Db 

Sendai virus (324-332) 4 FL9TAMRA FAPK(TAMRA)NYPAL Kb, Db 

5 FL9Dy633 FAPK(Dy633)NYPAL Kb, Db 

6 NV9 NLVPMVATV HLA-A2 HCMV (protein pp65) 

Dipeptides 

7 GCha Glycyl-cyclohexylalanine Kb - 

1.4.4 Forms and stability of MHC class I molecules at the cell surface 

Peptide binding is an essential step in the assembly of a stable MHC class I complex. In TAP mutant cells, 

where the supply of peptides into the endoplasmic reticulum (ER) is disrupted, newly synthesized 

MHC class I proteins are held in the ER in a partly folded state with low-affinity peptides or without 

ligands at all (Townsend et al., 1989). This explains why TAP1/TAP2 mutant cells (such as the STF1 cells 

used in our studies) fail to express MHC class I at the cell surface.  

As described above, different forms of MHC class I exist, namely the peptide-bound trimer, the empty 

dimer of heavy chain and β2m, and the free heavy chain. These forms have been investigated in previous 
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studies, and it was shown that they have different stabilities and lifetimes at the cell surface. The 

trimeric complex, consisting of the heavy chain, β2m and the peptide, is read out by cytotoxic T cells and 

represents the most stable form of MHC class I proteins. When the peptide dissociates from this 

complex, the 'empty' dimer of heavy chain and 2m remains. Since binding of peptide and β2m is 

cooperative, the dimer generally starts to disintegrate once the peptide has dissociated; the β2m is 

released into the environment of the cell as a soluble protein, and the 'free' heavy chain is removed from 

the cell surface, trafficked to the lysosomes, and destroyed there by proteolysis (Montealegre et al., 

2015). This agrees with the observation that the loss of peptide quickly leads to the unfolding of the 

peptide binding site (Zacharias and Springer, 2004). Other studies have claimed that free heavy chains 

are permanently present at the cell surface at least in some disease states (Tsai et al., 2002). 

1.4.5 STF1 cells, TAP deficiency, and class I stability 

After a few trial experiments with Vero and HeLa cells, I decided to use STF1 cells for my cell 

experiments. STF1 cells are human fibroblasts isolated from a patient that lacked the TAP2 transporter; 

STF1 cells are thus unable to import peptides into the ER and consequently cannot load MHC class I with 

cytosol-derived peptides. Since ER proteolysis is generally unable to break up proteins into peptides, this 

leaves very few peptides as potential class I ligands, most of them derived from signal peptides via the 

signal peptidase. In STF1 cells, like in other TAP-deficient cells such as RMA-S (Townsend et al., 1989), 

mostly unstable dimers and trimers with low-affinity peptides are therefore found at the plasma 

membrane (Hein and Springer, 2018). Their steady-state amounts are low because the 2m dissociates 

from empty dimers, and the free heavy chains are efficiently endocytosed and degraded (see section 

5.1). 

To obtain larger amounts of class I molecules at the surface of TAP-deficient cells, one can make 

experimental use of the 25 °C effect. Incubation of murine TAP-deficient cells at 25 °C leads to a 

remarkable increase of empty MHC class I dimers at the surface at steady state (Ljunggren et al., 1990). 

This is because the binding affinity of β2m to the heavy chain is strongly temperature-dependent; at 

25 °C, β2m binds more tightly. For endocytic removal from the cell surface, dissociation of β2m is 

required, and so the empty dimers do not dissociate at 25 °C and thus do not disappear from the cell 

surface, resulting in an increase in their steady-state levels (Montealegre et al., 2015). If cells are 

afterwards shifted to 37°C, the accumulated dimers dissociate, and the resulting free heavy chains are 

rapidly removed from the cell surface (Montealegre et al., 2015). One can use this 25 °C effect to 
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accumulate empty dimers at the cell surface and to then load them with exogenously added peptides 

(Montealegre et al., 2015).   

An alternative way to stabilize empty MHC class I proteins at the cell surface is to use MHC class I 

disulfide mutants, where the F-pocket is stabilized by a disulfide bond between residues 84 and 139. This 

mutation mimics the peptide-bound state of class I, and these disulfide-stabilized class I molecules thus 

have a very long half-life as empty dimers at the cell surface (Hein et al., 2014; Hein and Springer, 2018). 

1.4.6 Interactions of MHC class I in trans 

Direct cell-cell communication is generally achieved through the interaction of cell surface receptors with 

ligands on other cells. The interaction of peptide-MHC class I complexes (pMHCs) of antigen presenting 

cells with the TCR of T cells is one example of such an in trans interaction (Garcia et al., 1996). Excitingly, 

MHC class I does not exclusively interact with TCRs. The additional in trans interactions of MHC class I are 

often very specific and are only found in particular cells or tissues. Additionally, there are often 

differences between human and murine MHC class I. Due to the complexity, I will give an overview with 

selected examples of alternative in trans interactions of MHC class I that were identified with references 

to review articles, rather than a complete list. 

1.4.6.1 MHC class I-T cell receptor interaction 

Cytotoxic T cells (or simply T cells) carry out the adaptive immune response. The T cell receptors (TCRs) 

recognize antigens (peptides) of eight to ten amino acids that are presented on MHC class I at the cell 

surface. The interaction between TCR and pMHC is highly specific and well-investigated (Townsend et al., 

1985; Bodmer et al., 1989). Upon successful binding of the TCR (and CD8) to the pMHC, an 

immunological synapse is formed (which involves many pMHC-TCR complexes as well as additional 

adhesion proteins) that initiates a signaling event inside the T cell. Depending on the developmental 

stage of the T cell, this signal may lead to differentiation and/or survival of the T cell, or to the killing of 

the presenting cell by induced apoptosis (Huppa and Davis, 2003).  

The affinity of a single TCR to a single pMHC is rather low, in the micromolar range (Matsui et al., 1991). 

In order to form the required tight interaction between a T cell and the antigen presenting cell, the 

immunological synapse relies on many protein-protein interactions (avidity effect). For diagnostic 

purposes, the low-affinity limitation was overcome by the development of tetrameric (or otherwise 
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multimeric) pMHC complexes (MHC I tetramers or multimers in short) that are used to stain T cells (see 

section 1.4.6.2) 

Immunological synapse formation and the involved proteins have been studied intensely over the past 

20 years and are reasonably well understood (Bromley et al., 2001; Huppa and Davis, 2003). The detailed 

mechanism of T cell activation and signaling is still being investigated. One current finding describes the 

requirement of a catch-bond interaction between pMHC and TCR initiate signaling (Das et al., 2015; Kim 

et al., 2009).  

For signal transmission into the cell, simple binding of the pMHC to the TCR is not sufficient, but the top 

domains of the TCR must be tilted or bent by the pMHC ligand. The required bending force can be 

achieved by the movement of the T cell relative to the antigen presenting cell, or by the centripetal 

transport of TCR complexes by actin flow in the T cell (Yu et al., 2010). Interestingly, only high affinity 

agonist peptide can deform the TCR, whereas peptides with low affinities dissociate from the TCR when 

force is applied (Das et al., 2015). 

1.4.6.2 MHC class I tetramers 

Due to the low affinity of single pMHC-TCR interactions, multimers such as tetramers or dextramers are 

used for the staining of T cells. For the diagnostic screening of T cells, commercially available MHC class I 

tetramers are used. Although they are common, their production remains complicated, slow, and 

cost-intensive. To generate MHC class I tetramers, recombinant MHC class I molecules are folded in vitro. 

They are then biotinylated and loaded onto streptavidin to form a tetrameric complex (Altman et al., 

1996). Recombinant MHC class I proteins only fold in the presence of peptide. In order to load the MHC 

class I tetramers with the peptide of interest, they are usually first folded with a UV-cleavable peptide in 

the folding reaction, which is then replaced by UV irradiation. During UV exposure, the folding peptide is 

specifically cleaved and dissociates from the folded MHC class I, such that an incoming peptide can bind 

(Rodenko et al., 2006). Although there are improvements in the MHC class I tetramer production such as 

‘one pot reactions’ (Leisner et al., 2008), the process remains technically demanding, and for some 

allotypes such as HLA-B*44:02, HLA-B*27:05, and H-2Ld, in vitro folding is still not possible at all, or with 

all peptides (S. Springer, pers. commun.). 
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1.4.6.3 Insulin receptor in neurons 

Despite their prominent role in the immune system, MHC class I proteins have also non-immunological 

functions in specialized tissues such as the nervous system (Shatz, 2009). One example is a novel 

MHC class I signaling pathway detected in neurons of the hippocampus, where MHC class I inhibits 

insulin receptor signaling (Dixon-Salazar et al., 2014). While glucose uptake in neurons is independent of 

insulin receptors (Tomlinson and Gardiner, 2008), synapse density is regulated by insulin signaling. 

Interestingly, MHC class I was found to interact with the insulin receptors and to specifically inhibit 

insulin signaling. Co-immunoprecipitation experiments from hippocampal lysates suggested an 

interaction between MHC class I and the insulin receptor. Further experimentation then led to a model 

mechanism where MHC class I unmasks a cytoplasmic epitope of the insulin receptor, thus changing 

phosphorylation patterns (Dixon-Salazar et al., 2014). This interaction correlates with the observation 

that changes in MHC class I expression in the aging and diseased brain regulate neuronal insulin 

sensitivity. However, the underlying molecular mechanism that mediates this interaction was not 

completely elucidated. Several models were proposed that include as well in trans as in cis interactions 

of both proteins.    
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1.4.7 Known in cis interactions of MHC class I 

While some researchers have identified alternative ligands for MHC class I in trans (see section 1.4.6), 

others have discovered that MHC class I can also interact with proteins of the same cell on the plasma 

membrane. Several interaction partners involved in these in cis interactions have been identified for 

human and murine MHC class I, which will be briefly introduced in the following. Excitingly, homotypic 

in cis interactions (i.e., interactions between one MHC class I protein and another MHC class I protein) 

were also suggested by the investigations of other researchers, although their hypotheses often lacked 

clear experimental evidence. In the following paragraph, I give a brief overview about what is known 

about homo- and heterotypic MHC class I in cis interactions.  

1.4.7.1 Homotypic in cis interactions of human MHC class I 

Matko and Edidin detected homotypic in cis interactions by fluorescence resonance energy transfer 

(FRET) (Matko et al., 1994). They used fluorescent antibodies to label MHC class I to perform FRET 

measurements. Their experiments showed that the HLA-A cluster formation correlates with the presence 

of the HC-10 epitope at the cell surface. The HC-10 antibody binds specifically HLA-A and –B 

free heavy chains (see section 1.5 for antibody reference), indicating the involvement of free heavy 

chains in the cluster formation. This hypothesis was strengthened by their observation that the addition 

of exogenous β2m reversed the cluster formation (Matko et al., 1994). Interestingly, the HC-10 signal was 

not influenced by the addition of β2m. In agreement with these observations, the authors concluded that 

the HLA-A clusters consist of a mix of MHC class I trimers and free heavy chains. Later investigations of 

HLA-A cluster formations in B cells have also implicated free heavy chains and MHC class I trimers 

(Bodnár et al., 2003). 

1.4.7.2 Homotypic in cis interactions of murine MHC class I 

Zuñiga and coworkers performed co-immunoprecipation experiments with conformation-dependent 

antibodies and showed that dimers and trimers of the murine allotype Ld exist (Capps et al., 1993). 

Through the intelligent choice of anti-MHC class I and anti-β2m antibodies, they were able to identify 

free MHC class I heavy chains as the specific components of the detected dimers. For further analysis, 

they compared reducing and non-reducing SDS electrophoresis and demonstrated that the dimers can 

be reduced to monomers. This observation led them to suggest that the conserved cysteines in the 

cytoplasmic tail of the investigated MHC class I allotypes form disulfide bonds that lead to their 
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dimerization (though this does not explain the formation of trimeric complexes). Although they propose 

a functional role for the detected clusters, they did not formally show this in their work.  

Also, they were not able to conclude where the dimers are formed in the cells. They 

co-immunoprecipitated from whole cell lysates, and it cannot even be excluded that the observed 

dimers are formed post lysis.  

1.4.7.3 Heterotypic in cis interactions of murine MHC class I 

Similar to the FRET measurements of human MHC class I (see section 1.4.7.1), Liegler and coworkers 

performed analogous experiments for murine H-2 allotypes by staining with different anti-MHC class I 

antibodies. According to their results, H-2 molecules exist only as monomers on the cell surface of 

NIH3T3 cells. Interestingly, heterotypic in cis interactions were detected between H-2K and H-2D 

molecules and the insulin receptor (Liegler et al., 1991). The researchers used the 

conformation-independent anti-H-2K antibody 28.12.8 (see section 1.5 for antibody reference) for their 

experiments. Therefore one can only speculate about which MHC class I form (trimer or free heavy 

chain) is responsible for the observed interactions, since all possible conformations are labeled by this 

antibody.  

Further examples of heterotypic in cis interactions are described in the next section (1.4.8). 

1.4.8 MHC class I interact in trans and in cis with inhibitory receptors 

In some cases, MHC class I proteins were found to bind the same interaction partner in trans and in cis. 

Natural killer (NK) cells express MHC class I-specific inhibitory receptors on their cell surface that protect 

healthy cells from NK cell attacks (‘missing self hypothesis’, see Held and Mariuzza, 2011 for review). The 

general idea is that loss of MHC class I surface expression is caused by an attempt of the cell to escape 

cytotoxic T cell surveillance, for example because it is infected by a virus and antigen presentation is 

inhibited by viral immunoevasin proteins; or because it bears a tumorigenic mutation. Such diseased 

cells are removed by NK cells. In cis interactions of such immunoreceptors and MHC class I have been 

proposed to modulate the threshold at which cellular activation signaling leads to a biological response. 

In the following sections, example of such immunoreceptors will be described. 
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1.4.8.1 Ly49 and KIR receptor families 

Several NK cell receptors have been identified that interact with MHC class I in trans, such as the murine 

Ly49 receptor family. Interestingly, many of these receptors can acquire an alternative conformation 

(‘stalk’) that allows for an in cis interaction with MHC class I molecules on the same membrane (Doucey 

et al., 2004).   

The murine NK receptor Ly49A, which interacts most strongly with H-2Dd (Dd), but also with other 

allotypes with lower affinities, measures MHC class I surface levels. While binding of Ly49A to Dd requires 

peptide, it is independent of the peptide sequence. This was explained by the finding that the interaction 

sites of Ly49A are located underneath the peptide binding groove of MHC class I, such that Ly49A binds 

not to the peptide but to the peptide-induced conformation of the class I heavy chain (Deng et al., 2008). 

Interestingly, the binding capacity in trans is modulated by the Dd expression level of the NK cell itself (as 

compared to NK cells lacking Dd expression). The in cis interaction of Dd and Ly49A on the same cell 

restricts the number of Ly49A molecules available for in trans binding and thus reduces inhibition of NK 

cells through Ly49A (Doucey et al., 2004).  

In human NK cells, killer cell immunoglobulin-like receptor (KIRs) correspond to the Ly49 receptors in 

rodents, where they also monitor MHC class I expression levels by binding in trans. KIRs pre-dominantly 

bind the classical MHC class I family members while different family members recognize only specific 

MHC class I allotypes. In contrast to the murine Ly49 family, human KIRs bind onto the top of the peptide 

binding domain of MHC class I, similar to the MHC class I-TCR interaction but at distinct binding sites 

(Sun et al., 2000).  

1.4.8.2 LILR and PIR receptor family 

Other inhibitory MHC class I receptors include leukocyte immunoglobulin-like receptors (LILRs) and their 

murine homologues, paired immunoglobulin-like receptors (PIRs). A subset of this receptor family, 

LILRB1/LILRB2 and PIRB, binds a wide range of classical and non-classical MHC class I. Structural 

knowledge of these interactions is mainly obtained from the LILRB1-HLA-A2 crystal structure (Willcox et 

al., 2003). While LILRB1 consists of a total of four immunoglobulin-like domains (D1-D4), the structure 

resolved the complex of the D1 and D2 domains with HLA-A2. According to the structure, in trans binding 

of LILRB1 to HLA-A2 on the effector cell, comprises the α3 domain of the HLA-A2 free heavy chain and 

β2m and the two N-terminal immunoglobulin-like domains (D1 and D2)(Masuda et al., 2007). For in cis 
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binding of HLA-A2 on the same cell, LILRB1 is presumably bent back at the connecting region between D2 

and D3 to reach the same binding sites on HLA-A2 accordingly (see figures in Held and Mariuzza, 2008). 

1.4.9 Methods for the investigation of in cis interactions 

Various methods exist for the investigation of protein-protein interactions (as described in sections 1.4.7 

and 1.4.8). In the following, I highlight a few other common methods and comment on their use for the 

investigation of MHC class I in cis interactions.  

Common biophysical methods are surface plasmon resonance (SPR) and fluorescence polarization (also 

called anisotropy). SPR detects changes in the refractive index at the surface of a sensor chip (Nguyen et 

al., 2015). An incident light beam is reflected at a gold surface, and the reflected light is detected as 

resonance signal. The sensor chip is a glass slide with a thin gold coating that is functionalized with the 

protein of interest. The chip is then flooded with the ligand. During ligand binding, mass accumulates at 

the sensor surface which is detected as an increase in signal. After the binding, the sensor chamber is 

washed with buffer until the ligand dissociates, the mass reduces, and the resonance signal decreases 

accordingly. Repetitions of this cycle allow for the calculations of kinetic binding constants (ka and kd) 

and, from them, the equilibrium affinity constant KD, assuming simple law of mass action kinetics. SPR 

measurements are usually performed with purified proteins, and they have been applied to MHC class I 

proteins to determine class I-TCR binding constants with purified TCR (Gao et al., 2007). While 

protein-protein interactions with purified peptide-bound MHC class I exist, SPR does not allow for the 

detailed study of free heavy chains due to their instability. Although Burian et al. studied the interaction 

partners of free heavy chains of the non-classical MHC class I, HLA-F, which they generated by acid 

treatment to remove β2m (Burian et al., 2016) 

Fluorescence polarization (FP; also called fluorescence anisotropy, FA) is another commonly used 

technique to characterize protein-protein interaction and derive binding constants (Valeur and 

Berberan-Santos, 2013). With this technique, one interaction partner is labeled with a fluorophore, 

which is then excited with polarized light of the appropriate wavelength. Anisotropy refers to the 

average angular displacement of a polarized light beam between excitation and emission. Anisotropy 

measurements are thus sensitive to the rotational diffusion such as the apparent molecular size of the 

labeled protein. For optimal measurements the smaller interaction partner is generally labeled (e.g. the 

MHC class I peptide ligands). Generally, to obtain reliable measurements, the smaller binding partner 

should be no larger in mass than about 10-15% of the bigger one.) Upon binding of the small 
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fluorescently labeled peptide to the MHC class I heavy chain, the rotational diffusion of the fluorophore 

changes due to the high molecular weight of the newly formed complex, which is then detected as 

anisotropy signal (Saini et al., 2013a).  

Both described methods are generally more suitable for the characterization of already detected 

protein-protein interactions rather than for their discovery.  

An alternative biochemistry method that was tried in this project is co-immunoprecipitation (see section 

5.1.8.1). Co-immunoprecipitation experiments are based on the principle that one protein is pulled down 

with the help of an affinity tag, and any interacting proteins that remain bound in the detergent cell 

lysate will precipitate together with it. One major drawback of this method is that does not allow for 

distinguishing whether the co-immunoprecipitated proteins interact directly or indirectly. Also, cell lysis 

is required for co-immunoprecipitation protocols in order to isolate the proteins of interest. Due to cell 

lysis, this method does not allow for the spatial analysis of protein-protein interactions. Additionally, it is 

also possible that the detected protein interactions are artificially introduced during cell lysis. In contrast, 

an advantage of co-immunoprecipitation is that it allows for an open screen: the co-precipitates can be 

analysed by mass spectrometry which will allow for the screen and the identification of unknown 

interaction partner.  

An in vivo approach for the investigations of protein-protein interactions is bimolecular fluorescence 

complementation (BiFC) (Kerppola, 2008). Here, the interaction candidates are each genetically tagged 

with one half of a fluorescent protein such as split-GFP, and both constructs are then co-expressed in the 

cell. Upon interaction of the two protein candidates, the two halves of the fluorescent protein will come 

into close proximity and will eventually fold into one fluorescent protein and fluoresce. Compared to 

co-immunoprecipitation, this method allows for a spatial resolution, e.g. the identification of the cellular 

compartment where the proteins interact. In contrast, BiFC requires two fusion constructs and cannot be 

used for an open screen. One also has to consider that the folding of the fluorophore will take time until 

one can read out the fluorescent signal, which may render the assay ineffective for short-lived proteins 

or interactions in the early secretory pathway.   
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1.4.10  Anticipated properties of MHC class I clusters and applicability of known 

interaction analysis methods 

MHC class I clusters at the cell surface are a difficult problem for various reasons. First, they may be so 

weak that they only occur when binding is potentiated through dimensional reduction, i.e., when the 

proteins are restricted to the membrane (McCloskey and Poo, 1986; Singer and Nicolson, 1972) or even 

to microdomains within the membrane (Nicolau et al., 2006). If this is so then lysis of the cells will result 

in the loss of these interactions, and if recombinant class I molecules are used for the investigation of 

their interactions, then such interactions might not be detected. This a priori excludes methods that 

work only with recombinant proteins, such as SPR and FP (1.4.9). Immunoprecipitation may also not 

work for the detection of such interactions since upon cell lysis, the membranes and/or microdomains 

are disrupted, leading to the loss of interaction. Additionally, the detergents used in 

immunoprecipitation may directly interfere with protein-protein interaction by modifying the interface 

of the proteins, or they may change the conformation of the class I molcules such that no interaction is 

possible.  

Second, class I molecules exist in several forms (1.4.4), and especially for the free heavy chain and the 

empty dimer of heavy chain and 2m, it is unknown what their structure and dynamics are (Bouvier and 

Wiley, 1998), and whether they are the same in cells and in recombinant proteins in vitro. This is why 

generally, such investigations ought to be carried out in live cells.  

But with live cells, several new problems arise. In cells, different forms of proteins must be detected 

specifically, and GFP fusions (such as used in BiFC) cannot report on the form or conformation of the 

fusion partner. To detect specific conformations, one might use antibodies, but this restricts analysis to 

the plasma membrane, where the forms of interest may be non-existent or short-lived.  

Anti-MHC class I antibody micropatterns solve these problems in an ideal way (1.7).  
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 Anti-MHC class I antibodies 1.5

A variety of anti-MHC class I antibodies exist and are commonly used for the identification and 

characterization of class I molecules in research, diagnosis, and therapy. Table 1.5 lists all used 

antibodies with the respective epitopes used in this study.  

Table 1.5: Summary of anti-MHC class I antibodies. Primary antibodies used for the fabrication 

of anti-MHC class I antibody micropatterns or for immunostaining.  

Antibody MHC class I allotype Epitope References 

murine allotypes 

20-8-4S H-2Kb, H-2Db α1 domain  (Ozato and Sachs, 1981) 

25.D1.16 Kb with OVA peptide SIINFEKL Reads peptide 
sequence like TCR 

(Porgador et al., 1997) 

(Mareeva et al., 2008) 

27-11-13S H-2Db,H-2Dd, H-2Dq α3 domain (Ozato and Sachs, 1981) 

28-14-8S H-2Ld, H-2Lq, H-2Db, H-2Dq α3 domain 
(disulfide bond) 

(Ozato and Sachs, 1981) 

B22.249 H-2Db, H-2Dq ,H-2Ld, H-2Lq α1 domain 
(β2m-bound 
heavy chain) 

(Solheim et al., 1995) 

(Hämmerling et al., 1982) 

Y3 H-2Kb , H-2Kd, H-2Ks, H-2Kr,H-2Kq  α1 domain 
(β2m-bound 
heavy chain) 

(Hämmerling et al., 1982) 

Antibody MHC class I allotype Epitope References 

human allotypes 

HC-10 HLA-B, HLA-C ‘open heavy 
chains’ 

(Harris et al., 1998) 

(Perosa et al., 2003) 

W6/32 All folded HLA/β2m residue 3 of hβ2m 
and residue 121 
of heavy chain 

(Barnstable et al., 1978) 

(Stam et al., 1986) 

BBM.1 hβ2m  (Brodsky et al., 1979) 
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 T cell arrays 1.6

As an alternative to MHC class I tetramer staining, the development of pMHC class I arrays have been 

proposed to increase throughput and to multiplex of T cell screening and sorting.  Conventional spotting 

methods that are commonly used to fabricate protein microarrays are limited by the intrinsic protein 

instability of empty MHC class I proteins and lack the required reproducibility.  

To circumvent these limitations, Kwong and coworkers have established a platform that allows for 

nucleic acid cell sorting (NACS) (Kwong et al., 2009).  In their approach, they use pMHC class I tetramers 

that are labeled with single-stranded DNA oligonucleotides. With conventional spotting methods, they 

fabricated an array of complementary oligomers on a glass surface and let the pMHC class I bind to the 

array through hybridization of the two oligomers. To test their system for T cell sorting, they incubated 

the array with T cell suspensions and also with primary T cells from cancer patients. Excitingly, they 

showed that T cells bind to the immobilized pMHC class I spots with antigen specificity. They even eluted 

captured T cells from the array by cleaving the double-stranded oligonucleotides with restriction 

endonucleases.     

Similar approaches to generate pMHC class I arrays include MHC class I tetramers that were directly 

printed on coated microscope slides (Soen et al., 2003) or hydrogels (Brooks et al., 2015). In another 

approach, the researchers first stained T cells with dimers of MHC class I (the dimerization was achieved 

by fusion of the MHC class I heavy chain to immunoglobulin Fc regions), and then they captured the 

stained T cells on anti-IgG antibody spots that bind to the Fc portion of the MHC class I dimer (Deviren et 

al., 2007; Yue et al., 2010). Another approach combined pMHC class I arrays with ELISPOT to read out 

T cell activation (Stone et al., 2005)  

Although the proof-of-concept experiments of these pMHC class I arrays were successful, the sensitivity 

of the developed arrays was never better than the conventional staining methods, and they often lacked 

the formal demonstration of the required degree of multiplexing (Bentzen and Hadrup, 2017).   
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 Project motivation 1.7

The project idea was to develop a new kind of sensor for the detection of small analytes by a unique 

combination of existing methodologies from different scientific fields. Due to the existing expertise in the 

Springer laboratory, it was an intuitive decision to define MHC class I as the model analyte protein in this 

project. The defined major aim was to establish a new sensor assay to detect functional MHC class I 

molecules and to demonstrate in a proof-of-concept experiment the specificity, selectivity, and 

sensitivity of the newly developed assay.  

After establishing and optimizing the novel assay, I decided to apply the method to a relevant biological 

question in the field of MHC class I. An immediate idea with respect to the model protein was the 

measurement of peptide binding of captured MHC class I molecules in live cells. After establishing a 

binding assay, another application came up. During the course of experiments I found out that I can 

capture specific forms of MHC class I depending on the conformation specificity of the epitope of the 

capture antibody. This gave me a unique opportunity to study the different forms of MHC class I at the 

cell surface of living cells. This finding was especially interesting, since the MHC class I dimer and the free 

heavy chains generally have a very short half-life at the cell surface and are extremely difficult to 

investigate with classical biochemistry methods (1.4.10). With these tools in hand, I used the antibody 

micropatterns to study protein-protein interactions, a rather typical application of micropatterns in 

bait-prey experiments. I had added a further perspective to this assay by the ability to study the 

interaction of two MHC class I molecules in a defined conformation.  
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2 Materials and methods 

The material and methods section gives a complete overview of all methods that were used in the entire 

project. The experimental procedures are generally rather short in published manuscripts according to 

the publication guidelines. Here, I give additional information, my optimization procedures and add 

relevant observations that I have made during my experiments. For those techniques that I have 

developed and optimized myself, I have written detailed SOPs that describe the final protocols that I am 

using today.  

 Preparation of antibodies 2.1

This chapter explains in detail the preparation of antibodies for the fabrication of antibody 

micropatterns. It contains an optimized SOP for the purification of antibodies from hybridoma 

supernatant, which is now shorter than the original protocol. The second SOP in this chapter describes 

the labeling of the purified antibodies with NHS-dyes. Based on the standard manufacturer´s protocol, I 

have made some changes for simplicity and convenience. 
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Springer Group Standard Operating Procedure (SOP) 

SOP No.: CD 01 

Title: Antibody purification from hybridoma supernatant 

Revision No.: 2 

Revision Date: 17. August 2017 

 

1. Information about this Standard Operating Procedure 

SOP No., Title, Revision No., Revision Date: see page header 

Author of this Revision:  Cindy Dirscherl 

Signature of Principal Investigator:  

Revision History:  
Revision No. Author Date 

01 Catherine Jacob-Dolan 10. 03. 2017 

Other SOPs, documents, or 

attachments required for the 

procedure 

Production of hybridoma supernatant 

 

2. Purpose and general description of the procedure (1-2 sentences) 

To purify antibodies from prepared hybridoma using protein A beads, elution, and dialysis. 

 

3. Terms and abbreviations used in this document 

Term or Abbreviation Explanation 

SOP Standard Operating Procedure 

TRIS TRIS-(hydroxymethyl)-aminomethane 

PBS phosphate buffered saline 

SDS PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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4. Cells or plasmids required 

None 

 

5. Chemicals required 

Chemical Company and Catalog No. Safety?1 Batch?2 

1.TRIS base (C4H11NO3)  AppliChem, A1379,5000   

2.Glycine (H2NCH2COOH)  AppliChem, A1377,5000   

3.sodium chloride (NaCl) AppliChem, 146994.1214   

4.potassium chloride (KCl) AppliChem, A2939,5000   

5.disodium hydrogenphosphate (Na2HPO4 * 2H2O) AppliChem, A3905,1000   

6.monopotassium phosphate (KH2PO4) AppliChem, A3095,0250   

 

6. Safety considerations 

Chemical or 

Reagent 
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Safety considerations (H/P numbers, S1/S2, Radioactivity) 

     

 

 

 

 

                                                           
1
 Insert the 'Signal word' (Warning, Danger, …) of the GHS system (in the Lab chemicals database) if it applies. And 

enter detailed safety information in table 6 (Safety).  

2
 Insert 'Yes' if necessary to record the batch number of this chemical.  

3
  Check whatever applies.  
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7. Buffers and stock solutions (='reagents') 

Reagent Preparation, aliquotting, storage 

1. 1 M TRIS For 1 L, dissolve 121.14 g of TRIS in 1 L ddH2O, store at room temperature 

and check before use for precipitation or other contaminations 

2. 100 mM TRIS For 1 L, dissolve 12.141 g of TRIS in 1 L ddH2O, or dilute from 1 M TRIS 

Stock, 1:10, store at room temperature and check before use for 

precipitation or other contaminations 

3. 10 mM TRIS For 1 L, dissolve 1.2141 g of TRIS in 1 L ddH2O, or dilute from 1 M TRIS 

Stock, 1:100, store at room temperature and check before use for 

precipitation or other contaminations 

4. 100 mM glycine For 1 L, dissolve 7.5 g of glycine in ddH2O 

5. 10x PBS For 1 L, dissolve 80 g of sodium chloride (NaCl), 2 g of potassium chloride 

(KCl), 14.4 of disodium hydrogen phosphate (Na2HPO4), and 2.4 g of 

monopotassium phosphate (KH2PO4) in 1 L ddH2O, store at room 

temperature and check before use for precipitation or other 

contaminations 

6. 1x PBS Prepare from 10x PBS stock via a 1:10 dilution with ddH2O 

 

8. Equipment and accessories required 

Type of equipment Special Instruction?4 

1. pH strips - 

2. BIO-RAD poly-prep chromatography column - 

3. Protein A bead slurry Yes. Follow lab protocol. 

4. Centrifuge tubes (15 and 50 mL) - 

5. 5 L beaker for dialysis - 

Table continues on next page 

 

                                                           
4
Insert 'Yes' if special instruction is necessary to operate this equipment.  
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Table continued from previous page 

6. Dialysis tubing and clamps  

(Zellu Trans MWCO 6000-8000, flat width 25 mm, from Roth,  

item No: E 665.1) 

 

Pre-soak in PBS 

7. Microcentrifuge tube 1.5 mL - 

8. NanoDrop Yes. Read manual. 

9. Centrifuges Yes. Read manual. 

 

9. Procedure (numbered list) 

1. Retrieve the desired hybridoma supernatant from the freezer 

2. Thaw the hybridoma supernatant in a water bath at 37 °C 

3. Adjust the pH of the hybridoma supernatant with 1 M TRIS to pH 8.0. Start by adding 1/20 the 

volume of the hybridoma. Check pH with pH strips 

4. Optional: Take a 10 μL sample for SDS PAGE for quality control later store in freezer (-20°C) 

5. Add 1-1.5 mL of protein A slurry to a 15 mL centrifuge tube.  

Optional: Re-use protein A beads from previous purifications:  

I. Retrieve the specific BIO-RAD column for the desired antibody with the bead slurry inside 

II. Using 1 mL of 100 mM TRIS, pH 8.0, (if the column does not already contain sufficient 

buffer) pipette up and down to resuspend the beads in the column 

III. Pipette the suspended beads from the column into a 15 mL centrifuge tube 

IV. Add a small amount, ~500 μL, of 100 mM TRIS, pH 8.0, to the BioRad column so that it 

will not dry out and return it to the refrigerator 

V. Proceed with step 6. 

6. Add 10 mL of 100 mM TRIS, pH 8.0, to the slurry in the 15 mL centrifuge tube  

7. Centrifuge at 60 xg for 5 minutes at 4 °C 

8. Remove supernatant 

9. Optional: Repeat washing step  

10. Re-suspend the beads in ~2 mL of the hybridoma supernatant 

11. Transfer the bead suspension to the centrifuge tube containing the hybridoma supernatant 

12. Pipette the hybridoma supernatant up and down with the same tip in order to ensure the 

complete transfer of all the beads into the hybridoma supernatant 

Table continues on next page 
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Table continued from previous page 

13. Incubate for 48 hours at 4 °C in the cold room on a turning wheel 

14. Spin down the tubes containing the hybridoma and the beads at 60 xg for 2-3 minutes 

15. Remove and discard the supernatant 

16. Add 10 mL of 100 mM TRIS, pH 8.0 to the beads 

17. Centrifuge at 60 x g for 2-3 minutes 

18. Remove and discard the supernatant  

19. Re-suspend the beads in 10 mL of 100 mM TRIS, pH 8.0 

20. Transfer the bead suspension to the BioRad poly prep chromatography column 

21. Use up to 5 mL extra 100 mM TRIS, pH 8.0, to wash the centrifuge tube and ensure the complete 

transfer of all the beads to the column 

22. Prepare 5, 1.5 mL microcentrifuge tubes containing 50 μL 1 M TRIS, pH 8.0 

23. Elute five fraction of the antibody from the column with 500 μL 100 mM glycine, pH 2.5, into 

these five tubes 

24. Mix each fraction after elution by flipping them upside down 

25. Shortly spin down the five fractions to ensure no drops are caught in the cap 

26. Measure the protein concentration of each fraction at the NanoDrop.  

Blank: 500 μL 100 mM glycine, pH 2.5 + 50 μL 1 M TRIS, pH 8.0 

27. Pool the fractions that contain the protein (a significant concentration of the protein is 

usually > 0.100 mg/mL)  

28. Prepare dialysis of the samples by cutting 5 – 7 cm of tubing and soaking it in 1 x PBS 

29. Close one end of the tubing with the dialysis tubing clamp 

30. Add the necessary protein fractions 

31. Close the remaining end of the tubing with another dialysis tubing clamp 

32. Label the samples in a clear manner if there is more than one 

33. Dialyze overnight against 5 L 1x PBS, pH 7.4, at 4 °C (in the cold room) 

34. Change the buffer the next day and dialyze again overnight against 5 L 1x PBS, pH 7.4, at 4 °C 

(in the cold room) 

35. Collect the antibody from the dialysis tube in a microcentrifuge tube 

36. Measure the concentration of the samples at the NanoDrop. Blank: 1x PBS 

37. Optional: Run 11% SDS PAGE to check purification 
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10. Interpretation and reporting of the data: 

(no instructions) 

11. Potential pitfalls, errors, and other issues (each in one table row) 

Issue Known resolution 

Elution of antibody from column The antibody is usually found in the first two 

fractions. I have sometimes observed that the 

antibody comes only in fraction 3, so I recommend 

to always collect 5 fractions for elution.  

Stock of protein A bead slurry Common stock of protein A bead slurry is prepared: 

Buffer of protein A beads is exchanged for PBS+0.1% 

triton. Slurry is stored in aliquots at 4 °C. 

 

12. Instructions for the use of SOPs 

General Rules:  

 Use the newest version of an SOP for your experiment.  

 Record the number of the SOP (found in the page header) in your experiment protocol.  

 Any changes between the SOP and your experiment must be documented in your experiment 

protocol. 

 If you believe that the SOP needs to be changed or extended, bring it up in the subgroup 

meeting.  

Explanations of the individual points:  

3. Abbreviations: Abbreviations of chemicals are explained in 5.  

5. "Chemicals" are all powders (but not stock solutions, see 6.) 
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Springer Group Standard Operating Procedure (SOP) 

SOP No.: CD 02 

Title: Antibody labeling with NHS-dyes 

Revision No.: 2 

Revision Date: 17. August 2017 

 

1. Information about this Standard Operating Procedure 

SOP No., Title, Revision No., Revision Date: see page header 

Author of this Revision:  Cindy Dirscherl 

Signature of Principal Investigator:  

Revision History:  
Revision No. Author Date 

01 Catherine Jacob-Dolan 10. 03. 2017 

Other SOPs, documents, or 

attachments required for the 

procedure 

SOP: SDS PAGE 

 

2. Purpose and general description of the procedure (1-2 sentences) 

Labeling antibodies with fluorescent NHS dyes. Coupling reactive NHS-dyes to the primary amines of the 

lysine-residues of the antibody via an NHS-coupling reaction. 

 

3. Terms and abbreviations used in this document 

Term or Abbreviation Explanation 

SOP Standard Operating Procedure 

NHS N-hydroxysuccinimide esters (NHS esters) 

AF Alexa Fluor 

Table continues on next page 
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Table continued from previous page 

TRIS tris-(hydroxymethyl)-aminomethane  

PBS phosphate buffered saline 

SDS PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

 

4. Cells or plasmids required 

None 

 

5. Chemicals required 

Chemical Company and Catalog No. Safety?5 Batch?6 

1. NHS-AF647 Invitrogen, A37566   

2. NHS-Atto542 Atto Tec, AD 542-31   

3. sodium bicarbonate (NaHCO3) AppliChem, 131638.1210   

4. sodium chloride (NaCl) AppliChem, 146994.1214  
 

5. potassium chloride (KCl) AppliChem, A2939,5000   

6. disodium hydrogenphosphate (Na2HPO4 * 2H2O)  AppliChem, A3905,1000  
 

7. monopotassium phosphate (KH2PO4) AppliChem, A3095,0250  
 

 

                                                           
5
 Insert the 'Signal word' (Warning, Danger, …) of the GHS system (in the Lab chemicals database) if it applies. And 

enter detailed safety information in table 6 (Safety).  

6
 Insert 'Yes' if necessary to record the batch number of this chemical.  
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6. Safety considerations 

Chemical or 

Reagent 
To

xi
c7  

C
ar

ci
n

o
ge

n
ic

 

A
ll

er
ge

n
 

Safety considerations (H/P numbers, S1/S2, Radioactivity) 

     

 

7. Buffers and stock solutions (='reagents') 

Reagent Preparation, aliquotting, storage 

1. 200 mM sodium 
bicarbonate  

For 1 L, dissolve 0.8401 g of sodium bicarbonate, NaHCO3 in 1 L ddH2O, 
store at room temperature and check before use for precipitation or other 
contaminations 

2. NHS-dye of choice Store at -80°C in either stock concentration or aliquots of lesser 

concentration (~80 µM) 

3. 1 M TRIS For 1 L, dissolve 121.14 g of TRIS in 1 L ddH2O, store at room temperature 

and check before use for precipitation or other contaminations 

4. 200 mM TRIS For 1 L, dissolve 24.282 g of TRIS in 1 L ddH2O, or dilute from 1 M TRIS 

stock, 1:5, store at room temperature and check before use for 

precipitation or other contaminations 

5. 10x PBS For 1 L, dissolve 80 g of sodium chloride (NaCl), 2 g of potassium chloride 

(KCl), 14.4 of disodium phosphate (Na2HPO4), and 2.4 g of monopotassium 

phosphate (KH2PO4) in 1 L ddH2O, store at room temperature and check 

before use for precipitation or other contaminations 

6. 1x PBS Prepare from 10x PBS stock via a 1:10 dilution with ddH2O 

 

 

 

 

 

                                                           
7
  Check whatever applies.  
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8. Equipment and accessories required 

Type of equipment Special Instruction?8 

1. pH strips 

2. Vivaspin 2 columns, 10,000 MWCO HY (Sartorius, Product No VS02H02) 

3. Centrifuge 

4. Thermo Shaker 

5. Nano Drop 

6. 15 mL centrifuge tubes 

7. 1.5 mL microcentrifuge tubes 

8. 1.5 mL light protected microcentrifuge tubes 

9. Phosphor Imager 

- 

Yes. Read manual 

Yes. Read manual 

- 

Yes. Read manual 

- 

- 

- 

Yes. Read manual 

 

9. Procedure (numbered list) 

1. Dissolve NHS-dyes in anhydrous, amine-free DMSO. (Usually stock is 1mM; check manufacturer´s 

suggestions).   

2. Calculate the molar concentrations of the antibody solution and the NHS-dye.  

3. Optional: Keep and aliquot (10 µL) of unlabeled antibody for SDS-PAGE 

4. Adjust the pH of the antibody solution to pH 8.3 with 200 mM sodium bicarbonate solution, pH 

9.0 

Start by adding 1/20th of the volume of the antibody solution. Check pH by pipetting a droplet on 

pH strips.  

5. Calculate the equimolar concentrations of dye and antibody 

6. Take then 1/4th of the calculated amount of dye and add it to the antibody solution 

7. Incubate antibody solution and NHS-dye at room temperature, shaking (Thermo Shaker) for 1 

hour at xyz rpm 

8. Transfer the solution to a 15 mL centrifuge tube and inactive the solution with 1 mL 200 mM 

TRIS pH 8.0 per 0.5 mL of reaction sample (antibody-dye solution) 

9. Transfer 2 mL (or entire volume if the volume is less than 2 mL) into a Vivaspin 2 (for 2 mL) 

column 

10. Spin down to between 1 and 0.5 mL (usually ~5 min.) and add the remainder of the solution 

8,000 x g, 4 °C 

11. After each spinning-down step, empty the liquid collected in the bottom of the column into a 

waste container 

12. Wash by adding 2 mL 1x PBS and spinning down to 0.3 – 0.2 mL (spin for about 5 minutes) 

Table continues on next page 

                                                           
8
 Insert 'Yes' if special instruction is necessary to operate this equipment.  
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Table continued from previous page 

13. Dissolve NHS-dyes in anhydrous, amine-free DMSO. (Usually stock is 1mM; check manufacturer´s 

suggestions).   

14. Calculate the molar concentrations of the antibody solution and the NHS-dye.  

15. Optional: Keep and aliquot (10 µL) of unlabeled antibody for SDS-PAGE 

16.  

17. Adjust the pH of the antibody solution to pH 8.3 with 200 mM sodium bicarbonate solution, pH 

9.0 

Start by adding 1/20th of the volume of the antibody solution. Check pH by pipetting a droplet on 

pH strips.  

18. Calculate the equimolar concentrations of dye and antibody 

19. Take then 1/4th of the calculated amount of dye and add it to the antibody solution 

20. Incubate antibody solution and NHS-dye at room temperature, shaking (Thermo Shaker) for 1 

hour at xyz rpm 

21. Transfer the solution to a 15 mL centrifuge tube and inactive the solution with 1 mL 200 mM 

TRIS pH 8.0 per 0.5 mL of reaction sample (antibody-dye solution) 

22. Transfer 2 mL (or entire volume if the volume is less than 2 mL) into a Vivaspin 2 (for 2 mL) 

column 

23. Spin down to between 1 and 0.5 mL (usually ~5 min.) and add the remainder of the solution 

8,000 x g, 4 °C 

24. After each spinning-down step, empty the liquid collected in the bottom of the column into a 

waste container 

25. Wash by adding 2 mL 1x PBS and spinning down to 0.3 – 0.2 mL (spin for about 5 minutes) 

8,000 x g, 4 °C 

26. Repeating washing (step 11) and spin for only 3 or 4 minutes in order to ensure 0.2 mL remaining 

for elution 

27. Carefully pipette up and down inside the column with a gel loading tip as to loosen the antibody-

dye complexes stuck to the membrane during the centrifugation of the washing steps 

28. Elute the antibody by reverse spinning, elution volume should be approximately 200 µL 

4,000 x g, 4 °C 

29. Optional: Run the labelled and unlabeled sample on an 11% SDS-PAGE to check if the labelling 

worked 

Before staining with Coomassie, check the fluorescence at the Phosphor Imager. Sample can be 

kept in ddH2O for this short period. Then stain with Coomassie as usual 

30. Measure antibody-dye complex antibody at the Nano Drop. 

Transfer antibody-dye complex into a light protected microcentrifuge tube (e.g. Eppendorf tube, 

amber 
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10. Interpretation and reporting of the data: 

(no instructions) 

 

11. Potential pitfalls, errors, and other issues (each in one table row) 

Issue Known resolution 

 Calculation of required dye The used dye aliquots are from 

Esam Tolba Abualrous and were not labeled. We 

assume the concentration is 1 mM, and used it 

accordingly. This is also the reason, why we use 

only ¼ of the calculated amount of dye. The 

calculated amount seemed too much. 

NHS-dyes In presence of water, NHS-esters hydrolyze. It is 

recommended to freshly prepare the NHS-dye 

solution immediately before use.  

Antibody solution Antibody solution must be free of any amine 

containing substances such TRIS-buffer, amine 

containing acids etc., since these will quench the 

reaction. 

Staining with Coomassie So far I have observed that Coomassie quenches 

the fluorescent dye. Therefore the gel should be 

only stained with Coomassie after detection of 

fluorescence in the Phosphor Imager.  

 

12. Instructions for the use of SOPs 

General Rules:  

 Use the newest version of an SOP for your experiment.  

 Record the number of the SOP (found in the page header) in your experiment protocol.  

 Any changes between the SOP and your experiment must be documented in your experiment 

protocol. 

 If you believe that the SOP needs to be changed or extended, bring it up in the subgroup 

meeting.  

Explanations of the individual points:  

1. Abbreviations: Abbreviations of chemicals are explained in 5.  

2. "Chemicals" are all powders (but not stock solutions, see 6.) 
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 Fabrication of antibody micropatterns 2.2

For the generation of anti-MHC class I antibody micropatterns I have adapted standard protocols for 

PDMS stamps and optimized the printing method throughout the project. The SOPs for the fabrication of 

PDMS stamps and printing procedure are the current used protocols, which have worked best for me.  

The photolithography steps were carried out by our postdoc Dr. Tatiana Kolesnikova in the lab of 

Professor Veit Wagner according to the protocol in (Dirscherl et al., 2017). 
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Springer Group Standard Operating Procedure (SOP) 

SOP No.: CD 03 

Title: Fabrication of PDMS stamps 

Revision No.: 1 

Revision Date: 05. September 2017 

 

1. Information about this Standard Operating Procedure 

SOP No., Title, Revision No., Revision Date: see page header 

Author of this Revision:  Cindy Dirscherl 

Signature of Principal Investigator:  

Revision History:  
Revision No. Author Date 

01 Cindy Dirscherl 05.09.2017 

Other SOPs, documents, or 

attachments required for the 

procedure 

 

 

2. Purpose and general description of the procedure (1-2 sentences) 

Casting PDMS stamps from silica molds 

 

3. Terms and abbreviations used in this document 

Term or Abbreviation Explanation 

SOP Standard Operating Procedure 

PDMS Polydimethylsiloxane 

w Weight 
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4. Cells or plasmids required 

None 

 

5. Chemicals required 

Chemical Company and Catalog No. Safety?9 Batch?10 

Sylgard® 184 Silicone Elastomer Kit Dow Corning   

 

 6. Safety considerations 

Chemical or 

Reagent 
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Safety considerations (H/P numbers, S1/S2, Radioactivity) 

Sylgard® 184 

Silicone 

Elastomer Kit 

x   H315, H319, H335, P261-P305, P351, P338 

 

7. Buffers and stock solutions (='reagents') 

Reagent Preparation, aliquotting, storage 

1. PDMS Mix base and curing agent in a 10 (base): 1 (curing agent) ratio (w/w) , mix 

thoroughly with a glass stick and store at 4 °C 

 

 

 

 

                                                           
9
 Insert the 'Signal word' (Warning, Danger, …) of the GHS system (in the Lab chemicals database) if it applies. And 

enter detailed safety information in table 6 (Safety).  

10
 Insert 'Yes' if necessary to record the batch number of this chemical.  

11
  Check whatever applies.  
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8. Equipment and accessories required 

Type of equipment Special Instruction?12 

1. Centrifuge tube 50mL - 

2. Glass stick - 

3. Glass coverslides #3 22x22mm from Menzel - 

4. Plastic container or plastic petri dishes - 

5. Incubator 50°C Yes. Read manual. 

6. Scalpel  

 

9. Procedure (numbered list) 

1. Cover the bottom of a plastic container with a piece of paper towel; choose a proper container 

so that it does not melt at 55°C. 

2. Place the glass coverslips onto the paper towel. 

3. Place a small droplet of prepared PDMS on the glass slide. Make sure to remove any bubbles. 

4. Place the silica mold carefully with the pattern facing downwards onto the PDMS droplet, let it 

sink by its own weight. 

5. Incubate at 50-55°C overnight. 

6. Test if the PDMS has hardened. Then remove the silica mold carefully. The PDMS stamp should 

stick on the glass coverslip. 

7. Cut the stamp with a scalpel to a size of ~ 5 mmx 5 mm. Choose an area that does not contain 

any bubbles. 

 

10. Interpretation and reporting of the data: 

(no instructions) 
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 Insert 'Yes' if special instruction is necessary to operate this equipment.  
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11. Potential pitfalls, errors, and other issues (each in one table row) 

Issue Known resolution 

Removal of the silica molds To separate the PDMS stamp from the silica mold, 

the excess PDMS should be removed. Then, one uses 

the scalpel and inserts it carefully at one corner 

between PDMS stamp and the mold. Continue with 

the other corners. If you use too much pressure, the 

glass or the silica mold might break! 

Sticky PDMS Sometimes, the PDMS does not cure properly. It will 

be sticky and the consistency is rather soft. This can 

happen if the silicone elastomer and curing agent 

were not properly mixed and a fresh batch of PDMS 

should be prepared. 

PDMS is too fluid The PDMS becomes more and more viscous over 

time. If it is too fluid, leave it out at room 

temperature for 10-15 min. 

Silica molds are dirty The molds can be cleaned carefully, without pressing 

on the patterned surface with isopropanol. 

Re-use of PDMS stamps In general, the stamps can be re-used. I did not have 

good experiences with this, so I always prepared 

fresh ones. But in principle one can remove any 

access proteins by incubating the stamp in 70% EtOH 

(or isopropanol) and afterwards rinse with ddH2O. 

The stamps will swell during this treatment, so they 

need to dry for several days to acquire the proper 

shape again. Also, I advise to re-use stamps only for 

the same inking solution. It is impossible to clean the 

PDMS completely.  
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12. Instructions for the use of SOPs 

General Rules:  

 Use the newest version of an SOP for your experiment.  

 Record the number of the SOP (found in the page header) in your experiment protocol.  

 Any changes between the SOP and your experiment must be documented in your experiment 

protocol. 

 If you believe that the SOP needs to be changed or extended, bring it up in the subgroup 

meeting.  

Explanations of the individual points:  

3. Abbreviations: Abbreviations of chemicals are explained in 5.  

5. "Chemicals" are all powders (but not stock solutions, see 6.) 
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Springer Group Standard Operating Procedure (SOP) 

SOP No.: CD 04 

Title: Printing antibody micropatterns 

Revision No.: 1 

Revision Date: 06. September 2017 

 

1. Information about this Standard Operating Procedure 

SOP No., Title, Revision No., Revision Date: see page header 

Author of this Revision:  Cindy Dirscherl 

Signature of Principal Investigator:  

Revision History:  
Revision No. Author Date 

01 Cindy Dirscherl 05.09.2017 

Other SOPs, documents, or 

attachments required for the 

procedure 

 

 

2. Purpose and general description of the procedure (1-2 sentences) 

 Printing antibody micropatterns with PDMS stamps (microcontact printing). 

 

3. Terms and abbreviations used in this document 

Term or Abbreviation Explanation 

SOP Standard Operating Procedure 

PDMS Polydimethylsiloxane 

PBS phosphate buffered saline 

RT Room temperature 
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4. Cells or plasmids required 

None 

 

5. Chemicals required 

Chemical Company and Catalog No. Safety?13 Batch?14 

1.sodium chloride (NaCl) AppliChem, 146994.1214   

2.potassium chloride (KCl) AppliChem, A2939,5000   

3.disodium hydrogenphosphate (Na2HPO4 * 2H2O) AppliChem, A3905,1000   

4.monopotassium phosphate (KH2PO4) AppliChem, A3095,0250   

 

 6. Safety considerations 

Chemical or 

Reagent 
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Safety considerations (H/P numbers, S1/S2, Radioactivity) 

     

  

                                                           
13

 Insert the 'Signal word' (Warning, Danger, …) of the GHS system (in the Lab chemicals database) if it applies. And 
enter detailed safety information in table 6 (Safety).  

14
 Insert 'Yes' if necessary to record the batch number of this chemical.  

15
  Check whatever applies.  
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7. Buffers and stock solutions (='reagents') 

Reagent Preparation, aliquotting, storage 

1. antibody 
solution 

Prepare PBS dilutions from stock. (Usually concentration between 0.3-0.6 

µg/µL) 

2.   

3. 10x PBS For 1 L, dissolve 80 g of Sodium Chloride (NaCl), 2 g of Potassium Chloride 

(KCl), 14.4 of Disodium Phosphate (Na2HPO4), and 2.4 g of 

Monopotassium Phosphate (KH2PO4) in 1 L ddH2O, store at room 

temperature and check before use for precipitation or other 

contaminations 

4. 1x PBS Prepare from 10x PBS stock via a 1:10 dilution with ddH2O 

 

8. Equipment and accessories required 

Type of equipment Special Instruction?16 

1. PDMS Stamps 

2. Nitrogen gas 

3. Wet chamber 

4. Parafilm 

5. Scissors 

6. Tweezers 

7. Round coverslips Ø 22 mm, #1 

 

 

9. Procedure (numbered list) 

1. Take a prepared PDMS stamp and rinse it thoroughly with ddH2O. 

2. Dry it under the nitrogen flow 

3. Place the PDMS stamp into the wet chamber with the pattern facing upwards, pipette a 5µL 

droplet of antibody solution on the pattern.  

4. To spread the droplet, carefully cover it with a small (5 mmx 5mm) piece of parafilm 

. 

Table continues on next page 
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Insert 'Yes' if special instruction is necessary to operate this equipment.  
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Table continued from previous page 

5. Ink the stamp for 15 min at RT in the wet chamber. If fluorescent antibodies are used, protect it 

from light to avoid bleaching of the fluorophore. 

6. Remove the parafilm and rinse the stamp with ddH2O.  

7. Dry the stamp under the nitrogen flow 

8. For printing, carefully place the inked PDMS stamp on a clean surface, the pattern facing 

upwards. Carefully place a dust free glass coverslip on the PDMS stamp. If the microcontact is 

not formed immediately, press very gently with tweezers on the glass coverslip.  

9. Mark the areas of the pattern on the glass coverslip carefully with a marker.  

10. Transfer the sandwich into the wet chamber and incubate for 15 min at RT 

11. Remove the stamp carefully and discard.  

12. Until use, keep the coverslips with the printed micropatterns facing upwards in a wet chamber 

and protect from light. 

 

10. Interpretation and reporting of the data: 

(no instructions) 

 

11. Potential pitfalls, errors, and other issues (each in one table row) 

Issue Known resolution 

Storage of the antibody micropatterns The printed antibody micropatterns can be stored in 

a wet chamber at 4 °C for several hours. I have not 

tried long term storage. 

 

12. Instructions for the use of SOPs 

General Rules:  

 Use the newest version of an SOP for your experiment.  

 Record the number of the SOP (found in the page header) in your experiment protocol.  

 Any changes between the SOP and your experiment must be documented in your experiment 

protocol. 

 If you believe that the SOP needs to be changed or extended, bring it up in the subgroup 

meeting.  

Explanations of the individual points:  

3. Abbreviations: Abbreviations of chemicals are explained in 5.  

5. "Chemicals" are all powders (but not stock solutions, see 6.) 
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 Incubation of cells on antibody micropatterns 2.3

For incubation of cells on antibody micropatterns, cells are seeded onto the glass coverslips with the 

printed antibodies. In the early beginning, I did some cell seeding trial experiments and tried HeLa and 

Vero cells. But eventually, I decided to work with STF1 cells and used these generally throughout the 

project. The seeding procedure is rather simple and according to standard cell culture protocols, but I 

will outline a few critical steps in the following. 

2.3.1 Cell seeding on antibody micropatterns 

I generally used 6-well plates for experiments with cells. Before seeding, I placed the coverslips with the 

printed antibody micropatterns facing upwards into the individual wells. Then, I trypsinized the cells 

according to standard protocols and transferred cells to the wells of the 6-well plate. One has to consider 

two facts when deciding on cell density: Too few cells will take much longer to adhere to the glass 

surface, whereas too many cells will form a coherent monolayer that is not suitable for imaging. Thus, 

I recommend counting cells when starting with cell experiments until one has enough experience to 

estimate cell numbers. The optimal number of cells per well in a 6-well plate is between 50 000 and 

100 000 for STF1 cells. 

2.3.2 Incubation temperature and incubation times 

After seeding, cells are incubated at 37 °C for 2-3 hours to adhere at optimal cell density. For 

temperature shift experiments, they are shifted to 25 °C for overnight incubation. During my project, 

I worked with the cell culture incubator with and without CO2 supply (Binder, article No. 9040-0013 and 

Sanyo). When using the incubator without CO2, I had to exchange the cell culture medium for 

CO2-independent medium (Gibco CO2 Independent Medium from Thermo Fisher Scientific, Germany, 

Catalog No. 18045-054) before shifting. This was not optimal, since I experienced that the additional step 

of medium exchange stressed the cells, and they did not spread nicely during overnight incubation. This 

step was omitted when using the 25 °C incubator with CO2, and I also believe that the temperature in 

was generally more constant in this incubator. Due to this experience, I would clearly recommend an 

incubator with CO2 supply.  

For typical clustering experiments (as in 5.1), cells are generally shifted back to 37 °C the next day for 4 

to 6 hours.  
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Cells are thus generally incubated on the antibody micropatterns for 15-24 hours in total. In principle, 

cells can also grow longer on the antibody micropatterns, but longer incubation generally causes more 

“dirt” on the pattern, such as cell debris, etc. I therefore recommend incubation on patterns for the 

mentioned time. Also, the STF1 cells tend to crawl over the surface and thus leave traces of membrane 

pieces on the antibody micropatterns (see figure 4.2.4). 

2.3.3 Fixation of cells  

I followed the established fixation protocol for cells in our lab: we generally fix cells in 3% para-

formaldehyde (PFA) in PBS for 10 min at RT. But the fixation of STF1 cells after incubation on the 

antibody micropatterns was often problematic throughout the project. And it remains a problem until 

now, i.e., the cells detach from the glass surface or shrink or they undergo apoptosis and start blebbing 

so that the samples become useless for microscopy. I have seen better results when cells were split 

regularly so that they do not overgrow on the plate. Also, it is a common known problem of cells that 

they react to changes in the supplements of cell culture medium such as FCS, Glutamine or 

Penicillin/Streptomycin and the DMEM itself. Although I cannot prove this, I experienced major problems 

after the FCS batch was changed in our lab. Due to these experiences, I strongly recommend to avoid any 

such changes during STF1 cultivation. Still, fixation with PFA has given best results. I usually fix cells with 

a 4% solution of PFA for 5 min. However, when I encountered problems, sometimes a dilution to 2% PFA 

and incubation for 10 min helped.  

I also tried methanol fixation as alternative fixation agent. According to standard protocols, I overlaid the 

cells with ice-cold 100% methanol and incubated them for 15 min at -20 °C. Then I washed the cells three 

times with PBS. This alternative approach usually did not significantly improve the appearance of the 

cells after fixation and thus I usually repeated the experiments until the cells had “recovered” and were 

fixable under normal conditions.   
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 Plasmids and generation of stable cell lines 2.4

For my experiments, I mostly used expression plasmids that were already available in the lab. All 

constructs are listed in the Springer lab Plasmid Data base. The generation of stable cell lines with the 

lentiviral system was done according to the described protocol in (Hein et al., 2014). Table 2.4 lists all 

used plasmids and generated stable cell lines of this research project. 

Table 2.4: List of plasmids used for transient transfections and stable transductions , and 
generated stable cell l ines . The respective antibiotics used for selection are indicated.  

Plasmids 

 Constructs Resistance Generated by SPB 

1 pEGFP-N1/Kbwt 
Kanamycin G. Garstka 536 

2 pEGFP-N1/HAII-Kbwt 
Kanamycin Z. Hein 905 

3 pEGFP-N1/humanβ2m-2A-E3-Kbwt-GFP 
Kanamycin Z. Hein 1416 

4 pEGFP-N1/KbwtSTOP 
Kanamycin Z. Hein 911 

5 pEGFP-N1/humanβ2m-2A-E3-KbwtSTOP 
Kanamycin Z. Hein 1417 

6 pEGFP-N1/humanβ2m-2A-HA-Kbwt STOP 
Kanamycin Z. Hein 1183 

7 pEGFP-N1/Dbwt 
Kanamycin G. Garstka 566 

8 pEGFP-N1/DbwtSTOP 
Kanamycin Z. Hein 907 

9 pEGFP-N1/Kbsingle chain 
Kanamycin G. Garstka 849 

10 IP/Kbwt-GFP 
Ampicillin Z. Hein 1354 

11 IP/HA-Kbwt-GFP 
Ampicillin Z. Hein 1042 

12 IP/E3-HA-Kbwt-GFP 
Ampicillin Z. Hein n.a. 

13 IP/HA-KbwtSTOP 
Ampicillin Z. Hein 1090 

14 IP/E3-HA-KbwtSTOP 
Ampicillin Z. Hein 1339 

15 IP/HA-DbwtSTOP 
Ampicillin Z. Hein 1095 

16 IP/ Dbwt-GFP 
Ampicillin corrected by C.Dirscherl 1477 

 

Table continues on next page 
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 Microscopy 2.5

2.5.1 Fluorescence microscopy 

All fluorescence images (except where stated otherwise) in this project were acquired with the Zeiss 

confocal laser scanning microscope LSM 510. A detailed protocol of the acquisition parameters can be 

found in section 5.1.6. 

2.5.2 Live cell microscopy 

I did some trials with live-cell microscopy with the laser scanning microscope of our collaborators in 

Greifswald and also with our Zeiss LSM 510 (see figure 4.2.6.2). 

For the Zeiss LSM 510, we installed the ibidi heating system (Model: universal fit for 1 chamber from ibidi 

GmbH, Germany) according to the manual. For live cell experiments, I tried different incubation 

chambers from ibidi with glass surfaces that are suitable for microcontact printing and live cell imaging. 

Ibidi offers dishes with untreated glass surfaces that meet these requirements, and I especially liked the 

Table continued from previous page 

Stable cell lines 

 Cell line Resistance Generated by 

1 
STF1/ Kb-GFP Puromycin Z. Hein 

2 
STF1/ HA-Kb-GFP Puromycin Z. Hein 

4 
STF1/ E3-HA-KbSTOP Puromycin Z. Hein 

5 
STF1/ E3-HA-KbSTOP+KbeGFP Puromycin 

C. Dirscherl and Z. Hein (Oct 2016) 

6 
STF1/ HA-Db Puromycin 

C. Dirscherl (Aug 2017) 

7 
STF1/ HA-KbSTOP+DbGFP Puromycin 

C. Dirscherl (Nov 2017) 

8 
STF1/ HA-KbSTOP+Kb-GFP Puromycin 

C. Dirscherl (Nov 2017) 

9 
STF1/ HA-Db+DbGFP Puromycin 

C. Dirscherl (Nov 2017) 
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8-well sticky slides for parallel measurements (e.g. when testing peptide binding). I also tried polystyrene 

dishes.  

For a live cell imaging experiment, I followed the protocol in the manual of the ibidi heating system. 

Briefly, the heating chamber was preheated to 37 °C or 25 °C depending on the experimental setup. 

Before bringing the samples to the LSM, the cell culture medium was exchanged for microscopy medium 

(without phenol red). Our imaging system is not supplied with gas, but the cells seemed to tolerate this 

for the duration of the experiment of about one hour. Fluorescence images were recorded as described 

previously (5.1.6).  

 Glass functionalization 2.6

According to other functionalization protocols in the literature, I tried different glass surface treatments 

in order to optimize the immobilization of antibodies on the glass coverslips and to generate a surface 

with defined properties or coatings. In contrast to published procedures of protein attachments to glass 

surfaces, I did not detect any major improvements of the antibody micropatterns upon glass 

pre-treatments. Thus, in the final standard protocol, I only included a washing step to remove any dust 

particles from the surfaces. For an overview, I will highlight and comment on the procedures that I have 

tried. 

2.6.1 Glass cleaning with RCA cleaning 

To obtain a clean glass surface, I tried the first step of the RCA cleaning method. RCA cleaning is a 

standard cleaning procedure of silicon wafers in semiconductor manufacturing (Kern, 1990) and includes 

four steps. To remove any organic contaminants or particles from the glass surface, I cleaned the 

coverslides with the standard clean 1 (SC-1) of RCA cleaning. For this, the glass coverslides are cleaned in 

a 1:1:5 solution of NH4OH (ammonium hydroxide) : H2O2 (hydrogen peroxide) : H2O (water) at 70 °C for 

10 min. The SC-1 cleaned glass coverslips are then dried under nitrogen flow and used for microcontact 

printing. I observed very precisely printed antibody patterns on the cleaned glass surfaces, but when 

seeding cells onto the micropatterns, no capture was observed. After several repeats, I concluded that 

the cleaned glass surfaces cause this loss of functionality, perhaps by impairing the functionality of the 

printed antibodies. In agreement with this observation, I skipped the SC-1 cleaning step to recover 

antibody functionality.  
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2.6.2 Plasma cleaner 

Many standard protocols for the protein functionalization of surfaces such as the fabrication of 

immunosensors recommend plasma cleaning to generate clean and standardized surfaces. Accordingly, 

I compared antibody micropatterns that were printed on untreated and on plasma cleaned glass 

surfaces. Low pressure air plasma cleaning is a standard procedure to remove any organic contaminants 

from the glass surface and to generate hydroxyl and carboxyl surface moieties. The glass surface will thus 

become negatively charged and become more hydrophilic. This will lead to increased wettability of the 

glass surface and enhance adhesion between two surfaces, e. g. the glass surface and the PDMS stamp. 

Also, plasma cleaning is used to enhance the biocompatibility of surface, e.g. promoting cell attachment 

to surfaces (de Valence et al., 2013) without changing the bulk material of the coverslides.  
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Figure 2.6.2: Testing plasma treated glass surfaces. STF1 cells were seeded on antibody 

micropatterns printed on plasma cleaned or untreated glass surfaces, and incubated 

according to the standard protocol. (A) STF1/HA-K
b
-GFP cells on anti -HA

AF647
 antibody 

micropatterns. (B) STF1/K
b
-GFP cells on Y3

AF64 7
 or Y3

un labe l l ed
 antibody micropatterns. 

Duplicates are shown for each condition. Bar 25 µm.  
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In Figure 2.6.2, I tested our most commonly used antibodies, HA and Y3, and printed them on glass 

coverslides that were either plasma cleaned or left untreated. I did not see a major difference between 

the prints on the different coverslides, but I had the overall impression that the antibody micropatterns 

on the plasma treated coverslides were a little better, i.e., the edges of the individual pattern elements 

were sharper and the surface appeared cleaner. To test the functionality of the printed antibodies, I 

seeded STF1/HA-Kb-GFP or STF1/Kb-GFP cells on the antibody micropatterns and compared the amounts 

of captured Kb-GFP on the surface. However, there was no major improvement visible in the case of 

plasma cleaned surfaces. The amount of captured Kb-GFP was similar (see Figure 2.6.2 A and B) and was 

mostly dependent on the expression levels of the individual cells. But in some samples, the treatment 

with plasma seemed to reduce the amount of captured Kb-GFP, although the amounts of the printed 

antibodies were comparable as judged by fluorescence intensity (see Figure 2.6.2).  

I concluded that plasma cleaning did not significantly improve either the appearance of the antibody 

prints or the amount of captured surface Kb-GFP. Contrarily, it even seemed to reduce the functionality 

(capture of surface proteins) of the printed antibody in some cases. Therefore, I did not include this 

additional step in the antibody micropattern fabrication protocol. However, I can only judge the two 

tested antibodies, Y3 and HA. I also tested plasma cleaned and untreated glass coverslips for the 

oriented immobilization experiments, where I printed protein A and G (see figure 2.6.4.2 ). But also in 

these experiments, I came to the same conclusion that the plasma treatment did not have a positive 

effect on the printed proteins. However, for other antibodies or proteins, the observations might be 

different, and I would advise to test plasma cleaned coverslips for each individual setup.  

2.6.3 Coating of the glass coverslips 

Previous studies have shown that the antigen specificity of antibodies printed onto unmodified glass 

surfaces can be decreased compared to antibodies that were passively bath-adsorbed (David J. Graber et 

al., 2003). I thus tested whether any protein coatings of the glass surface will increase the antigen 

binding specificity of the antibodies that I used in my system. For optimization experiments we tested 

poly-L-lysine and sticky glass for the pre-treatments of glass coverslips.  
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2.6.3.1 Poly-L-lysine 

Poly-L-lysine (PLL) is a standard coating agent that is commonly for enhanced attachment of cells to cell 

culture dishes. PLL is positively charged and thus enhances the electrostatic interactions between the 

negatively charged plasma membrane of cells and the glass surface, to increase the cell-surface contacts. 

Better cell attachment might positively influence the interaction between cell surface class I and the 

antibody micropatterns. Moreover, the pre-coating of plates with PLL was shown to increase antibody 

sensitivity in ELISA assays (Stearns et al., 2016).  

For optimization experiments (see figure 2.6.3.1), we incubated plasma-cleaned glass coverslips with 

200 µl of PLL solution (0.01% Poly-L-Lysine solution from Sigma P4707) for 30-60 min at 37 °C, then 

rinsed the coverslips thoroughly with ddH2O and dried them under the nitrogen flow. We then printed 

Y3AF647 according to the standard protocol (see 2.2). STF/Kb-GFP cells were seeded according to the 

standard protocol on the antibody micropatterns and incubated overnight at 25 °C, fixed, and imaged. In 

this experiment, we were interested to see whether the antibodies printed on PLL pre-coated coverslips 

show a significant increase of captured Kb-GFP in the pattern elements, indicating that the printed 

antibodies are stabilized on the PLL-surface. In our experiments, we did not detect a significant 

improvement, and thus continued with untreated glass coverslips.  
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Figure 2.6.3.1: Testing PLL-coated glass coverslides . Y3
AF647

 was printed on untreated 

glass coverslips or plasma c leaned coverslips that were pre-incubated with PLL. STF/K
b
-GFP 

(STF1/HA-K
b
-GFP for the bottom row) cells were seeded on the antibody micropatterns and 

incubated according to the standard protocol . Bar, 25 µm. The experiment was designed by 

me and performed by Nikolett Nagy. 
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2.6.3.2 Sticky glass 

The sticky glass method of T.E. Philipps17 produces covalently bound amino groups on the glass surface. 

Similar to PLL coating, the positively charged sticky glass also helps the negatively charged cells to adhere 

to the glass surface, and thus might help to enhance the amount of captured protein due to increased 

contact between the surface and cells.  

According to the protocol by Philipps, I used plasma cleaned glass coverslips and coated them with 2% of 

3-aminopropoyl-triethoxysilane (APTES) in ddH2O for 5 min at RT. Then, the coverslips were washed 

twice in ddH2O and dried in the incubator at 55°C overnight. We then printed unlabeled Y3 and HA 

antibodies (c = 0.3 µg/µl and 0.6 µg/µl) according to the standard protocol (see 2.2). According to the 

standard protocol, STF1/HA-Kb-GFP cells were seeded on the antibody micropatterns and incubated 

overnight at 25 °C, fixed, and imaged. In figure 2.6.3.2, I compared treated and untreated glass 

coverslides to judge whether the functionality of the printed antibodies (amount of captured protein) 

can be enhanced by the APTES treatment. In the micrographs, we did not observe any significant 

improvement over the conventional method (not shown), since the capture capacity of the printed 

antibodies was comparable on both surfaces. We therefore decided to continue our work with untreated 

glass coverslides. 

 

                                                           
17

 https://www.bio.umass.edu/microscopy/APTS_Methods.htm 

 

Figure 2.6.3.2: Testing antibody micropatterns on sticky slides . Antibody micropatterns 

of unlabeled HA and Y3 were printed on APTES coated glass coverslides. Then, 
STF1/HA-K

b
-GFP cells were seeded and incubated in the antibody micropatterns according 

to the standard protocol and MHC class I capture was analyzed. Two cells are shown for 
each tested antibody. Bar, 25 µm. 
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2.6.4 Oriented immobilization 

The principle of antibody immobilization in general is not limited to our system but is commonly used in 

immunoassays or biosensors. Previous studies including our own work demonstrated that the sensitivity 

and stability of the immobilized antibodies directly depends on the quantity of antibodies and the 

remaining activity after immobilization. 

Another factor is the proper orientation of the antibody. Antibodies are asymmetrical, and the definition 

of a properly oriented antibody is when the Fc region (which has no antigen binding affinity) is bound to 

the surface rather than the antigen binding sites (Fab regions). With our method of microcontact printing, 

antibodies are most likely randomly oriented, with some antibodies therefore unable to bind their 

antigen. For oriented immobilization, Fc-binding proteins have been suggested and tested previously (Lee 

et al., 2013; Makaraviciute and Ramanaviciene, 2013). The principle of this site-directed immobilization 

is to use Fc binding proteins as anchor proteins that will orient the sensor or capture antibodies properly, 

e.g. in our system facing upwards towards the cell membrane, and thus enhance the sensitivity (amount 

of captured protein) of our antibody micropatterns. In our experiments, we tested a goat anti-mouse 

antibody and protein A and protein G, all of which bind to the Fc region of the capture antibodies. In 

these approaches, one has to consider that the orientation of the Fc binding proteins themselves is 

random. Similar to the direct printing of antibodies, only a fraction of the immobilized Fc-binding protein 

will probably be bound to the surface in such an orientation that the Fc binding site is available for the 

capture antibody. Nevertheless, in some previous studies, this method of site-directed immobilization 

via Fc binding proteins significantly increased antibody sensitivity (Makaraviciute and Ramanaviciene, 

2013). 

Protein A and G have different affinities for specific antibody isoforms, which should be considered in the 

experimental setup. Table 2.6.4 lists anti-MHC class I antibodies and their respective affinities for protein 

A and protein G. The affinities for protein A and G are also important for the antibody purification 

(see 2.1)  
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Table 2.6.4: Antibody isoforms of used anti -MHC class I  antibodies .  The affinit ies of antibodies 

for protein A and protein G depend on the antibody isoforms as indicated.  

antibody isoform protein A affinity protein G affinity 
anti-MHC class I 
antibody 

mouse IgG1 + ++++ 25.D1.16 

mouse IgG2A ++++ ++++ 20.8.4S 
28.14.8S 
B22.249 
W6/32 

mouse IgG2b +++ +++ Y3 
BBM.1 

.  

2.6.4.1 Polyclonal anti-mouse antibody 

To test site-directed immobilization of the antibody, we first tried to immobilize the capture antibodies 

via a goat anti-mouse antibody. For this, the glass coverslips were uniformly pre-coated with the 

polyclonal goat anti-mouse antibody, and subsequently, the capture antibody was printed onto this 

antibody layer. Due to the affinity of the coat antibody to the Fc region of the capture antibody, the Fab 

fragments should be positioned in a proper orientation.  

For our experiments (see figure 2.6.4.1), we used a goat anti-mouse IgG (goat polyclonal antibody to 

mouse IgG, Cy3-conjugated, from Abcam: ab97035; abbreviated gαmCy3 in the following) with a final 

concentration of 5 µl/ml to coat the glass surfaces of either plasma treated or untreated glass coverslips 

for 15 min at RT (same conditions that we use for printing). For coating, we placed a droplet of gαmCy3 on 

one coverslip and covered it with parafilm. Then, Y3AF647 was printed according to the standard protocol 

(see 2.2), and STF1/Kb-GFP cells were seeded on the antibody micropatterns and incubated overnight at 

25 °C. We first checked whether prior plasma cleaning of the glass coverslides improved the attachment 

of the gαmCy3 coating antibody, but did not detect any major differences. Similar to our previous 

observations, we did not see any difference between untreated and plasma-cleaned glass coverslides. In 

general, the amount of immobilized coating antibodies (gαmCy3) appeared low compared to the amounts 

of printed antibody (Y3AF647), as judged by the fluorescence intensity.  In this experiment, we compared 

whether the amount of captured Kb-GFP on the pattern elements was increased compared to other 

experiments without the antibody pre-coating (such as figure 2.6.2). Overall, we did not observe any 

significant improvements, and thus we continued with untreated glass coverslips. 
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Figure 2.6.4.1: Printing antibody micropatterns on antibody-coated glass coverslides .  

Goat pAb to mouse IgG coupled to Cy3 (gαm
Cy3

)  was used to coat the glass surfaces of 

either plasma treated or untreated glass coverslides. Then, Y3
AF647

 was printed and 

STF1/K
b
-GFP cells were seeded on the antibody micropatterns and incubated according to 

the standard protocol. Bar , 25µm. The experiment was designed by me and performed by 

Nikolett Nagy.   
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2.6.4.2 Immobilization via protein A  

In a second approach, we performed trial experiments with protein A and protein G to orient the capture 

antibodies properly. Protein A and protein G are antibody binding proteins that are mostly used in 

affinity chromatography, especially for the purification of antibodies and for immunoprecipitation. 

Protein A and protein G bind also bind to the Fc region of the antibodies, but have different affinities for 

different species and antibody isoforms (see table 2.6.4).  

For the site-specific immobilization via protein A and protein G, we performed different experiments as 

described in the following. 

In the first approach, we first printed labeled protein A (protein AAF647; c = 10 µg/mL) according to our 

standard protocol. Then, we placed a droplet of unlabeled capture antibody (Y3) onto the printed 

protein A micropattern to allow the antibody to bind via its Fc region to the printed protein AAF647. In 

figure 2.6.4.2, the prints of protein AAF647 are nicely visible. In this experiment, we compared 

plasma-cleaned and untreated glass coverslides and coated them with PLL. Similar to previous 

comparative studies, the untreated glass coverslides gave much better results. Based on the 

fluorescence intensity, more antibodies were deposited on the surface and the prints were also cleaner. 

Since the capture antibody is unlabeled, we cannot see where it was immobilized. But when we seeded 

STF1/Kb-GFP cells onto the antibody micropattern, we observed that the protein was mostly captured in 

the pattern interspaces. Thus, we conclude that against our expectations, the antibody did not bind to 

protein A but to the interspaces, and we were not able to produce antibody micropatterns with proper 

orientation. 



2 Materials and methods 

 

76 

 

2.6.4.3 Immobilization via protein G  

We repeated the experiment described above with protein G. In this experiment, we also used unlabeled 

protein G (protein Gunlabeled) and printed it on PLL-coated glass coverslides according to our standard 

printing protocol. These protein G micropatterns were then either incubated with labeled or unlabeled 

capture antibody (see figure 2.6.4.3 A for Y3AF647 and 2.6.4.3 B for Y3unlabeled). Then, STF1/Kb-GFP cells 

were seeded onto the antibody micropatterns. The results of this experiment were heterogeneous: In 

some areas of the pattern, the Y3AF647 antibody actually bound to the printed protein G pattern elements 

(see figure 2.6.4.3 A, column 2, 3, and 5), but in other areas, it preferred the pattern element interspaces 

just as in the protein A experiments (see figure 2.6.4.3 A, column 1, 4, and 6). However, the capture of 

Kb-GFP from the cells occurred mostly on the pattern element interspaces (except for 

figure 2.6.4.3 A, column 2, 5, and 6) and does not necessarily correlate with the capture antibody 

pattern.  

 

Figure 2.6.4.2: Oriented immobilization of antibodies via protein A micropatterns .  

Labeled protein A (protein A
AF647

) was printed according to  the standard protocol onto 

plasma cleaned or untreated glass coverslides that were pre -coated with PLL. The fabricated 

protein A
AF647

 was then incubated with unlabeled Y3 (Y3
un labe led

) overnight at 4°C in a wet 

chamber. STF1/K
b
-GFP were seeded the next day and incubated on the 

protein A
AF647

-Y3 micropatterns according to the standard protocol. Bar , 25 µm. 
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In figure 2.6.4.3 B, we see the same phenomenon that the capture antibody binds randomly to the 

protein G pattern elements or the interspaces, according to the captured Kb-GFP. Taking all observations 

together, the results are inconclusive. Since the capture antibody binds either to the pattern elements or 

to the interspaces, there seems to be an interaction between the printed protein G and Y3, which is so 

far not predictable. I suspect that this depends on the local concentrations of the antibodies, but this 

would need further investigation.  
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Figure 2.6.4.3: Oriented immobilization of antibodies via protein G micropatterns .  

Unlabeled protein G (Prot. G
un labe led

) was printed according to the standard protocol onto plasma 

cleaned or untreated glass coverslides that were pre -coated with PLL. (A) The fabricated protein 

G micropatterns were then incubated with labeled Y3 (Y3
AF647

) or (B) unlabeled Y3 (Y3
un labe led

) 

overnight at 4°C in a wet chamber. STF1/K
b
-GFP were seeded the next day and incubated on 

the protein protein G-Y3 micropatterns according to the standard protocol. Bar , 25 µm.
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2.6.4.4 Pre-binding the antibody to protein G 

Our initial trial experiments of immobilization of antibodies via protein A and protein G prints were not 

successful (see 2.6.4.2 and 2.6.4.3). The main problem was that the antibody did not specifically bind to 

the printed protein A or protein G patterns as predicted, but was randomly distributed on the pattern 

elements and the interspaces. To circumvent this problem, we tried to pre-incubate the antibody with 

protein G and then print the protein G-antibody complex. For the experiment, we used protein G at a 

concentration of 5 µg/mL and incubated them with 1 or 5 µg/ml of labeled antibody (Y3AF647) overnight 

at 4 °C.The next morning, we used this solution to ink the stamp according to our standard protocol, and 

then seeded STF1/Kb-GFP cells. As control, we repeated the previous protein G trials where we printed 

protein G and incubated these micropatterns with Y3AF647. Similar to our previous trials, the Y3AF647 

antibody was again binding to the pattern interspaces as visualized by the grid pattern in figure 2.6.4.4. 

Despite this undesired localization, the antibody also lost its functionality, since it did not capture any 

Kb-GFP. In our new approach of printing the complex of protein G and Y3AF647, there was no micropattern 

visible, but we detected some fluorescent signal (Y3AF647) inside the cells (see figure 2.6.4.4, columns 3-6). 

We hypothesized that the cells have internalized the protein G-Y3AF647 complexes. Since we did not check 

the micropatterns prior to cell seeding, we cannot judge whether the printing was not successful or if it 

detached during cell incubation. Without further information, I speculate that either the protein 

concentration was too low or that the protein G-Y3AF647 complexes were irreversibly adsorbed to the 

PDMS stamps. Our results also do not support the published finding that large molecular weight of 

biological inks enhance the formation of well-defined, high contrast patterns due to their limited 

diffusion (Kaufmann and Ravoo, 2010). 

Since our method of direct antibody printing appeared quite robust and the capture of protein was 

sufficient, we did not invest more time in the approach.  



2 Materials and methods 

 

80 

 

 Blocking antibody prints with BSA 2.7

From time to time, we observed that the cells did not spread evenly over the micropatterned surfaces 

(see 4.2.4). This was especially prominent when the pattern elements had dimensions in the range of the 

cell´s size (see 1.3.5.3). But also with our generally used pattern sizes of 5-10 µm, we sometimes observe 

that the cells stick to the antibody pattern elements, forming little “feet”. We hypothesized that the cells 

can sense the micropatterned surface and although cells generally adhere to the glass surface, they 

develop a preference for the protein coated pattern element when they have the choice between 

uncoated and coated glass. Since we did not want to change cell shape but only the protein distribution 

inside the cell´s plasma membrane, we wanted to generate a surface that is homogenously coated with 

proteins. But at the same time, we did not want to coat the surfaces with proteins of the extracellular 

matrix to give them extra adhesion sites that would indeed influence cell adhesion and thus the 

spreading of cells. Since the interspaces appear as a grid pattern, we would probably trigger cell 

 

Figure 2.6.4.4: Comparison of sequential binding and printing of a pre -mixed 

protein G-Y3 complex. Unlabeled protein G (protein G
un labe led

) was printed and then incubated 

with labeled Y3 (Y3
AF647

) as described previously (no shake).  In an alternative approach, 

unlabeled protein G (protein G
un labe led

) was incubated with different concentrations of labeled 

Y3 (Y3
AF647

) overnight at 4°C (shake overnight) . The pre-formed protein G-Y3 complex was then 

printed according to the standard protocol. Then, STF1/K
b
-GFP cells were seeded onto both 

protein G-Y3 patterns according to the standard protocol. Bar , 25 µm.  
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rearrangement on these patterns. Similar approaches are indeed used in trial experiments for 3D tissue 

models where cell spreading is guided along specific scaffolds (Khademhosseini et al., 2006). The Schütz 

group uses BSA to fabricate antibody micropatterns in an indirect approach (Schwarzenbacher et al., 

2008). Since BSA does not add specific adhesion sites, we performed a trial experiment in which we 

blocked the printed antibody micropattern with a 5% BSA solution. For this, we added a droplet of the 

BSA solution onto the Y3AF647 micropattern and incubated it for 15 min at RT, washed, before we seeded 

the cells. In Figure 2.7, the micrographs are shown.  

 

Compared to the standard procedure, there were only minor differences detectable. My first impression 

was that the capture efficiency was decreased. I assumed that BSA may also stick to the pattern 

elements and thereby block some of the antigen binding sites of the immobilized antibody. However, the 

amount of captured proteins generally varies from experiment to experiment for reasons that I could 

never completely understand; they are probably an intrinsic problem when working with living cells and 

may have several causes. The decrease in the capture of Kb-GFP may therefore not necessarily correlate 

with the BSA blocking and needs further investigation. 

Under these conditions, cell spreading was comparable to the unblocked micropatterns. The cells 

adhered to the glass surface in a similar fashion. In agreement with these observations, blocking with 

 

Figure 2.7: Blocking micropattern interspaces with BSA. Y3
AF647

 antibody micropatterns 

(magenta) were printed according to the standard protocol and the interspaces were then 

blocked with BSA and washed. Next, STF1/K
b
-GFP cells were seeded on the antibody 

micropatterns and incubated overnight. Bar, 25µm.   
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BSA did not show great improvements over the conventional method, and thus, I skipped this additional 

step in the standard protocol. 
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3 Results summary 

For my thesis work, I developed and optimized the fabrication of printed antibody micropatterns. After 

establishing the methodology, I applied my developed technique to murine MHC class I molecules, 

namely H-2Kb and H-2Db (Kb and Db) in living cells. I studied the functionality of the captured Kb by the 

addition of peptides. This application was then used as a novel peptide binding assay to study peptide 

binding in living cells. This method can in principle be applied to other proteins to study ligand binding in 

the natural, cellular environment.  

Next, I investigated the stability of captured Kb on the antibody micropatterns and found that the use of 

different antibodies influences the conformational stability of the captured Kb. In this assay, I can 

specifically influence the conformation of the captured cell surface proteins and thus investigate even 

protein conformations of Kb with a short half-life at the plasma membrane such as the free heavy chain. 

With these tools in hand, I discovered in cis interactions of the free heavy chains of Kb.  

In this thesis, the research findings are distributed into three chapters. The two main findings of this 

thesis – the development of anti-Kb antibody micropatterns as novel peptide binding assay, and the 

in cis interactions of Kb free heavy chains – are described in chapter 4 and 5, respectively. Additional 

findings are added after each major section. Chapter 6 completes the results section and describes 

additional findings of this research project. 

 Summary of chapter 4: Development of anti-MHC cIass I antibody 3.1

micropatterns and optimization 

In the first part of chapter 4, I present antibody micropatterns as a novel tool to capture cell surface 

class I proteins (see section 4.1). The second part of chapter 4 highlights additional data that was 

generated during the optimization of the novel tool (see section 4.2). It includes trial experiments for 

alternative approaches to capture MHC class I proteins such as anti-β2m or peptide micropatterns. Since 

I successfully showed peptide binding to captured Kb-GFP in the first part of this chapter, I show trial 

experiments for the exchange of this bound peptide with dipeptides in the second part. Another section 

of the second part deals with the blocking of anti-HA micropatterns with the HA peptide. In the last 

section of chapter 4, I present trial experiments in which I try to multiplex the antibody micropatterns by 

generating patterns with two different antibodies such as Y3 and HA (see section 4.2.7). 
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 Summary chapter 5: Anti-MHC class I antibody micropatterns as a 3.2

tool to study conformation-specific in-cis interactions 

Chapter 5 is divided into three parts. The first part presents the application of antibody micropatterns as 

a two-hybrid assay to detect conformation-dependent in cis interactions at the cell surface 

(see section 5.1). The second part summarizes trial experiments that I performed to characterize the 

detected clusters further, e.g. by immunostainings of typical marker proteins. For a better cell biological 

understanding of cluster formation, heterotypic in cis interactions between different murine MHC class I 

alleles were also investigated (see section 5.2). The chapter ends with general remarks and thoughts on 

my findings concerning cluster formation and future ideas (see section 5.3).  

 Summary chapter 6: Additional Results and Discussions on Pattern 3.3

Fabrication 

During my project, I tried alternative approaches for the generation of antibody micropatterns to allow 

for more applications of the developed micropatterns and to test other opportunities. Besides 

alternative methods for protein immobilization such as maskless photography (see section 6.1), I 

performed trial experiments in which I printed purified MHC class I proteins instead of antibodies to test 

for their stability and the sensitivity of other proteins. This represents an approach that might finally lead 

to the development of a T cell screening assay (see section Error! Reference source not found.).  
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4 Development of anti-MHC cIass I antibody micropatterns 

and their applications 

In this chapter, I report on the development of anti-MHC class I antibody, in particular Kb micropatterns, 

using the technique of microcontact printing. I further studied the properties, i. e. the peptide binding 

capacity of the captured MHC class I molecules to develop a peptide binding assay.  

The chapter is divided into two parts. Chapter 4.1 is a published manuscript, and chapter 4.2 lists 

additional experiments that were performed during optimization of the anti-MHC class I antibody 

micropatterns. All the experimental work in chapter 4.1 was carried out by me, except the generation of 

the plasmids, which were partly generated by our postdoc Zeynep Hein, and the generation of molds, 

which were produced by our postdoc Tatiana Kolesnikova. I generated all figures, and the manuscript 

was written by Sebastian Springer and me.  

The experiments in chapter 4.2 were all designed by me and carried out by me or by my students where 

indicated.  
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 Specific capture of peptide-receptive Major Histocompatibility 4.1

Complex class I molecules by antibody micropatterns allows for a 

novel peptide binding assay in live cells  

4.1.1 About chapter 4.1 

Chapter 4.1 is a published paper that contains some original data. The experiments in this manuscript 

were designed by me and performed by myself or the indicated co-authors. The manuscript was written 

by Sebastian Springer and me. 

The full citation of the paper is:  

Dirscherl, C., Palankar, R., Delcea, M., Kolesnikova, T. A., and Springer, S.: Specific Capture of 

Peptide-Receptive Major Histocompatibility Complex Class I Molecules by Antibody Micropatterns 

Allows for a Novel Peptide-Binding Assay in Live Cells. Small. 13 (15) (2017), 

DOI: 10.1002/smll.201602974. 

The paper is online at: http://onlinelibrary.wiley.com/doi/10.1002/smll.201602974/abstract 

The figure numbers were changed to match the format of this thesis. 

4.1.2 Abstract 

Binding assays with fluorescently labeled ligands and recombinant receptor proteins are commonly 

performed in 2D arrays. But many cell surface receptors only function in their native membrane 

environment and/or in a specific conformation, such as they appear on the surface of live cells. Thus, 

receptors on live cells should be used for ligand binding assays. Here, it is shown that antibodies 

preprinted on a glass surface can be used to specifically array a peptide receptor of the immune system, 

i.e., the major histocompatibility complex class I molecule H-2Kb, into a defined pattern on the surface of 

live cells. Monoclonal antibodies make it feasible to capture a distinct subpopulation of H-2Kb and hold it 

at the cell surface. This patterned receptor enables a novel peptide-binding assay, in which the specific 

binding of a fluorescently labeled index peptide is visualized by microscopy. Measurements of ligand 

binding to captured cell surface receptors in defined confirmations apply to many problems in cell 

biology and thus represent a promising tool in the field of biosensors. 

http://onlinelibrary.wiley.com/doi/10.1002/smll.201602974/abstract
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4.1.3 Introduction 

Major histocompatibility complex class I molecules are transmembrane proteins that act as peptide 

receptors and are central to the mammalian immune response against viruses, intracellular parasites, 

and tumors. Class I molecules bind peptides (which are constantly generated by protein degradation) in 

the cell interior, transport them to the plasma membrane, and present them to the T-cell receptors of 

cytotoxic T cells. If the T cells recognize the peptides as non-self, they force the presenting cell to 

undergo apoptosis, and the spread of the virus, parasite, or tumor is inhibited (Townsend and Bodmer, 

1989). The strength of an antiviral or antitumor immune response in patients is largely determined by 

the binding of the available peptides to the class I molecules of the presenting cell (Yewdell, 2006). This 

is why assays for peptide binding to class I molecules are crucial for the design of vaccines and therapies. 

But such assays are difficult to realize since peptide-empty recombinant class I molecules, which are 

necessary for such assays, are difficult to produce and conformationally unstable (Saini et al., 2013a and 

references therein). Recombinant class I molecules from E. coli or insect cells also do not have their 

native glycosylation, which is known to influence peptide binding (Springer, 2015). Thus, class I 

molecules from mammalian cells should be used in a binding assay. Peptide-empty class I molecules do 

occur on the plasma membrane of many cells, but at low levels. They have a very short half-life, since 

they are rapidly endocytosed to avoid bystander killing (Montealegre et al., 2015). To use these peptide-

empty class I molecules for a peptide-binding assay, it is necessary to accumulate them at the cell 

surface, in their native form and membrane environment. We therefore coupled an antibody to the glass 

surface that the cells were growing on, to capture class I molecules at the cell surface and prevent their 

endocytosis. Class I molecules are dimers of a polymorphic heavy chain and the noncovalently bound 

light chain, beta-2 microglobulin (β2m). Thus, we decided to use a β2m-dependent monoclonal antibody 

(mAb), Y3, which recognizes the murine class I molecule H-2Kb (Kb) if and only if bound to β2m, both in 

the presence and absence of bound peptide (Hämmerling et al., 1982). We arranged the antibody in a 

pattern on the glass surface in order to use the antibody-free areas as controls for nonspecific peptide 

binding to cells and glass. Such antibody patterns have been used to arrange whole cells or membrane 

proteins, andit was shown recently that at least some antibodies remain functional when printed directly 

onto untreated glass coverslips (St John et al., 1998; David J. Graber et al., 2003; LaGraff and Chu-

LaGraff, 2006). In the work presented here, we created micropatterns of the mAb Y3 on unmodified glass 

surfaces by microcontact printing with polydimethylsiloxane (PDMS) stamps. When seeded with cells, 

the pattern elements of the Y3 antibody micropatterns specifically capture cell surface Kb molecules, thus 

arranging them in a defined pattern in the plasma membrane. These captured Kb molecules can bind 
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fluorescently labeled exogenous peptides, demonstrating that the Y3 antibody traps and preserves the 

peptide-receptive state of Kb. We then tested unlabeled peptides for competition with the fluorescent 

index peptide in binding to Kb and thus demonstrate a rapid and highly sensitive peptide binding assay 

with microscopic read-out. With this, we describe a novel method to hold cell surface receptors in a 

specific conformation or state, as defined by an antibody reactive to that conformation, and in their 

native environment at the cell surface in order to use them in binding assays. Such assays are useful to 

address many questions in cell biology, and they may be developed further into cellular biosensors or 

toward high-throughput screening approaches. 

4.1.4 Results 

4.1.4.1 Characterization of Class I Antibody Micropatterns 

For the generation of micropatterns of β2m-dependent antibodies by microcontact printing 

(Figure 4.1.4.1 A), stamps with a height of two micrometers (Figure 4.1.4.1 B) were made from PDMS 

using master molds fabricated by standard photolithography. The stamps were inked with a solution of 

the monoclonal anti-Kb antibody Y3and gently pressed onto the surface of untreated glass coverslips. We 

assume that in this way, the antibody molecules were deposited in a random orientation on the glass 

surfaces. After microcontact printing, the presence of geometric micropatterns of antibody molecules 

was confirmed by scanning confocal fluorescence microscopy. For visualization of the antibody 

micropatterns, either directly fluorescently labeled antibodies were used for printing, or the unlabeled 

antibody prints were detected after incubation with a fluorescent secondary antibody, both yielding 

high-contrast images (Figure 4.1.4.1 C).These data, and the detection of the printed pattern elements 

with a secondary antibody conjugated to gold nanoparticles, and their detection by scanning electron 

microscopy (SEM),showed that the printed antibody molecules were generally evenly distributed within 

each pattern element (Figure 4.1.4.1 D). 
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Figure 4.1.4.1: Fabrication and characterization of antibody micropatterns . (A) 

Schematic of printing an antibody pattern onto a glass sl ide with a PDMS stamp. (B)  SEM 

image of a PDMS stamp. Bars, 50 µm (top) and 10 µm (bottom). (C) Printed patterns of 

unlabeled (bottom row) or f luorescently labeled (Atto 542, top row) murine monoclonal 

antibody Y3 on a glass coverslip detected with goat anti -mouse antibody conjugated with 

Alexa Fluor 647. Bar, 25 µm. (D) SEM image of pattern elements (top) and pattern boundary 

(bottom) of mAb Y3 detected with goat anti -mouse secondary antibody conjugated with gold 

nanoparticles. The printed pattern elements are visible as dark patches in SEM imaging 

(top). At higher magnification, the individual gold nanoparticles appear as bright dots on  this 

dark background. For better visualization, some gold nanoparticles are highlighted with black 

arrowheads (bottom). Bars, 20 µm (top) and 500  nm (bottom). 
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4.1.4.2 Anti-Class I Antibody Micropatterns Are Functional and Target-Specific 

We next tested whether the printed antibody micropattern elements were able to capture class I 

molecules on the plasma membrane of live cells (Figure 4.1.4.2 A). For this, we used human STF1 cells, 

since they lack the TAP2 peptide transporter, which transports peptides into the lumen of the 

endoplasmic reticulum. In these cells, class I molecules are not loaded with peptides and travel to the 

cell surface in a peptide-empty state. For our study, we stably introduced the murine class I molecule Kb 

into these STF1 cells as a green fluorescent protein (GFP) fusion. Since the empty Kb-GFP proteins have a 

short half-life at the cell surface before being degraded in lysosomes (Montealegre et al., 2015), their 

steady state cell surface population is small. We reasoned that this would result in a low background 

signal for our capture assay. To test the functionality of the antibody micropatterns, we printed the 

monoclonal anti-Kb antibody Y3 as above and then seeded the STF1/Kb-GFP cells onto these antibody 

micropatterns. We used pattern element sizes of ten micrometers in diameter and interspaces of five 

micrometers to enable cells to spread across several pattern elements. We grew the cells for six hours on 

the antibody patterns, fixed them, and observed them by fluorescence microscopy. The arrangement of 

the Kb-GFP fluorescence in the patterns of the printed antibody was clearly visible, suggesting that 

Kb-GFP molecules were captured on the pattern elements (Figure 4.1.4.2 B). This patterning of Kb-GFP 

was protein-specific, since it was only visible with the Kb -specific antibody, Y3, but not when an antibody 

to the class I molecule H-2Db, 27-11-13S, was printed (Figure 4.1.4.2 B, right column). In a time course 

experiment, the patterned Kb-GFP was visible as early as the two-hour time point after seeding (Figure 

S1, Supporting Information). This suggests that the class I molecules are rapidly captured by the 

antibody. Indeed, by live-cell microscopy, we found that patterning of surface class I molecules occurs 

immediately after cell contact with a pattern element. In order to optimize the binding capacity of the 

antibody micropatterns, we tested different concentrations of the antibody solution used to ink the 

stamps. Fluorescence imaging of captured Kb-GFP revealed that a high contrast between the pattern 

elements and interspaces was achieved over a range of concentrations of the printed mAb Y3. To ensure 

a robust signal-to-noise ratio of the patterned Kb-GFP, we used a Y3 antibody concentration of 0.1 μg 

μL−1 for all experiments (Figure S2, Supporting Information). We conclude that when cells adhere and 

spread on class I molecule-specific antibody micropatterns, their class I molecules are bound by the 

antibodies and trapped on these pattern elements (Figure 4.1.4.2 A). We next wanted to ensure that 

growth on antibody patterns, and patterning of membrane proteins, did not disturb the overall 

organization of the plasma membrane. With fluorescently labeled wheatgerm agglutinin (WGA; a lectin 

that binds to all glycosylated cell surface proteins and lipids), cell surfaces stained normally and without 
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noticeable anomalies (Figure 4.1.4.2 C, left column). To test integrity and distribution of the 

cytoskeleton, we also immunostained β-actin and β-tubulin (Figure 4.1.4.2 C, center and right 

columns).Cells growing on and off the antibody micropatterns did not exhibit any differences, which 

demonstrates that cells spread on antibody micropatterned surfaces with normal kinetics and 

morphology (Figure 4.1.4.2 C; enlargements in Figure S3, Supporting Information). 

  

 

Figure 4.1.4.2: Specific capture of class I molecules by printed antibody micropatterns .  

(A) Schematic of the antibody micropattern capture assay. 10  µm squares of the K
b
-specific 

mAb Y3 were printed on glass coverslips, which were then seeded with STF1 cells expressing 

the target protein K
b
-GFP. Upon binding of K

b
-GFP to the antibody, the proteins are arranged 

in the plasma membrane according to the antibody micropattern. (B) Patterning of K
b
-GFP in 

STF1 cells seeded on antibody micropatterns of mAb Y3 (K
b
-specific, left column; setup 

exactly as in Figure 2A) but not 27-11-13s (D
b
-specific, right column). Cells were incubated at 

37°C unti l  they adhered, and then shifted to 25°C overnight, and then fixed and imaged. Bar, 

25 µm. (C) Growth on antibody micropatterns does not generally alter cell growth a nd surface 

or cytoskeleton structure. STF1/K
b
-GFP cel ls grown overnight at 37°C on Y3 

antibody micropatterns were fixed and stained with wheat germ agglutinin (WGA) or 

permeabil ized with 0.1% Triton X-100 or methanol and stained with antiserum to β-actin or 

β-tubulin, then labeled with fluorophores as indicated and imaged. Bar, 25µm. 

Figure continues on next page.  
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4.1.4.3 Capture of Class I Molecules Occurs Specifically at the Cell Surface 

To compare the spatial distribution of Kb-GFP at the cell–glass interface and in the internal 

compartments of the cell, we recorded 3D z-stack images (Figure 4.1.4.3 A). Patterning of Kb-GFP was 

mainly visible in the bottom layers, where the cell contacted the surface. Quantification by the Pearson 

coefficient showed that the patterning of Kb-GFP correlated in the z-direction (orthogonal to the surface) 

with the fluorescence of the printed antibody (Figure 4.1.4.3 B, C). Since Kb-GFP and antibody 

micropatterns thus correlate in 3D, we conclude that Kb-GFP patterning occurs only at the cell–glass 

interface at the bottom of the cell and does not influence the intracellular distribution of class I 

molecules. 

 

Figure 4.1.4.2 (continued): Specific capture of class I molecules by printed antibody 

micropatterns . (C) Growth on antibody micropatterns does not generally alter cell growth 

and surface or cytoskeleton structure. STF1/K
b
-GFP cells grown overnight at 37°C on Y3 

antibody micropatterns were fixed and stained with wheat germ agglutinin (WGA) or 

permeabil ized with 0.1% Triton X-100 or methanol and stained with antiserum to β-actin or 

β-tubulin, then labeled with fluorophores as indicated and imaged. Bar, 25µm. 
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Figure 4.1.4.3 : Class I molecule capture occurs at the cell -glass interface. (A)  Z stack 

images of STF1/K
b
-GFP cells seeded on mAb Y3 antibody micropatterns. Cells were 

incubated at 37 °C unti l they adhered, then shifted to 25  °C overnight,  then fixed and 

imaged. Images show opt ical sections (≈600 nm thickness) of the same cell, demonstrating 

that the pattern of K
b
-GFP correlates with the antibody micropatterns in the z direction. 

Numbers indicate the center of the individual layers of the z -stack. Bar, 25 µm. (B) 

Integrated intensity profi les of antibody (upper) and GFP (lower) f luorescence from the 

rectangles shown in A in the different layers of the z stack as indicated. (C) Quantif ication of 

the layers of the z stack. The colocalization of GFP fluorescence with the antibody 

fluorescence pattern was determined as the Pearson coefficient. The x axis intersection of 

the y axis (0.28) corresponds to random distribution. n=7, SEM shown. A representative 

fluorescence intensity profi le of the antibody pattern corresponds to the co -patterning of 

GFP, indicating the level of the plasma membrane in z-direction.  
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4.1.4.4 Captured Class I Molecules Are Functional and Can Bind Fluorescently Labeled Peptides 

STF1 cells lack the TAP2 peptide transporter and hence cannot load class I molecules with peptides in the 

ER (de la Salle et al., 1999). Thus, class I molecules trapped at the cell surface by the Y3 antibody 

micropatterns should be mostly peptide-free, and so they should be able to bind an externally added 

peptide. We therefore next tested peptide binding to the patterned class I molecules. We grew 

STF1/ Kb-GFP cells on the Y3 micropatterns overnight at 25 °C to inhibit the dissociation of β2m 

(Montealegre et al., 2015 see the Experimental Section) and thus to allow large amounts of intact 

surface Kb molecules to become captured. We then incubated cells for 30 min with the Kb specific ligand 

peptide, FL9 (sequence: FAPKNYPAL, in the single letter amino acid code). The lysine side chain of FL9 

was modified with the carboxytetramethylrhodamine (TAMRA) fluorophore, which does not interfere 

with peptide binding to Kb (FL9-TAMRA) (Saini et al., 2015). As anticipated, we observed fast and strong 

binding of FL9-TAMRA onto the Kb-GFP pattern (Figure 4.1.4.4 A, column 1), which demonstrates that at 

least some, if not many, of the class I molecules that are captured by the antibody micropatterns are 

folded and functional in binding peptide. Finally, we realized the competitive peptide-binding assay. For 

this, we used FL9-TAMRA as a readout (index) peptide. First, we treated the cells with the unlabeled test 

peptide SL8 (sequence: SIINFEKL), which binds tightly to Kb, at different concentrations. Then, we 

incubated with FL9-TAMRA as above. For the SL8-treated cells, no binding of the index peptide was 

observed (Figure 4.1.4.4 A, columns 2 and 3, and B). Pre-incubation with different concentrations of the 

peptide NV9 (sequence: NLVPMVATV), which does not bind to Kb, did not inhibit binding of the index 

peptide (Figure 4.1.4.4 A, columns 4 and 5, and B). This result demonstrates that the patterned Kb-GFP 

molecules bind peptides with their native specificity, and that this method can be used as a simple and 

rapid assay for class I molecule-peptide binding. 
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Figure 4.1.4.4 :  Peptide-specific binding assay with captured class  I  molecules.  (A)  

STF1/K
b
-GFP cells were grown on mAb Y3 ant ibody micropatterns at 37  °C unti l  they 

adhered, shifted to 25 °C overnight to accumulate empty K
b 

at the cell surface, incubated 

first for 15 min with SL8 (K
b
-binding) or NV9 (non-K

b
-binding) test peptide at the indicated 

concentration, and then incubated with  1 µM FL9-TAMRA index peptide. The cells were then 

fixed and imaged. Bar, 25 µm.  (B) Quanti f ication of data in A performed as in 

Figure 4.1.4.3C. 
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4.1.5 Discussion and Conclusion 

To study the emerging complexity of receptor–ligand interactions, researchers need new and better 

methods. The assessment of the effects of protein glycosylation, particular states or conformations, or 

the role of the cellular environment for ligand binding capacity often requires receptor analysis in, or on, 

live cells. For example, our work described here was prompted by the need to investigate the binding of 

peptide ligands to glycosylated class I molecules in their native membrane environment and in the 

peptide-empty β2m associated state. In order to work with class I molecules embedded in the plasma 

membrane, we captured them on the surface of living cells with antibodies printed on the glass culture 

surface. With this method, we were able to prevent the internalization of the peptide-empty state, 

which is otherwise rapidly endocytosed and degraded. Now, by the addition of peptide ligand to the cell 

culture medium, we were able to measure the binding of fluorescently labeled peptide ligand to these 

captured class I molecules, i.e., its co-localization with the pattern of the receptor (You and Piehler, 

2016; Moore et al., 2016). In principle, capture of cell surface proteins can also be achieved on glass 

surfaces that are homogeneously coated with antibodies. Our patterning approach has the advantage 

that it allows for an internal control: the unpatterned interspaces provide an optimal control for peptide 

background binding to cells and glass. To achieve this micrometer-spaced patterning of the antibody, we 

used microcontact printing with PDMS stamps (Kane et al., 1999). Similar patterning of membrane 

proteins has recently been used to study cell adhesion and phagocytosis, (Cavalcanti-Adam et al., 2006; 

Freeman et al., 2016) signaling, (Mossman et al., 2005; Wu et al., 2004) cellular protein–protein 

interactions, (Schwarzenbacher et al., 2008; Weghuber et al., 2010; Löchte et al., 2014; Wedeking et al., 

2015) and protein–metabolite interactions (Gandor et al., 2013). Here, we address for the first time the 

challenge to study only one particular state of class I molecules, namely the peptide-empty (also called 

the peptide-receptive) state, which is rare at the cell surface (since it is rapidly internalized and 

degraded) and which is intermixed with other states such as the free heavy chain (which lacks the light 

chain β2m). Both problems were solved by printing a β2m-dependent specific antibody, Y3, which only 

recognizes the heavy chain in complex with the light chain. This allowed us to trap exclusively the 

peptide-empty form, but not the free heavy chain. Our assay thus enables state specific binding studies 

for class I and other receptors using the many other state- or conformation-specific antibodies that have 

been described. The attachment of antibodies to glass surfaces, especially to surfaces treated for cell 

growth, has been studied intensively, and many of the currently used protocols are complex, with often 

several layers of compounds (Schwarzenbacher et al., 2008; Löchte et al., 2014; Gandor et al., 2013; 

Wilson and Nock, 2003; Iversen et al., 2008; Blackburn and Shoko, 2011; Matic et al., 2013). We decided 
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to follow other studies where antibodies were printed directly onto untreated glass coverslips, (St John 

et al., 1998; David J. Graber et al., 2003; LaGraff and Chu-LaGraff, 2006) as this direct printing is simpler 

and faster than indirect methods of attachment. Initially, we were concerned that the (presumably) 

random orientation of antibody molecules on the glass surface (Figure 4.1.4.1 A) would lead to their 

inactivation, but indirect attachment of the antibodies by printing protein A or secondary (anti-mouse) 

antibodies gave no improvement over direct printing (data not shown). Due to the random 

immobilization of antibodies, it is likely that the antibody molecules are positioned in all possible spatial 

orientations (Figure 4.1.4.4 A) and that not all antigen-binding sites face upward toward their target 

protein in the cell membrane. We showed that we could improve the signal-to-noise ratio of Kb-GFP 

patterning by increasing concentrations, with saturation when the majority of surface Kb-GFP was 

captured (Figure S2, Supporting Information). Therefore, the required antibody concentration highly 

depends on the protein expression level of the seeded cells, especially on the cell surface levels of the 

protein being captured. These can vary between different stable cell lines and/or transfection levels. We 

used no coating agent (such as bovine serum albumin or milk) to block the interspaces between the 

pattern elements before immunostaining with fluorescently labeled secondary antibody (Figure 

4.1.4.4 C), and we did not observe any nonspecific binding of the secondary antibody to the untreated 

glass surface. However, in the cell experiments, we incubated the antibody micropatterns with the cell 

culture media supplemented with fetal bovine serum (FBS) once we seeded the cells. The serum proteins 

of the FBS are likely to adsorb to the interspaces between the pattern elements, thus coating these areas 

with proteins. This would be similar to the seeding of cells on plain glass coverslips for conventional 

fluorescence microscopy. While direct printing of antibodies might reduce their activity, (David J. Graber 

et al., 2003) we conclude that for the purpose of our peptide-binding assay, direct printing on untreated 

glass is sufficient. In our experiments, we observed that the fluorescence of the captured Kb-GFP is often 

not uniformly distributed across the pattern elements but rather concentrated along their edges (Figure 

4.1.4.2 C). It is unlikely though that the antibody is distributed unevenly in a pattern element, since the 

fluorescence signals of the antibody in the pattern elements look much more homogeneous than those 

of Kb-GFP (Figure 4.1.4.4 C). The simplest explanation is that Kb-GFP molecules, which can laterally diffuse 

in the plasma membrane, become captured into the edges of the pattern elements as they collide with 

them. This notion of rapid capture of diffusive membrane proteins is also supported by our observation 

that patterning of Kb-GFP is visible as soon as the cells settle on the substrate: in live-cell recordings, we 

observed that when a moving cell reaches a new pattern element, Kb-GFP is captured at that site within 

seconds to minutes (not shown). We have demonstrated that the observed patterning of Kb-GFP is at the 
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bottom of the cell, where it sits on the glass coverslip, since Kb-GFP co-localizes in the z-dimension with 

the glass surface antibody micropattern (Figure 4.1.4.3 B, C). We show that the patterned Kb-GFP is on 

the cell surface, since its extracellular peptide-binding domain binds membrane-impermeable peptides 

that are added to the medium (Figure 4.1.4.4 A). This result also confirms that the captured Kb-GFP is 

folded and functional. This is important, since peptide-empty class I molecules are thought to be partially 

unfolded and are notoriously difficult to study, be it as recombinant proteins or in the cellular 

environment (Springer, 2015). We show here that even such sensitive proteins can be captured, held, 

and subjected to investigation with antibody micropatterns. Our blocking experiments show that peptide 

binding to the captured class I molecules is specific, and that our assay can be used for peptide-ligand 

screening approaches. We demonstrate here the use of these captured Kb-GFP molecules in a 

class I molecule-peptide binding assay that is read out with a fluorescence microscope (Figure 4.1.4.4). 

4.1.6 Outlook 

We think that patterning class I molecules, and other receptors, will in the future allow automatic 

readout, in which pattern recognition software, guided by the fluorescent signal of the antibody 

micropatterns, can distinguish autonomously between areas of the signal (the pattern elements) and 

background (the gap areas). In such an automated scanning system, the researcher would be able to 

scan multiple cells in parallel for quantitative analyses. Such a system will be useful for many receptor–

ligand studies, especially those that require receptors to be glycosylated, in their native membrane 

environment, and/or in a defined state or conformation. Beyond this, directly printed antibody arrays 

have great potential for discovery. The in cis-interaction between two plasma membrane proteins can be 

detected in their native environment if one of them (the membrane protein) is captured in a pattern, 

and the other (a membrane or cytosolic protein) is fluorescently labeled (Schwarzenbacher et al., 2008; 

Löchte et al., 2014; Gandor et al., 2013). In the future, it may be possible to extend this work toward 

discovery of novel interacting proteins by immunostaining patterned cells for proposed interaction 

partners. In such a hypothetical experiment, a known membrane protein would be arranged according to 

the antibody micropatterns, and the cells would be subsequently stained with an antibody against a 

proposed interaction partner by conventional immunofluorescence methods. Co-localizing signals of 

patterned membrane protein and antibody stain will then indicate possible in cis-interactions of the two 

proteins. Or, in an even more advanced project, the pattern elements can be subjected, after cell lysis, to 

2D matrix-assisted laser desorption ionization (MALDI) imaging to discover proteins that interact with 

those membrane proteins bound by the printed antibodies (Pröschel et al., 2015). For synthetic biology, 
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membrane proteins might be arrayed into defined signaling complexes, (Wedeking et al., 2015) or in the 

absence of cells, antibody arrays might be used for arranging enzymes to encourage substrate 

channeling and enhance turnover in micrometer-sized bioreactors (Wilson and Nock, 2003; Pröschel et 

al., 2015). Such options are currently being studied by us and others. 

4.1.7 Experimental Section 

4.1.7.1 Photolithography 

Silicon master molds were prepared by semiconductor photolithography. Briefly, silicon wafers were 

cleaned with acetone and isopropanol, followed by UV plasma cleaning for 5 min and spin-coating with 

SU-8 negative epoxy based photoresist (MicroChem Corp., USA) to produce a film of 2 μm thickness. 

Samples were pre-baked on a hot plate at 65 °С for 1 min followed by soft baking at 95 °С for 3 min. To 

fabricate the silicon master, we used a negative transparency mask with pre-designed geometries (NB 

Technologies GmbH, Germany). Wafers were exposed to UV light for 3 s under the transparency mask, 

then post-baked at 95 °С for 1 min and developed in SU-8 developer (MicroChem Corp., USA). To further 

crosslink the material, wafers were hard baked at 95 °С for 5 min.  

4.1.7.2 PDMS stamps 

PDMS stamps were generated from basic elastomer and curing agent (Sylgard 184 Silicone Elastomer Kit) 

mixed in a 10:1 ratio. For each stamp, a droplet of premixed PDMS was applied onto a glass coverslip 

(#3) and covered with a silicone master containing an array of squares (dimensions: 10 µm diameter and 

5 µm interspace). For curing, the stamps were incubated at 55 °C for a minimum of 3 hours. Then, the 

mold was carefully peeled off the silicone master, and the surrounding areas of the array were cut away 

with a scalpel. Stamps were stored at room temperature (RT). 

4.1.7.3 Antibody patterns 

For printing antibody patterns, the prepared PDMS stamps were rinsed with ddH20, dried under nitrogen 

flow, and inked with 5 µl of antibody solution (0.1 µg µl-1). After incubation for 10 min at RT in a dark 

humidity chamber, the stamp was rinsed with ddH20 and dried under nitrogen flow. For transfer of the 

antibody, the stamp was placed under its own weight on a round microscopy glass coverslip (#1, 22 mm) 

and incubated for 15 min at RT in a dark humidity chamber. The stamp was then removed carefully. 
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4.1.7.4 Scanning electron microscopy (SEM)  

Imaging of PDMS stamps and antibody prints was performed with a Zeiss Supra 40 VP scanning electron 

microscope (Zeiss GmbH, Germany) operated at an acceleration voltage of 5 kV. Prior to the 

measurements, samples were washed with ddH2O, dried under the nitrogen flow, and sputtered with 

gold.  

4.1.7.5 Gold immunolabeling of printed antibodies.  

Murine monoclonal Y3 antibody micropatterns were incubated with goat anti-mouse IgG 15 nm gold 

conjugate antibodies (Aurion, Wageningen, Netherlands) for 1 h at RT and then rinsed with ddH2O. 

Binding of the gold-conjugated antibodies was visualized by SEM.  

4.1.7.6 Patterning cell surface proteins  

Coverslips were placed into a sterile cell culture dish with the antibody micropatterns facing upwards. 

Cells were seeded at a concentration of ~50.000 cells per well immediately onto the antibody patterns. 

Following incubation as indicated (usually 24 hours), patterns were detected by the fluorescence of 

directly labeled printed antibodies or after reaction with fluorescently labeled goat anti-mouse 

secondary antibodies (15 min incubation) by confocal laser scanning microscopy (CLSM) on a Zeiss 

LSM 510.  

4.1.7.7 Antibodies 

Monoclonal antibodies Y3 (against the complex of Kb with its light chain beta-2 microglobulin (β2m; 

(Ozato and Sachs, 1981)) and 27-11-13S (against Db/β2m; (Hämmerling et al., 1982)) were harvested from 

hybridoma supernatants and purified by affinity chromatography on protein A sepharose. Antibodies 

were labeled with Atto and Alexa Fluor fluorescent dye NHS esters (ATTO-TEC and Invitrogen) according 

to the manufacturers' instructions. Secondary polyclonal antibodies were obtained from Abcam.  

4.1.7.8 Peptides 

Peptides were synthesized by Genecust (Luxemburg) and emc microcollections (Tübingen, Germany) and 

purified by HPLC (90% purity). The Kb-specific peptide FL9 (FAPGNYPAL in the single-letter amino acid 

code) was labeled with the fluorescent dye TAMRA on the lysine side chain (avoiding interference with 

peptide binding to class I) to give FL9-TAMRA. This fluorescent peptide was added to cells at a final 

concentration of 1 µM for 30 min at 37 °C to allow binding, then cells were washed in phosphate 
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buffered saline (PBS, 10 mM phosphate pH 7.5, 150 mM NaCl), fixed, and observed by CLSM. Prior 

blocking with the SL8 (SIINFEKL) or NV9 (NLVPMVATV) peptides was for 15 min at 25 °C, where 

applicable. Binding of the peptides to Kb was studied in (Saini et al., 2013a) and references therein.  

4.1.7.9 Cell lines, gene expression, and immunofluorescence stainings  

TAP-deficient human fibroblasts STF1 (kindly provided by Henri de la Salle, Etablissement de Transfusion 

Sanguine de Strasbourg, Strasbourg, France) were stably transduced with Kb-GFP. Lentiviruses were 

produced and used for gene delivery as described previously (Hanenberg et al., 1997). For capture 

experiments, cells were trypsinized, seeded on the antibody patterns, and incubated at 37 °C (in the 

presence of the Kb ligand peptides SL8 or FL9, where indicated). To accumulate peptide-empty Kb, cells 

seeded onto the patterns were incubated at 37 °C until they had adhered to the surface (usually 3-6 

hours) and then shifted to 25 °C overnight (Montealegre et al., 2015). Cells were washed twice with PBS 

and fixed with 3% paraformaldehyde for 15 min at RT. Patterned proteins were observed via GFP 

fluorescence by CLSM. Stainings with wheat germ agglutinin (WGA)-Alexa Fluor (AF) 647 (Molecular 

Probes, Thermo Fisher Scientific, Germany), anti-β-actin-AF647 (Cell Signaling Technology), and 

anti-β-tubulin (Abcam) were performed according to the manufacturers' protocols. Briefly, for WGA-

AF647, the staining solution was added to the fixed cells for 10 min at RT and washed twice with PBS. For 

β-actin and β-tubulin, cells were first fixed with 3% paraformaldehyde (PFA) and then permeabilized with 

methanol or 0.1% Triton-X-100. For actin stainings, a fluorescently labeled primary antibody 

(anti-β-actin-AF647) was used, whereas the β-tubulin stain required a secondary antibody stain with a 

goat-anti-mouse-Cy3 conjugated antibody (Abcam). 

4.1.7.10 Microscopy 

A confocal laser scanning microscope was used (LSM 510, Zeiss, Germany). Argon and He/Ne lasers were 

used for selective excitation of mGFP, TAMRA, Cy3, and Alexa Fluor 647 at 488 nm, 514 nm, and 633 nm. 

Samples were illuminated with a 63 x oil immersion objective (Plan Apochromat, Zeiss, NA 1.4). Emission 

fluorescence was detected with standard filter sets (GFP: band pass (BP) 505-530 nm; TAMRA/Cy3: BP 

560-615 nm; AF647: long pass 650 nm). All scans were performed sequentially for the respective 

wavelengths. For z-scans, optical sections with a thickness of 600-700 nm (488 nm = 1 Airy unit and 

633nm = 0.72 Airy units) were recorded with an overlap of 200 nm. Images were processed with ImageJ 

(National Institutes of Health), and figures were made with Inkscape (inkscape.org).  
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4.1.7.11 Data analysis 

For data analysis, the Pearson colocalization coefficient between pattern (antibody) fluorescence and 

GFP (protein) fluorescence was determined in rectangular boxes across the pattern elements (JACoP tool 

of ImageJ, National Institutes of Health). For statistics, the mean and standard error of the indicated 

number of cells was calculated. 
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4.1.8 Supporting Information 

4.1.8.1 Class I molecule patterning is visible after 2 hours and persists afterwards 

 

 

Figure 4.1.8.1: Class I  molecule patterning is visible after 2 hours and persists 

afterwards.  STF1/Kb-GFP cells were seeded onto mAb Y3 antibody micropatterns, grown at 

37 °C in presence of the Kb l igand peptide SL8 for the indicated times, f ixed, and imaged. 

Bar, 25 µm. 
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4.1.8.2 Capture efficiency of class I molecules correlates with printed antibody concentration 

 

 

Figure 4.1.8.2: Capture efficiency of class I molecules correlates with printed antibody 

concentration.  STF1/K
b
-GFP cells were seeded onto mAb Y3 antibody micropatterns printed 

at the indicated concentrations, grown for 5  hours in presence of the K
b
 l igand peptide FL9, 

f ixed, and imaged. The test of different  concentrations suggests that a minimal antibody 

concentration of 50-125 ng µl
-1

 is required for a good signal -to-noise ratio between patterned 

K
b
-GFP and background. This is achieved if the majority of the overall surface K

b
-GFP binds 

to the antibody pattern elements, thus keeping the level of free diffusing K
b
-GFP in the 

interspaces low, resulting in low background levels. Bar, 25 µm. 
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4.1.8.3 Immunostaining of β-actin of STF1/Kb-GFP cells reveals no difference between cells seeded 

on or off antibody micropatterns 

 

 

Figure 4.1.8.3: Immunostaining of β-actin of STF1/K
b
-GFP cells reveals no difference 

between cells seeded on or off antibody micropatterns.  STF1/K
b-

GFP cells were grown 

overnight at 37 °C on Y3 antibody micropatterns and fixed. Cells were subsequently 

permeabil ized with 0.1% Triton X-100 and stained with an Alexa Fluor 647-conjugated 

anti-β-actin antibody. Upper row: Fluorescence images of cells off and on antibody 

micropatterns. Lower rows: enlarged areas of upper images as indicated by colored boxes. 

Bars, 25 µm (upper) and 5 µm (lower).  
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 Additional Data 4.2

4.2.1 Different approaches to generate anti-MHC class I micropatterns 

For the generation of anti-MHC class I micropatterns, I tested all anti-MHC class I antibodies that are 

commonly used for standard methods such as co-immunoprecipitation, flow cytometry, 

immunofluorescence, or Western blots in the Springer laboratory. It is commonly known that a given 

monoclonal antibody is not necessarily suitable for all applications. Similarly, the antibody isoform can 

influence the functionality of the protein. Most antibodies are produced in our lab by the purification 

from hybridoma supernatant (see section 2.1). I used such supernatants and purified antibodies from 

them via protein A affinity chromatography. I then stained the purified antibodies with NHS dyes and 

tested them (see section 2.1).  

Since MHC class I proteins are a trimeric complex, different strategies exist to target the protein with 

antibodies. One can target the individual subunits, i.e., the heavy chain, or the light chain 

beta-2 microglobulin (β2m), or one can use the peptide to capture the empty MHC class I proteins (see 

section 1.4.2 for MHC class I structure). I have tested all three possibilities as described in the following.  

4.2.1.1 Anti-MHC class I heavy chain 

Most of the antibodies that are available in our lab target an epitope that is located in the heavy chain of 

the MHC class I protein (see table 1.5 for antibody epitopes). They usually recognize 

conformation-dependent epitopes that consist of several amino acids in the tertiary structure of the 

protein, i.e., they usually recognize the folded protein. Since folding of the MHC class I heavy chain 

strongly depends on the association of β2m, many antibodies recognize the fully conformed complexes 

that involve residues of β2m. This can include the empty dimer (i.e., the complex of the MHC class I 

heavy chain and β2m) or the peptide-bound trimer (the complex of heavy chain, β2m, and peptide) 

(see section 1.4.2 for reference). Some antibodies, in contrast, exclusively bind to the free heavy chains. 

Due to the lab´s expertise with murine MHC class I allotypes, I mostly worked with the two murine 

allotypes H-2Kb (Kb) and H-2Db (Db). The table in section 1.5 lists all antibodies that were tested in this 

thesis project, specifying their epitopes and references. Figure 4.2.1.1 shows micropatterns of the 

available antibodies that were purified and labeled. To my surprise, all antibodies, except B22.249 and 

25.D1.16, remained functional when printed onto glass surfaces and are in principle suitable for 
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anti-MHC class I micropatterns. For the antibody 20-8-4S, I used unlabeled antibody, seeded cells, and 

stained afterwards with a labeled goat-anti-mouse antibody to visualize the antibody micropatterns. 
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4.2.1.2 Anti-β2m  

Instead of targeting the heavy chain of MHC class I directly, one can also target the light chain β2m, 

which is associated with the heavy chain, with an anti-β2m antibody (BBM.1). I have performed several 

trials with anti-β2m antibody micropatterns, but I was not able to capture Kb-GFP efficiently with this 

antibody (data not shown). I assume that the used BBM.1 antibody is also less stable, similar to our 

observations with 25.D1.16, and perhaps denatures on the glass surface. I am confident that functional 

anti-β2m antibody micropatterns can be generated in the future. I would first test other anti-β2m 

antibodies that are commercially available and then move on to surface coating that might help to 

stabilize the antibody on the glass surface.  

4.2.1.3 Peptide micropatterns 

After we established the antibody micropatterns, we were wondering whether we could use the same 

technique to fabricate peptide micropatterns. Since we use TAP-deficient STF1 cells, they cannot 

efficiently load their MHC class I with peptide. Thus, the Kb-GFP molecules at the cell surface are mostly 

empty or loaded with suboptimal peptides, and they should bind to high-affinity peptides. We assumed 

that, if we attach such peptides to the glass surface, the empty Kb-GFP molecules will bind to the 

immobilized peptides and thus become captured on the pattern elements. Figure 4.2.1.3 shows a first 

trial experiment, where I printed the unlabeled high affinity peptide SL8 conjugated to biotin (bio-

SIINFEKL in the single letter amino acid code) according to the standard antibody printing protocol on 

untreated, streptavidin- or APTES-coated coverslides. We know that the bio-SIINFEKL peptide, which has 

a 6-aminohexanoic acid linker between the biotin and the lysine side chain, can be bound by H-2Kb and 

by streptavidin at the same time (Praveen et al., 2009), and we reasoned that the immobilized 

streptavidin would hold the peptide a small distance from the surface such that the Kb-GFP molecules 

would be able to bind to it. 
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Since the SL8 was unlabeled, I was not able to confirm that the peptide was transferred to the glass 

coverslide. Nonetheless, STF1/Kb-GFP cells were seeded, incubated at different temperatures, and fixed. 

Still, none of the samples showed any capture of Kb-GFP.  

There are various possible explanations why this trial experiment did not work. One is that the printing 

of the peptide did not work. The SL8 peptide consists of 50% hydrophobic amino acids, thus it is possible 

that the ink, here the SL8 peptide, is repelled by the PDMS, thus the stamp is not efficiently inked, and 

subsequently no SL8 print will be generated on the glass surface. If we assume that we generated SL8 

micropatterns nonetheless, it is reasonable to imagine that the Kb-molecules cannot bind to it, since 

class I needs to wrap around the entire peptide. Printing the peptide directly on the glass surface might 

not be sufficient to allow for this interaction due to steric hindrance. Even our idea to orient the peptide 

by the biotin-streptavidin interaction and to provide some distance to the glass surface, to allow class I 

to bind the peptide properly, did not help. Perhaps, the binding conditions close to the glass surface 

necessitate a longer linker than in solution.   

 

Figure 4.2.1.3: Testing SL8-peptide micropatterns. Biotinylated SL8 (SL8-bio) was printed on 

differently coated glass surfaces according to the standard protocol. STF1/K
b
-GFP were seeded 

onto the SL8-micropatterns and incubated at different temperature to test for their abil i ty to 

capture K
b
-GFP. Bar, 25 µm. 
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4.2.2  The special case of the 25.D1.16 antibody  

The antibody 25.D1.16 binds specifically SL8-loaded Kb and is considered a T cell receptor-like antibody. 

The crystal structure of 25.D1.16 and the Kb-SL8 complex shows that 25.D1.16 – unlike other antibodies – 

reads out the structure of the bound peptide by the canonical diagonal binding mode utilized by most 

TCRs (Mareeva et al., 2008). This led to the idea to use 25.D1.16 antibody micropatterns to develop an 

inducible capture assay. In this setup, STF1/Kb-GFP cells will be seeded on 25.D1.16 antibody 

micropatterns that were generated according to our standard method. Since STF1 cells lack the TAP 

transporter, the Kb molecules cannot be efficiently loaded with peptide, and the Kb molecules that arrive 

at the cell surface are mostly empty or suboptimally loaded. Especially, they contain no SL8 peptide since 

the SIINFEKL peptide sequence does not naturally occur in human cells. Therefore, the printed 25.D1.16 

antibodies will not bind to these Kb molecules. When the SL8 peptide is then added to the cell culture 

medium, it will bind to the empty Kb molecules at the cell surface, which thus gain the epitope for the 

25.D1.16 antibody. With this assay we would be able to specifically induce the capture of class I into 

patterns upon addition of peptide, e.g., after the cells have adhered. This is in contrast to the current 

situation, where we cannot control the capture and accumulate Kb molecules immediately upon seeding. 

Also, we might use this system to follow the capture of Kb molecules over a defined time period, for 

example to quantify the arrival of Kb molecules at the cell surface under specific conditions. In our trial 

experiments, we printed the 25.D1.16 antibody according to our standard procedure on untreated glass, 

seeded HA-Kb-GFP expressing cells on the patterns, and added SL8 peptide to the cell culture medium 

(see figure 4.2.2, columns 5 and 6). Although this approach was successful for the other antibodies, we 

were surprised to find that the 25.D1.16 antibody can be printed but completely loses its functionality on 

the glass surface. We tried to improve the stability of the antibody by pre-treating the surfaces with PLL 

(see figure 4.2.2, columns 3 and 4), but could not restore the functionality. Throughout the project, I 

repeated the experiment with the 25.D1.16 antibody several times, but until now, I have not been able 

to capture Kb-GFP with this antibody. In several of these experiments, binding of the same batch of 

25.D1.16 to the same cells was verified by flow cytometry (data not shown). It is possible that this 

antibody is rather sensitive and needs more flexibility to bind to its target epitope, similar to an induced 

fit interaction, or that it is especially sensitive to denaturation on the glass surface. Since certain 

antibody isoforms are prone to aggregation, and 25.D1.16 is the only antibody of the IgG1 isoform 

among all antibodies used, whereas all others belong to the IgG2 isoform, it is also possible that the 

isoform plays a role for the antibody stability.  
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4.2.3  Peptide binding to captured Db on 27.11.13S prints 

Similar to the binding of SL8 to captured Kb-GFP (see section 4.1.4.4), I repeated this experiment with Db 

and the respective peptide. For this, I seeded the STF1/Db-GFP cells on 27.11.13S antibody micropatterns 

and added the Db-specific peptide FL9 (FAPGNYPAL in the single letter amino acid code) to the cell 

culture medium. To test if the fluorescent dye has any influence on this assay, such as unspecific binding 

to the glass coverslides, I also tried FL9 conjugated to TAMRA as well as to Dy633. Figure 4.2.3 shows 

that both peptides bound specifically to the captured Db-GFP in this experiment, indicating that both 

fluorescent dyes can be used for this assay.  

 

Figure 4.2.2: Testing different pre -coated surfaces for their ability to stabilize 25.D1.16 

antibody micropatterns .  Labeled 25.D1.16 (25.D1.16
AF647

) was printed on different plasma 

treated and/ or PLL-coated glass coverslides (magenta). Then, STF1/HA-K
b
-GFP cells were 

seeded on the 25.D1.16 antibody micropatterns, and 1µM SL8 was added to the cell culture 

medium. Cells were incubated overnight at 25°C. Bar, 25 µm.  
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4.2.4  Cells sense antibody micropatterns: ‘feet’ formation 

In our first attempts of antibody micropattern fabrication and seeding of cells onto different pattern 

sizes, we saw the phenomenon that cells react to the pattern element sizes. If the pattern elements are 

big enough for the cells to sit on, they will either choose the pattern elements for attachment or will 

avoid them completely and occupy only the interspaces (see also 1.3.5.3).  

Throughout the project, I observed that the cells were crawling across the surface. In these cases they 

usually left traces behind, where pieces of the cell membrane remained on the antibody pattern 

elements. While the great majority of cells generally spread evenly across the antibody pattern 

elements, there were cases where the cells formed protrusions, like little ‘feet’, that were binding to 

 

Figure 4.2.3: Peptide binding to captured D
b
-GFP.  The D

b
-specific antibody 27.11.13S 

(unlabeled) was printed according to the standard protocol. STF1/D
b
-GFP were seeded onto 

the antibody micropattern and incubated overnight at 25°C to accumulate D
b
-GFP surface 

levels (green). The next day, the D
b
-specific peptide FL9 with two different f luorescent labels 

(FL9
TAMRA 

and FL9
Dy633

) was added to the cells  (f inal concentration=2 µM) and incubated for 

20 min at 37°C (TAMRA, red; Dy633, magenta). Bar:  25 µm. 
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single pattern elements. Sometimes, these little protrusions only became visible after fixation, e.g. when 

the cells were shrinking during the fixation process. These ‘feet’ occurred randomly and also on various 

treated surfaces. The micrographs in figure 4.2.4 show two examples of such observed feet (white 

arrows).  

  

 

Figure 4.2.4: Cells stick to the antibody pattern elements . STF1/HA-K
b
-GFP or 

STF1/K
b
-GFP cells were seeded on Y3 antibody micropatterns (labeled Y3

AF647
, magenta; 

unlabeled, black) and incubated according to the standard protocol. Cells were then fixed an 

imaged. White arrows indicate the protrusions of the cell. Bar, 25 µm.  
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4.2.5  Dipeptide exchange trials  

Our assay demonstrated that we can pattern functional Kb at the cell surface that can bind peptides 

specifically (see section 4.1). For the development of a peptide binding assay that can be used with living 

cells, we wanted to test whether we can also exchange high affinity peptides with the dipeptide 

technology on the captured Kb-GFP (see Saini et al., 2015 for reference). In this published paper, peptide 

exchange was also successfully tested on living cells (see figures  5 A and B in (Saini et al., 2015)). For first 

proof-of-concept experiments, we repeated the described experiments on the patterns, where FL9 was 

exchanged with SL8, and we also tried to exchange SL8 with SL8TAMRA. For our experiments, we seeded 

STF1/Kb-GFP cells on Y3 antibody micropatterns and incubated them overnight at 25 °C to accumulate 

Kb-GFP at the cell surface. The next day, we added 2 µM of the test peptides (leaving peptides) to the cell 

culture medium for 15 min at 37 °C to load all captured Kb-GFP with these peptides. After peptide 

loading, the cells were washed twice with medium to remove any excess peptide. For the peptide 

exchange reaction, 1 µM fluorescently labeled index peptide (SL8TAMRA) was added alone or together with 

10 mM glycyl-cyclohexylalanine (GCha) to the cell culture medium at 37 °C for 30 min. Finally, the cells 

were washed and fixed with PFA and fluorescence images were acquired.  

In Figure 4.2.5 A, both peptide exchange reactions are shown. The fluorescence signal of the 

index peptide (SL8TAMRA) can be used to judge how much peptide was exchanged during the exchange 

reactions. In our control sample, we loaded the captured Kb-GFP directly with the index peptide SL8TAMRA 

to show that the captured Kb-GFP molecules are functional and bind peptide (column 1). In the negative 

control experiments, we blocked with the respective test peptides and added the index peptide. 

Surprisingly and against previous observations, the blocking was not complete in these experiments 

(column 2 and 4), since the fluorescently labeled peptide was always binding to the captured Kb-GFP. In 

the exchange reactions, in presence of GCha, the fluorescent signal was slightly increased as expected 

(column 3 and 5).  
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Figure 4.2.5 A: Dipeptide exchange trials  with Y3 antibody micropatterns . STF1/HA-K
b
-GFP 

cells were seeded on Y3
AF647  

antibody micropatterns, incubated at 37°C to adhere and were then 

shifted to 25°C overnight.  The next day, unlabeled SL8 or FL9 peptide (test peptide) was added 

for blocking and cells were incubated at 25°C for 15 min. For the exchange reacti on, SL8
TAMRA

 

was added alone or with GCha and incubated at 37°C for 1 hour at 37°C. Cells were washed and 

fixed. Bar,  25 µm. 

 



4 Development of anti MHC cIass I antibody micropatterns and their applications 

 

118 

The results of the exchange experiment are difficult to interpret. The insufficient blocking is surprising, 

since it worked well in previous experiments (see figure 4.1.4.4). Since it was expected that the blocking 

will inhibit the binding of the fluorescent index peptide, the effect of GCha addition is rather weak. It is 

possible that the incubation times were too long, and that newly synthesized Kb-GFP arrived at the 

plasma membrane during the exchange reactions. In this scenario, the new Kb-GFP molecules would be 

directly loaded with the index peptide. From my experience however, the amount of new Kb-GFP 

molecules at the cell surface is rather low. To exclude that the fluorescent signal is caused by the new 

arrival of Kb-GFP at the cell surface, the experiment should be repeated in the presence of 

Brefeldin A  (BFA) to block surface delivery of newly synthesized Kb-GFP.  

It is also possible that the capture via the Y3 antibody micropatterns has an effect on peptide exchange. 

It is possible that the Y3 antibody stabilizes the peptide-bound form in such a way that peptide 

dissociation is impaired. To test this hypothesis, I repeated the experiment with HA antibody 

micropatterns (figure 4.2.5 B). Since the test peptides are added immediately after the 25 °C overnight 

incubation, dissociation of β2m will be inhibited, and the captured Kb-GFP should remain stable during 

the exchange reaction. In this experiment, the control as well as the blocking was successful except for 

some unspecific background staining (columns 1 and 2). In the exchange sample, the test peptide was 

almost completely exchanged for SL8TAMRA (column 3). 
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Figure 4.2.5  B: Dipeptide exchange trials  with anti-HA antibody micropatterns . 

STF1/HA-K
b
-GFP cells were seeded on HA

AF647 
antibody micropatterns (magenta), incubated 

at 37°C to adhere and were then shifted to 25°C overnight. The next day, unlabeled SL8 

peptide (test peptide) was added for blocking and cells were incubated at 25°C for  15 min. 

For the exchange reaction, SL8
TAMRA

 was added alone or with GCha and incubated at 37°C 

for 1 hour at 37°C (red). Cells were washed and fixed. Bar,  25 µm 
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4.2.6  Release from pattern with HA peptide  

While working on the optimization of the antibody micropatterns, we were wondering whether we could 

release the captured Kb-GFP from the patterns. Such a system would enable us to synchronize the 

internalization of the MHC class I proteins from the cell surface, which would be useful for the study of 

endocytosis, especially since we are able to generate and capture specific conformations of 

MHC class I molecules (see section 5.1). The controlled release of the captured Kb-GFP molecules at a 

specific time point from the antibody micropatterns would be an ideal setup, since it allows for the 

observation of a distinct cohort of proteins and would avoid the background problems that we observe 

so far. Previous studies have shown that the full-length HA peptide (nonameric peptide; YPYDYPDYA in 

the single letter amino acid code) can be used as a competitor to release the HA tagged fusion proteins 

from the HA antibody, e.g. in affinity chromatography. We therefore wished to investigate whether we 

could integrate the HA peptide into our system to release the captured proteins from the antibody 

micropatterns. For this, we chose a stepwise approach, and first verified that we can use the full-length 

HA peptide to release the HA antibody from HA-stained STF1/HA-Kb-GFP cells in solution, and then 

moved on to experiments on the antibody micropatterns as described in the following. 

We also used di- and tripeptides of the full-length nonameric HA peptide and tested whether also 

shorter peptides can be used for the release, adapting the concept of peptide exchange on MHC class I 

molecules with dipeptides (Saini et al., 2015). Table 4.2.64.2.6 lists all tried di- and tripeptides that were 

used in the experiments.   
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Table 4.2.6: Di- and tripeptides tested for HA-release . Peptide sequences are in the single letter 

amino acid code.  

Peptide Sequence Stock concentration (in ddH2O) 

full-length peptide 

HA full-length peptide YPYDYPDYA 1 mM 

di- and tripeptides 

HA-1 DYA 300 mM 

HA-2 Ac-DYA 300 mM 

HA-3 DY-NH2 300 mM 

HA-4 DEPDY does not dissolve in ddH2O 

4.2.6.1 Flow cytometry 

In a first control experiment, I tested the full-length HA peptide and the di- and tripeptides listed in 

table 4.2.6 on cells that were kept in solution according to typical staining protocols for flow cytometry in 

our laboratory. In these experiments, I used STF1/HA-Kb-GFP cells and labelled them with the same 

HA hybridoma that I used for the generation of antibody micropatterns. According to the standard 

staining protocol for flow cytometry experiments, I incubated the cells for 30 min on ice with the 

HA hybridoma. After labeling, the cells were washed and incubated with different concentrations of the 

full-length HA peptide (c= 10 to 20 µM) and/or a mix of the di- and tripeptides (c= 10 mM) for 30 min at 

37 °C to initialize the release of the HA antibody. The cells were washed again to remove the eluted HA 

antibody and stained with a secondary APC conjugated goat-anti-mouse antibody (dilution 1:100) for 

25 min on ice and washed with PBS. The fluorescence signal was finally read out in flow cytometry. 

Interestingly, the HA signal was decreased only by addition of the full-length peptide (see 

figure 4.2.6.1 B), whereas the mix of the di- and tripeptides was not able to remove any of the pre-bound 

HA antibody (see figure 4.2.6.1 A). Importantly, re-binding of the HA antibody was also possible, 

indicating that the HA peptide only interferes with the antibody binding sites and not with HA-Kb-GFP 

itself and the reduction of HA epitopes was not due to endocytosis of the labeled HA-Kb-GFP (see figure 

4.2.6.1 B).  
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Figure 4.2.6.1 A: Release of anti -HA antibody from the cell surface in flow cytometry .  

STF1/HA-K
b
-GFP cells were incubated with ant i -HA antibody according to the standard 

protocol. Cells were then incubated with a mixture of di - and tripeptides (green l ines) at 

different temperatures (37°C or on ice) to induce the release of the anti -HA antibody, or cells 

were left untreated (solid brown l ine). Cells were then stained with a fluorescent secondary 

antibody to detect the remaining anti -HA antibody on the cell surface.  
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Figure 4.2.6.1 B: Release and rebinding of anti -HA antibody with HA full length peptide . 

STF1/HA-K
b
-GFP cells were incubated with ant i -HA antibody according to the standard 

protocol to stain for total HA surface levels (solid brown l ine).  Cells were then incubated with  

the tri-peptide mix alone (solid green l ine) or with additional ful l  length HA -peptide 

(solid magenta l ine) to induce the release of HA antibody. After the release of the 

HA antibody, the cells were re-incubated with the HA-antibody to show reversibi l i ty of the 

antibody-staining (dashed l ines).  
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4.2.6.2 Release from patterns with full-length HA peptide 

After the successful release of the pre-bound HA antibody by the full-length HA peptide in the flow 

cytometry experiment (see figures 4.2.6.1 B), I wanted to apply the established protocol to antibody 

micropatterns. I thus seeded STF1/HA-Kb-GFP cells on anti-HA antibody micropatterns according to the 

standard protocol to capture HA-Kb-GFP. According to the flow cytometry experiment, I then added the 

HA full-length peptide with or without a mix of the di- and tripeptides to the cell culture medium to 

initialize the release of the HA tagged protein from the anti-HA antibody micropatterns similar to the 

flow cytometry experiment. Cells were incubated up to several hours with the HA peptides at 37 °C, but 

the HA-Kb-GFP remained captured throughout the experiment (see figure 4.2.6.2). Importantly, the 

current readout by fluorescence microscopy only allows for the detection of the GFP signal, but it cannot 

discriminate between individual HA-Kb-GFP molecules. This means that it is possible that there is 

exchange between individual HA-Kb-GFP molecules on the pattern element, but the overall GFP pattern 

remains the same. I think that it is likely that some captured HA-Kb-GFP molecules are indeed released 

but immediately re-captured on the antibody micropatterns, since the released HA antibodies cannot be 

washed away in the micropattern setup (in contrast to the above flow cytometry experiment). In such a 

scenario, the high abundance of HA binding sites on the pattern elements is just too high to be out-

competed by the HA peptide to initiate the bulk release of all HA Kb-GFP molecules from one pattern 

element that would result in the expected disappearance of the GFP signal.  
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Figure 4.2.6.2: Release of captured proteins from anti -HA micropatterns with 

HA full-length peptide . STF1/HA-K
b
-GFP cells were seeded on anti-HA micropatterns according 

to the standard protocol. Then, the HA full - length peptide was added alone or together with the 

di- and tripeptides to the cell culture medium and incubated for several hours at 37°C to induce 

the release of the captured HA-K
b
-GFP proteins. Cells were then imaged in the heating chamber 

(l ive cell imaging). Bar, 25 µm.  
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4.2.6.3 Blocking HA patterns with HA full-length peptide 

To test whether the full-length HA peptide is at all able to bind to the anti-HA antibody micropatterns, 

I tried blocking experiments. For this, I used the standard protocol to generate anti-HA antibody 

micropatterns, but immediately added the HA peptide to the cell culture medium to block the binding 

sites of the printed HA antibodies and thus inhibit the capture of  the HA-Kb-GFP molecules when seeding 

the STF1/HA-Kb-GFP cells. I then proceeded according to the standard protocol. Surprisingly, the capture 

of HA-Kb-GFP molecules was not impaired by the addition of the HA full-length peptide 

(see figure 4.2.6.3).  

 

  

 

Figure 4.2.6.3: Blocking protein capture with HA full-length peptide . STF1/HA-K
b
-GFP cells 

were seeded on anti-HA micropatterns and incubated overnight at 25°C. The HA full - length 

peptide was added at two different concentrations immediately upon cell seeding to block the 

antigen binding sites of the anti -HA antibody micropatterns. The amounts of captured 

HA-K
b
-GFP were compared between the control (no addition of peptide, left column) and the 

blocked antibody micropatterns. Bar, 25 µm  
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4.2.7  Bifunctional patterns 

Our observations that proteins passively adsorb to the pattern interspaces when we incubate a protein 

pattern with a second protein solution (see section 2.6.4) led us to the idea to generate patterns with 

two different immobilized antibodies. Such a bifunctional pattern would allow for the capture of two 

distinct protein conformations at the same time. For a proof-of-concept experiment, we tried to 

generate patterns with HA and Y3 antibodies. During incubation at 25 °C, we would capture the 

MHC class I trimer with both antibodies. When we shift cells to 37 °C, 2m can only dissociate from the 

class I proteins that were captured by the HA antibodies, whereas the molecules captured by the 

Y3 antibody are stabilized in their trimeric form. Binding of fluorescent peptide would then provide a 

readout for the differential capture on both antibodies. For the generation of such 

antibody micropatterns, we printed either HA or Y3 antibodies (c = 0.3 µg/µL). These prints were then 

further incubated for 2.5 min at RT with a solution of the other antibody (c = 0.3 µg/µL), assuming that 

these antibodies will then passively attach to the interspaces of the print, thus forming a grid pattern. 

Then, cells were seeded onto the bifunctional micropatterns and incubated at different temperatures 

and stained with fluorescently labeled SL8 peptide (SL8TAMRA) to identify the conformation of the 

captured Kb-GFP molecules.  

4.2.7.1 Anti-HA and Y3 mixed antibody patterns 

In Figure 4.2.7.1, we printed labeled HA (HAAF647) and incubated the prints subsequently with unlabeled 

Y3 antibody, thus generating antibody micropatterns in which the interspaces are occupied with the Y3 

antibody (figure 4.2.7.1 A). In a second experiment, we fabricated the opposite antibody micropatterns 

by printing unlabeled Y3 (Y3unlabeled) and filling the interspaces with HAAF647, thus generating HA grids 

pattern (magenta) in which the dark squares are occupied with the Y3 antibody (figure 4.2.7.1 B).  

We then seeded STF1/Kb-GFP cells on these micropatterns and incubated them either at 26°C or 37°C 

overnight according to the standard protocol. We found that the capture was generally heterogeneous, 

and patterning was rather weak, except for column 2 (figure 4.2.7.1 B), where the HA-Kb-GFP molecules 

were mostly found on the Y3 antibody elements (GFP signal). Generally, the amount of captured 

HA-Kb-GFP was higher in the 26°C samples as expected according to the enhanced Kb surface levels at 

lower temperatures (columns 1 and 2 in figures 4.2.7.1 A and B). 

Next, I wished to investigate which conformations of HA-Kb-GFP were captured on the different pattern 

elements and whether the mixed patterns allow for the capture of two different conformations on a 
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single cell. After overnight incubation on the mixed pattern at the indicated temperatures, I added 

SL8TAMRA to the cell culture medium to test for peptide-receptive HA-Kb-GFP. I expected to find peptide 

receptive HA-Kb-GFP at 26°C independently of the capture antibody, since β2m dissociation is inhibited at 

this temperature. In contrast to this prediction, peptide binding (red) occurred primarily on the Y3 

pattern elements (figure 4.2.7.1 A column 1, and figure 4.2.7.1 B columns 1 and 2). Some cells even 

showed enhanced peptide binding on the HA pattern elements as seen in figure 4.2.7.1 A, column 2. 

Similarly, at 37°C no clear preference for peptide binding was observed 

(figures 4.2.7.1 A and B, columns 3 and 4). In contrast to previous experiments, I also observed peptide 

receptive HA-Kb-GFP captured on the HAAF647 pattern elements after 37°C incubation 

(figure 4.2.7.1 A, column 3).  

In conclusion, we were able to generate bifunctional anti-HA/Y3 antibody micropatterns. But the cells 

showed individual preferences for distinct pattern elements and thus peptide binding, probably due to 

local antibody concentrations. I recommend optimizing the procedures for this experiment. 
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Figure 4.2.7.1: Anti-HA and Y3 mixed antibody micropatterns .  The interspaces of 

standard antibody micropatterns were incubated with a second antibody to fabricate 

two-dimensional antibody micropatterns. (A) The anti-HA
AF647

(magenta) print was incubated 

with unlabeled Y3 (Y3
un labe led

) to form the invisible Y3 grid pattern. The next day, cells were 

incubated with SL8
T AMRA

 to stain peptide receptive HA-K
b
-GFP (red). Dupl icates represent 

individual observations. Bar, 25 µm 

Figure continues on next page 
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Figure 4.2.7.1 (continued): Anti-HA and Y3 mixed antibody micropatterns . (B)  The 

Y3
un labe led  

print was incubated with HA
AF647

. STF1/HA-K
b
-GFP cells were seeded on the mixed 

antibody micropatterns and incubated overnight at 26°C or 37°C as indicated. The next day, 

cells were incubated with SL8
TAMRA

 to stain peptide receptive HA-K
b
-GFP (red). Duplicates 

represent individual observations. Bar, 25 µm 
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5 Anti-MHC class I antibody micropatterns as a tool to study 

conformation-specific in cis interactions 

 A novel two-hybrid antibody micropattern assay reveals 5.1

conformation-specific cell surface clustering of MHC I proteins 

5.1.1 About chapter 5.1 

Chapter 5.1 is a manuscript that contains some original data. The experiments in this manuscript were 

designed by me and performed by myself or by the indicated co-authors. The manuscript was written by 

Sebastian Springer and me. 

The manuscript was under revision at Elife (https://elifesciences.org/) at the time of writing (20.02.2018) 

and a revised version was accepted on 24.07.2018 (DOI: 10.7554/eLife.34150). 

Dirscherl, C., Ramnarayan, V., Hein, Z., Jacob-Dolan, C., and Springer, S.: A novel two-hybrid antibody 

micropattern assay reveals conformation-specific cell surface clustering of MHC I proteins.  

The figure numbers were changed to match the format of this thesis. 

5.1.2 Abstract 

In this work, we demonstrate a novel two-hybrid assay based on antibody micropatterns to study cell 

surface clustering of major histocompatibility complex (MHC) class I proteins. Anti-tag and 

conformation-specific antibodies are used to individually capture specific forms of MHC class I and allow 

for a location- and conformation-specific analysis by fluorescence microscopy. The assay is used to study 

the formation of MHC class I clusters at the cell surface under controlled conditions and to define the 

involved protein conformations. Our results show that homotypic in cis interactions occur exclusively 

between specific MHC class I forms, and we identify the dissociation of the light chain 

(beta-2 microglobulin) from the MHC class I protein complex as the crucial step of cluster formation. The 

functional role of these MHC class I clusters at the cell surface needs further investigation. We propose 

future technical developments of our two-hybrid assay for further analysis of MHC class I clusters and, 

universally, for the study of protein-protein interactions. 

https://elifesciences.org/
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5.1.3 Introduction 

Protein-protein interactions are difficult to investigate, especially when they involve membrane proteins 

under physiological conditions, specific protein conformations or subpopulations, low affinities, or 

defined locations in the cell. Such challenges are not usually met by the yeast two-hybrid screens and 

co-immunoprecipitation approaches that are commonly used; instead, they require technically 

demanding methods such as fluorescence resonance energy transfer (FRET)18 or fluorescence correlation 

spectroscopy, which only work in some cases.  

Recently, antibody-based capture assays on solid supports have been described that can be used in bait-

prey experiments in live cells (Löchte et al., 2014; Schwarzenbacher et al., 2008; Weghuber et al., 2010). 

We have now expanded this concept to characterize location- and conformation-specific protein-protein 

interactions in a novel two-hybrid assay read out by fluorescence microscopy. We use microprinted 

antibody patterns to spatially arrange specific conformations of our bait proteins in the plasma 

membrane of live cells (Dirscherl and Springer, 2017) and to investigate their interaction with green 

fluorescent protein (GFP)-tagged prey proteins. The assay is universally applicable for the investigation of 

protein-protein interactions.  

In this paper, we use our two-hybrid assay to solve the long-standing question which forms of major 

histocompatibility complex (MHC) class I proteins associate laterally (in cis) on the plasma membrane. 

Class I proteins consist of a polymorphic transmembrane heavy chain (HC), the non-covalently bound 

light chain called beta-2 microglobulin (β2m), and a peptide of eight to ten amino acids. Assembly of HC, 

β2m, and peptide takes place in the endoplasmic reticulum (ER), followed by transport to the cell surface, 

where class I proteins present the bound peptides to T cell receptors of cytotoxic T cells; they also bind 

inhibitory receptors on Natural Killer cells. Class I antigen presentation is central to the cellular immune 

response against viruses, intracellular parasites, and tumors in jawed vertebrates. 

At the cell surface, class I molecules exist in three different forms: the HC/β2m/peptide trimers, the 

‘peptide-empty’ HC/β2m dimers derived from them by dissociation of the peptide, and the ‘free’ heavy 

chains derived from the dimers by dissociation of β2m. While the lateral association of class I proteins 

has been observed before (Capps et al., 1993; Arosa et al., 2007), other researchers have not detected 

                                                           
18

 Abbreviations: β2m, beta-2 microglobulin; class I, MHC class I protein(s); ER, endoplasmic reticulum; fHC, free 

heavy chain; FRET, fluorescence resonance energy transfer; GFP, green fluorescent protein; HA, (influenza) 
hemagglutinin; HC, heavy chain; K

b
, the murine class I protein H-2K

b
; MHC, major histocompatibility complex; 

PDMS, poly(dimethylsiloxane); TAP, transporter associated with antigen processing; TAMRA, 
carboxytetramethylrhodamine. 
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them (Szöllösi et al., 1989; Damjanovich et al., 1983; Liegler et al., 1991); and while optical methods have 

not provided conclusive evidence which forms are interacting, biochemical approaches have not clarified 

where in the cell the binding occurs (Capps et al., 1993; Matko et al., 1994). Moreover, the HC/β2m 

dimers and free heavy chains are short-lived, which complicates their analysis (Montealegre et al., 2015). 

For the study of the proposed functions (endocytosis, synapse architecture, inflammatory response, 

receptor modulation) of the class I clusters, knowledge of location and conformation is essential (Dixon-

Salazar et al., 2014; Chen et al., 2017; Burian et al., 2016; Nizsalóczki et al., 2014; Mocsár et al., 2016).  

Our work now resolves these controversies and shows conclusively that class I free heavy chains, but not 

HC/β2m/peptide trimers or HC/β2m dimers, cluster at the plasma membrane, demonstrating the power 

of our antibody micropattern two-hybrid assay.  

5.1.4 Results 

5.1.4.1 Kb and Db are specifically captured by antibody micropatterns 

Membrane proteins on the surface of living cells can be captured into geometric shapes by antibodies 

that are printed onto the substrate in micrometer-sized patterns (figure 5.1.4.1 A; (Dirscherl et al., 

2017)). We reasoned that any protein that naturally interacts with a patterned protein would also be 

captured into the patterns, and that this might be used for a protein-protein interaction assay 

(Schwarzenbacher et al., 2008). We further reasoned that if we printed antibodies that recognize only 

certain forms of class I (such as Y3, which requires β2m bound to the Kb heavy chain), the interaction 

assay might be made specific for certain forms of class I. 

We first tested whether the two common β2m-dependent monoclonal antibodies Y3 (which binds to 

KbHC/β2m dimers and KbHC/β2m/peptide trimers of Kb (Hämmerling et al., 1982)) and 27.11.13S (which 

binds to DbHC/β2m dimers and DbHC/β2m/peptide trimers (Ozato and Sachs, 1981)) were still specific for 

their target allotypes when used in the pattern capture assay. We inked poly(dimethylsiloxane) (PDMS) 

stamps with solutions of Y3 and 27.11.13S and printed them onto the surface of untreated glass 

coverslips. We then seeded human STF1 fibroblasts expressing C-terminal green fluorescent protein 

(GFP) fusions of either Kb or Db onto these coverslips and observed patterning of Kb-GFP and Db-GFP by 

confocal laser scanning microscopy (figure 5.1.4.1 B). As anticipated, Kb-GFP only patterned with Y3, and 

Db only with 27.11.13S. We concluded that the printed β2m-dependent antibodies still specifically 

recognize their target allotypes. 



5 Anti-MHC class I antibody micropatterns as a tool to study conformation-specific in-cis interactions 

 

134 

In addition, we wished to be able to capture class I independent of its β2m or peptide association. Thus, 

we next tested whether class I proteins can also be patterned via an N-terminal (extracellular) influenza 

hemagglutinin (HA) epitope tag (figure 5.1.4.1 C, bottom). We printed patterns of the monoclonal 

anti-HA antibody 12CA5 and seeded STF1 cells expressing either a HA-Kb-GFP fusion construct or Kb-GFP, 

which lacked the HA epitope. As expected, we observed patterning only with HA-Kb-GFP but not with 

Kb-GFP (figure 5.1.4.1 D). The HA tag did not interfere with the patterning of HA-Kb-GFP on Y3 antibody 

micropatterns (figure 5.1.4.1 D). We conclude that the anti-HA antibody can be used to specifically 

pattern HA tagged class I proteins. 



5 Anti-MHC class I antibody micropatterns as a tool to study conformation-specific in-cis interactions  

 

135 

  

 

Figure 5.1.4.1: Specific capture of cell surface K
b
 on antibody micropatterns .  (A)  

schematic presentation of the capture assay. Cells transduced with K
b
 (red) fused to GFP 

(green) are incubated on the Y3 antibody micropatterns (anti K
b
; magenta). Upon specific 

antibody-antigen interact ion, K
b
-GFP is captured on its extracellular epi tope by the Y3 

antibody pattern elements  (see enlargement). (B) Printed antibodies are target -specific. 

Control experiments demonstrate  that K
b
-GFP is only captured by the ant i -K

b
 antibody Y3 

and not by an antibody specific for  D
b
 (27.11.13S).  

Figure continues on next  page. 
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5.1.4.2 Stabilizing effect of conformation-specific antibodies allows for differential patterning of Kb 

dimers and free heavy chains  

We next sought to establish conditions in which KbHC/β2m dimers, without peptide, are preferentially 

captured in the antibody patterns. In STF1 cells, this can be achieved because they lack TAP (the 

transporter associated with antigen processing) and thus cannot load class I with high-affinity peptides in 

the ER. When such TAP-deficient cells are kept at 25 °C, the level of KbHC/β2m dimers at the cell surface 

is especially high (Ljunggren et al., 1990; Montealegre et al., 2015). These peptide-receptive KbHC/β2m 

dimers can be detected by subsequent binding of fluorescently labeled peptide (Saini et al., 2013c).  

We therefore printed Y3 on glass coverslips, seeded STF1 cells expressing HA-Kb-GFP onto the patterns, 

and then incubated at 25 °C overnight. Next morning, we added the Kb-specific peptide SIINFEKL labeled 

with the TAMRA fluorophore (SL8TAMRA). We observed a striking patterned staining of the fluorescent 

 

Figure 5.1.4.1 (continued): Specific capture of cell surface K
b
 on antibody 

micropatterns . (C) Schematic displaying the different antibody epitopes on the K
b
 molecule. 

The Y3 epitope reacts specifically with residues of the α2 helix of K
b
-GFP whereas the anti -

HA antibody recognizes the additional HA-tag that was N-terminally fused to K
b
-GFP. (D) 

Surface K
b
-GFP can be directly captured by the anti -K

b
 antibody Y3 or by the anti -HA 

antibody against the N-terminally tagged HA-K
b
-GFP. Cells were transduced with K

b
-GFP or 

HA-K
b
-GFP and tested for specificity on Y3 or anti -HA antibody micropatterns. Y3 

successfully captures both constructs whereas HA only recognizes the introduced HA-tag. 

Scale bar: 25 μm.  
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peptide, demonstrating that peptide-receptive Kb/β2m dimers had been captured in the patterns (figure 

5.1.4.2 A, column 2). To show that binding of the peptide was specific, we pre-incubated the cells with 

unlabeled SIINFEKL peptide, which blocked SL8TAMRA binding (figure 5.1.4.2 A, column 3). Thus, we were 

able to capture KbHC/β2m dimers into patterns and subsequently bind peptide to them. 

We then repeated the same experiment on patterns of anti-HA antibody, with the same result (figure 

5.1.4.2 A, column 5). Thus, both Y3 and anti-HA antibodies captured peptide-receptive KbHC/β2m dimers 

on the surface of the STF1 cells.  

We next wished to induce the dissociation of β2m from the captured KbHC/β2m dimers in order to obtain 

patterned free heavy chains. At 37 °C, dissociation of β2m from KbHC/β2m dimers occurs rapidly, whereas 

at 25 °C, the rate of dissociation of β2m is significantly reduced (Montealegre et al., 2015; Day et al., 

1995). Thus, we repeated the above experiments on anti-HA and Y3 patterns, but before adding the 

SL8TAMRA peptide, we shifted the cells to 37 °C for two to three hours. As expected, after incubation at 

37 °C, HA-Kb-GFP patterns showed no binding of SL8TAMRA (figure 5.1.4.2 A, column 4), which shows that 

the HA-captured class I proteins lost their peptide-binding capacity, probably due to the dissociation of 

β2m. Very interestingly, HA-Kb-GFP patterned with Y3 retained its ability to bind peptide at 37 °C (figure 

5.1.4.2 A, column 1). This suggests that the β2m-specific Y3 antibody stabilizes the KbHC/β2m dimer 

complex to which it is bound by preventing the dissociation of β2m, similar to the action of peptide 

(Townsend and Bodmer 1989). 

To test the hypothesis that the lack of peptide binding of the Kb proteins that were captured by HA and 

incubated at 37 °C was due to the loss of β2m, we repeated the same experiment, but instead of adding 

fluorescent peptide, we fixed the cells and immuno-stained with the anti-β2m antibody BBM.1 directly 

labeled with Atto 542 (BBM.1Atto542) (figure 5.1.4.2 B). As predicted by the hypothesis, the Y3 

micropatterns stained positive for β2m at both temperatures (columns 1, 2), whereas anti-HA 

micropatterns stained for β2m only at 25 °C (columns 3 and 5). When we added SIINFEKL to the cells on 

anti-HA micropatterns before shifting them to 37 °C, we observed that BBM.1Atto542 staining was restored 

in these samples (column 4). We conclude that patterned Kb free heavy chains can be generated by 

inducing the dissociation of β2m from KbHC/β2m dimers captured on anti-HA patterns.  

Taken together, we are able to selectively hold three different forms of Kb on the surface of STF1 cells: 

free heavy chains (at 37 °C on HA patterns), KbHC/β2m dimers (at 25 °C on anti-HA patterns, or at 25 or 

37 °C on Y3 patterns), and KbHC/β2m/peptide trimers (by addition of peptide on anti-HA and Y3 

patterns).  

http://f1000.com/work/citation?ids=4076752&pre=&suf=&sa=0
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Figure 5.1.4.2: Antibody micropatterns determine stability of the captured K
b
 

population.  (A) Cells expressing HA-K
b
-GFP were captured on Y3 or anti -HA antibody 

micropatterns and incubated at 25 °C or 37 °C  to induce the dissociation of β2m. For the 

identif ication of the nature of the captured K
b
-GFP population (green channel) specific 

f luorescent peptide SIINFEKL (SL8
T AMRA

; red channel) was added to the samples. Based on 

their abil i ty to bind peptide, one can distinguish between the peptide-receptive K
b
HC/β2m 

dimer and the K
b
 free heavy chains, which are incapable to bind peptide. Scale bar, 25 µm. 

Figure continues on next page.  
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Figure 5.1.4.2 (continued): Antibody micropatterns determine stability of the captured 

K
b
 population. (B) For further characterization of the captured HA-K

b
-GFP on Y3 or anti -HA 

antibody micropatterns, immunostaining experiments were performed.  Immunostaining of 

captured HA-K
b
-GFP molecules with the anti -β2m antibody (BBM.1

At to542
) reveals dissociation 

of β2m from anti-HA antibody micropatterns at 37 °C (column 3). Addition of  the specific 

l igand peptide SIINFEKL (SL8) during 37 °C incubation rescues β 2m dissociation (column 4). 

Scale bar, 25 μm.  
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5.1.4.3 Antibody micropatterns reveal conformation-dependent in cis interactions of 

Kb free heavy chains 

Since we were able to distinguish the three different forms of Kb held in the patterns, we next 

investigated whether any of these forms associate in cis on the plasma membrane. For this, we designed 

a two-hybrid assay (figure 5.1.4.3 A): One Kb construct had an N-terminal HA tag but no GFP (HA-Kb), the 

other carried a C-terminal GFP but no HA tag (Kb-GFP). We reasoned that HA-Kb would be captured by 

the anti-HA antibodies, but the GFP pattern would only become detectable by microscopy if HA-Kb and 

Kb-GFP interacted together, since Kb-GFP alone is not captured by anti-HA micropatterns 

(figure 5.1.4.1 D). To perform the experiment, we co-transduced STF1 cells with HA-Kb and Kb-GFP, 

seeded the cells on anti-HA micropatterns, and incubated them overnight at 25 °C to accumulate 

KbHC/2m dimers of both Kb constructs at the cell surface. The next day, we either left them at 25 °C or 

shifted them to 37 °C and followed the patterning of the GFP fluorescence.  

 

 

Figure 5.1.4.3: Antibody micropatterns reveal conformation-dependent in cis 

interactions of captured K
b
-GFP.(A) For the two-hybrid assay, cells were co-transduced 

with two K
b
-constructs: K

b
 with an N terminal HA tag (HA-K

b
) and K

b
-GFP (GFP fused to the 

cytoplasmic tai l)  

Figure continues on next page.  
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Figure 5.1.4.3 (continued): Antibody micropatterns reveal conformation-dependent in 

cis interactions of captured K
b
-GFP. (B) Cells were incubated on anti -HA or Y3 

antibody-micropatterns at different temperatures. Recruitment of K
b
-GFP (green channel) to 

the anti-HA antibody micropatterns occurs specifically at 37 °C and can be inhibited by 

addition of the SIINFEKL (SL8) peptide (column 3 and 4). The single chain mutant, 

scK
b
-GFP, where β2m is covalently l inked to the K

b
 heavy chain is also not recruited to the 

antibody micropatterns (column 5). From top to bottom: Antibody micropatterns, K
b
-GFP, 

phase contrast, and schematic representation. Scale bar: 25 μm.  
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We observed strong co-patterning of both forms after 37 °C incubation, suggesting that free heavy 

chains can interact in cis in the membrane (figure 5.1.4.3 B, column 3). When we inhibited dissociation of 

β2m by addition of SIINFEKL peptide (column 4) or incubation at 25 °C (column 6), co-patterning was 

abolished. (As a control, on Y3 patterns, in contrast, where both HA-Kb and Kb-GFP are directly bound by 

the antibody, strong patterning of Kb-GFP was visible even in the presence of SIINFEKL (columns 1 and 

2)). These data show that Kb does not associate in cis as long as β2m is bound.  

To further test this conclusion, we co-transfected STF1 cells with HA-Kb and scKb-GFP, a single-chain 

construct in which the Kb heavy chain and β2m are linked by a peptide linker such that β2m cannot 

dissociate (Montealegre et al., 2015). As in the previous control experiment, no co-patterning was 

observed (column 5). These controls also demonstrated that the clustering of the free heavy chains was 

not simply induced by the GFP domain of the Kb-GFP fusion proteins. 

To demonstrate that the non-fluorescent HA-Kb molecules were indeed present in the patterns together 

with the Kb-GFP, we repeated the experiment in figure 5.1.4.3 B (column 3) with the construct E3-HA-Kb, 

in which an additional tag of a 21 amino acids (the E3 tag; see Materials and Methods) is attached to the 

N terminus of HA-Kb. This tag specifically binds to the fluorescently labeled synthetic peptide, K4Atto633. 

After co-patterning of Kb-GFP was observed, we additionally stained with K4Atto633 and found close 

colocalization with Kb-GFP in the patterns (figure 5.1.8.3). We conclude that the free heavy chain of 

E3-HA-Kb is indeed captured on the patterns and then recruits the free heavy chain of Kb-GFP by an in cis 

interaction.  

Taken together, our data demonstrate that Kb free heavy chains, but not KbHC/β2m dimers or 

KbHC/β2m/peptide trimers, associate, or cluster, in cis in the plasma membrane of live cells.   
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5.1.4.4 In cis interactions of Kb confirmed by co-immunoprecipitation 

We next tested this finding in a co-immunoprecipitation experiment, without the use of micropatterns. 

We used the same STF1 cells co-transfected with HA-Kb and Kb-GFP and incubated them at 25 °C 

overnight to accumulate both Kb constructs at the cell surface. The cells were then shifted to 37 °C for 

15 minutes (the half-life of KbHC/β2m dimers at the cell surface (Montealegre et al. 2015)) to dissociate 

β2m and induce cluster formation. Then, the cells were trypsinized and lysed, and HA-Kb was 

immunoprecipitated with the anti-HA antibody. We found efficient co-precipitation of Kb-GFP with 

HA-Kb, which was abolished if SIINFEKL peptide was added to the cells during the 37 °C incubation (figure 

5.1.4.4, 5.1.8.1). Thus, just like in the micropattern assay, the peptide clearly inhibited the interaction, 

suggesting that only free heavy chains were co-precipitating. 

 

 

 

Figure 5.1.4.4: In cis  interactions of K
b
-GFP and HA-K

b 
are peptide dependent and 

generally occur in cells at 37°C. For co-immunoprecipitation, the same co-transduced cells 

from the previous experiment were used (STF1/ HA-K
b 

and K
b
-GFP). Cells were incubated at 

25°C overnight to enrich K
b
 cell surface levels and then shifted to 37°C to induce the 

dissociation of β2m from the K
b
 heavy chain. The SIINFEKL (SL8) peptide was added as control 

to inhibit β2m dissociation (lanes 2 and 4). Cells were then lysed and successfully 

immunoprecipitated with an anti -HA antibody (bottom row). Immunoisolates and lysate control 

samples were analysed by Western blotting by sequential staining with an anti -GFP antibody 

(top row) and an anti -HA antibody (bottom row). The K
b
-GFP construct was specifically 

co-immunoprecipitated in the absence of peptide, similar to the result on antibody 

micropatterns (lane 1).  

 

http://f1000.com/work/citation?ids=245308&pre=&suf=&sa=0
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5.1.5 Discussion 

Here, we have developed antibody micropatterns into a novel two hybrid assay for the detailed 

investigation of conformation-specific interactions of our model protein. The versatility of our assay 

using HA and GFP fusions allows for a broad range of applications, especially in the study of specific 

protein interactions that require investigation in the native environment of live cells. 

The example of MHC class I demonstrates the challenges of functional analysis of protein interactions 

and the limitations of conventional methods, which lack important information such as spatial resolution 

or the distinction of different protein conformations. Previous experiments using FRET revealed cluster 

formation of antibody-labeled class I proteins at the cells surface, but the involvement of free heavy 

chains was only indirectly shown (Matko et al., 1994). Other studies involved co-immunoprecipitation 

experiments that revealed the existence of free heavy chain dimers of different murine class I allotypes 

by pull-down with conformation-specific antibodies. However, it was not excluded that the detected 

interactions were enhanced, or indeed caused, by detergents after cell lysis. Additional pulse chase 

experiments suggested the formation of the detected free heavy chain dimers at the cell surface but 

could only confirm that it occurs after the proteins have traversed the medial Golgi (Capps et al., 1993).  

Our own co-immunoprecipitation experiments have confirmed these observations for the murine 

Kb allotype, but they also lack spatial resolution (figure 5.1.4.4). Differential co-immunoprecipitation of 

surface biotinylated class I proteins finally confirms the presence of clusters at the cell surface (figure 

5.1.8.1 ) but cannot entirely exclude the involvement of intracellular class I proteins.  

With our novel two-hybrid assay, we were finally able to definitively solve these questions and also to 

clarify the hypothesized involvement of β2m. It allowed us to establish a system in which we are able to 

generate defined conformations of class I proteins and induce the controlled formation of clusters. The 

results clearly demonstrate that cluster formation is strictly dependent on the generation of free heavy 

chains and suggest that these free heavy chains originate from the captured empty KbHC/ β2m dimers at 

the cell surface upon dissociation of β2m by incubation at 37 °C (figure 5.1.4.3 B). Moreover, we were 

able to show that clusters are indeed generated at the cell surface. Of course, it is possible that in 

addition, free heavy chains are generated elsewhere in the cell by β2m dissociation, for example in 

endosomes, and that they might cluster in these locations also.  

For MHC class I clusters at the cell surface, various functional roles have been proposed. Clusters might 

be a means of accelerated disposal for free heavy chains, preventing re binding of β2m and peptide and 
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perhaps leading to enhanced internalization and degradation in lysosomes (Montealegre et al., 2015). 

This hypothesis is supported by our finding that clustered class I molecules do not bind peptide well 

(figure 5.1.8.2) and therefore probably do not interact with TCRs. They might still be ligands for NK cell 

receptors or similar proteins, perhaps signaling stress or activation states (Garcia-Beltran et al., 2016; 

Burian et al., 2016). We cannot entirely exclude that the clusters contain some KbHC/β2m dimers that are 

peptide receptive, as has been suggested for human class I clusters (Bodnár et al., 2003), but free heavy 

chains are clearly essential for clustering, since single-chain KbHC/β2m dimers form no clusters (figure 

5.1.4.3 A). Another possibility is that free heavy chain clusters might influence the surface levels of other 

proteins with which class I is known to interact, such as APLP or insulin receptor, thereby mediating 

non-immunological functions of class I (Tuli et al., 2008; Shatz, 2009; Dixon-Salazar et al., 2014). Our 

assay is a promising tool to extend the interaction studies for class I by the proposed interaction 

partners. 

We have shown here the formation of homotypic clusters of the murine class I allotype Kb. Interestingly, 

previous work suggests that the tendency of cluster formation varies among class I allotypes (Capps et 

al., 1993). Thus, it was hypothesized that those class I allotypes that do not form clusters are not 

internalized (by the proposed accelerated disposal mechanism) and will bind exogenous peptides to 

provoke autoimmune reactions (Capps et al., 1993). In addition, covalent clusters of HLA-B27 were 

implicated in inflammatory autoimmune diseases such as spondyloarthropathies (Chen et al., 2017). Due 

its universal versatility, our assay allows for the development of a screen to test different allotypes for 

their tendency to form clusters. This may be extended to human class I proteins, whose empty dimers 

may be enriched at the cell surface by incubation with low-affinity dipeptide ligands (Saini et al., 2015), 

and even to the empty forms of HLA-F that were recently discovered to bind NK cell receptors (Garcia-

Beltran et al., 2016; Burian et al., 2016). Consequently, by its application to the human system, this 

screening tool can be developed to investigate the correlation between cell surface cluster formation 

and human autoimmune disease. Generation of anti HA antibody micropatterns by microcontact printing 

on conventional glass coverslips makes this assay especially suitable for such high throughput 

approaches. 

In addition to its demonstrated application in the detection of protein interactions, the assay can be 

further developed towards detailed analysis of the clusters. One possibility is the integration of 

conventional immunostaining for the identification of other proteins involved in cluster formation. For 

class I, e.g. the accumulation of adaptor proteins involved in endocytic processes (e.g. Rab proteins) in 
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the clustered areas will contribute to understand the nature of class I endocytosis and the functional role 

of class I clusters.   

Another possible technical development is to combine the assay with FRAP measurements to test the 

dynamics of the interactions (i.e. dissociation and re-association). Such a combined two hybrid-FRAP 

assay is potentially superior to conventional FRET experiments, since the enrichment of proteins in the 

pattern elements increases the abundance of the interaction partners and would allow for the detection 

of very weak interactions. 

5.1.6 Materials and Methods 

5.1.6.1  Photolithography 

Silicon master molds were prepared by semiconductor photolithography as described previously. See 

(Dirscherl et al., 2017) for details.  

5.1.6.2 PDMS stamps and antibody patterns 

PDMS stamps were generated from basic elastomer and curing agent (Sylgard 184 Silicone Elastomer Kit) 

from Dow Corning (Midland, USA) mixed in a 10:1 ratio. The prepared stamps were inked with the 

indicated antibody solutions and then placed on round microscopy glass coverslips (#1, 22 mm). See 

(Dirscherl et al., 2017) for details.  

5.1.6.3 Patterning cell surface proteins  

Coverslips were placed into sterile 6-well plates. Cells were immediately seeded as indicated at a 

concentration of ≈50.000 cells per well and incubated on the antibody patterns. Usually, cells were 

incubated for 4-6 hours at 37 °C for adhesion and then shifted to 25 °C overnight to accumulate Kb 

molecules at the cell surface for a better signal-to-noise ratio of patterned Kb molecules. For clustering 

experiments, samples were then kept at 25° C or shifted back to 37 °C for 3-4 hours to induce 

dissociation of β2m. 

5.1.6.4 Antibodies 

Mouse monoclonal hybridoma supernatants Y3 (against the complex of Kb free heavy chain with β2m 

(Hämmerling et al., 1982), 27.11.13S (against the complex of Db free heavy chain with β2m (Ozato and 
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Sachs, 1981)), hemagglutinin (HA) 12CA5 (Niman et al., 1983), and BBM.1 (Brodsky et al., 1979) were 

described previously. Antibodies for immunoprecipitation were rabbit anti-GFP (Abcam ab290), rabbit 

antisera against H-2Kb and H-2Db (Charles River Laboratories, Kisslegg, Germany), and goat anti-rabbit 

IgG-AP conjugate (1706518, Biorad, Munich, Germany). Secondary antibody against the HA antibody was 

donkey anti-mouse IgG Alexa Fluor 568 (a10037, Thermo Fisher Scientific, Darmstadt, Germany). 

5.1.6.5 Dyes  

Purified antibodies were either labeled with the Alexa Fluor™-647 NHS ester (Y3, B22.249 and 12CA5) or 

with the Atto 542 NHS ester (BBM.1) according to the manufacturers´ protocols. Alexa Fluor™-647 NHS 

was obtained from Thermo Fisher Scientific (Darmstadt, Germany) and the Atto 542 NHS from ATTO-TEC 

(Siegen, Germany). 

5.1.6.6 Peptides  

Peptide were synthesized by GeneCust (Ellange, Luxemburg) and emc microcollections (Tübingen, 

Germany) and purified by HPLC (90% purity). The Kb specific peptide SL8 (SIINFEKL in the single-letter 

amino acid code) was labeled with the fluorescent dye 5’-Carboxytetramethylrhodamine (TAMRA) on the 

lysine side chain (avoiding interference with peptide binding to Kb) to give SIINFEKL-TAMRA. Labeled and 

unlabeled peptides were added to the cells at a final concentration of 2 µM for 15-30 min at 37 °C to 

detect peptide binding. Cells were then washed with phosphate buffered saline (PBS, 10 mM phosphate 

pH 7.5, 150 mM NaCl), fixed, and observed by confocal laser scanning microscopy (cLSM).  

5.1.6.7 Cell lines and gene expression  

For experiments, TAP-deficient human fibroblasts STF1 (kindly provided by Henri de la Salle, 

Etablissement de Transfusion Sanguine de Strasbourg, Strasbourg, France) were chosen, so that their 

endogenous human class I proteins would not interfere with the antibody micropatterns. They were 

stably transduced with Kb-GFP, Db-GFP, and E3-HA-Kb-GFP. Lentiviruses were produced and used for gene 

delivery as described previously (Hein et al., 2014). For clustering experiments, co-transduced STF1 cells 

were used. The cells were first selected with puromycin for E3-HA-Kb (the additional E3 tag (EIAALEK)3 is a 

21 amino-acid long extracellular tag that was initially introduced for co-staining experiments). Cells were 

then transduced with the indicated Kb-GFP constructs and again selected with puromycin to obtain 

STF1/E3-HA-Kb +Kb-GFP or STF1/E3-HA-Kb+hβ2m-GFP (single chain Kb, single chain construct in which the 

light chain β2m is fused by a linker to the Kb heavy chain). 
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5.1.6.8 Staining with the K4 peptide 

 The K4 peptide was synthesized by emc microcollections (Tübingen, Germany). The E3-tag specific 

peptide K4 (a 28 amino-acid long peptide abbreviated as (KIAALKE)4
 in the single-letter amino acid code) 

was labeled with an Atto 633 fluorophore at the N terminus. For co-staining experiments, cells were 

fixed with 3% paraformaldehyde (PFA), washed, and permeabilized with 0.1% Triton X-100. The 

K4Atto633 peptide was added to the cells at a final concentration of 25 nM in PBS and incubated for 5 min 

at RT to stain the transduced E3-HA-Kb construct.  

5.1.6.9 Immunofluorescence stainings 

For antibody co-staining experiments, cells were fixed with 3% PFA, washed and permeabilized with 

0.1% Triton X-100 and stained with the respective antibodies.  

5.1.6.10 Microscopy  

A confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss Jena GmbH, Germany) equipped with 

argon and helium-neon lasers at 488, 543 and 633 nm. Images were recorded with a 63x Plan 

Apochromat oil objective (numerical aperture 1.4) at a resolution of 1596 x 1596 pixels. Data acquisition 

was performed with the LSM 510 META software, release 3.2 (Carl Zeiss Jena GmbH). During image 

acquisition, patterns and cells were imaged in the same focal plane at a pinhole of ≈1 Airy unit. Image 

analysis and processing were performed using ImageJ (National Institutes of Health, Bethesda, USA). 

Image processing comprises cropping, rotation and adjustment of brightness and contrast levels.  

5.1.6.11 Co-immunoprecipitation 

For co-immunoprecipitation with the anti-HA antibody, co-transduced (E3-HA-Kb+Kb-GFP) and selected 

STF1 cells were incubated at 25 °C overnight. Next day, cells were incubated in presence or absence of 

10 µM SL8 for 10 min at 25 °C, then shifted to 37 °C for 15 min, trypsinised and harvested. Cell pellets 

were lysed in native lysis buffer (50 mM Tris-Cl (pH7.4), 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100) 

for 1 hour at 4 °C. After lysis, the supernatant was immunoprecipitated with the HA antibody for 30 min 

at 4 °C. Beads were washed and resuspended in LSB buffer and boiled at 95 °C for 10 min. The 

immunoisolates were separated by SDS-PAGE and immunoblotted sequentially by an anti-GFP antibody 

and anti-HA antibody.  
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For co-immunoprecipitation of the cell surface Kb molecules with the biotinylated K4 peptide (K4biotin), 

co-transduced (E3-HA-Kb+Kb-GFP) and selected STF1 cells were incubated at 25 °C overnight. Next day, 

cells were incubated in presence or absence of 10 µM SL8 for 10 min at 25 °C. E3-tagged Kb-molecules 

were labeled with K4biotin for 5 min at room temperature using 200 nM biotinylated K4 peptide. Following 

biotinylation, cells were placed at 37 °C for 15 min to allow cluster formation. Cells were collected into 

native lysis buffer (50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 1 % Triton X-100) by scraping 

and lysed for 45 min at 4 °C. Biotinylated E3-HA-Kb (with K4biotin) was immunoprecipitated from post-

nuclear supernatants using neutravidin-agarose beads (Thermo Fisher Scientific, Darmstadt Germany). 

Beads were washed in lysis buffer and wash buffer (50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 

and 0.1 % Triton X-100) and supplemented with endogylcosidase F1 for 2h at 37 °C, or left untreated. 

Isolated proteins were retrieved from beads by boiling and separated by SDS-PAGE. Kb-GFP was detected 

by anti-GFP antiserum and E3-HA-Kb was detected by 12CA5 (anti-HA) following western blotting. 
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5.1.8 Supporting Information 

5.1.8.1 Figure S1  

 

 

Figure 5.1.8.1: Co-immunoprecipitation of cell  surface Kb molecules with K4 -peptide . 

For co-immunoprecipitation of cell surface proteins, stable STF1 cells co -transfected with 

E3-HA-K
b
 and K

b
-GFP were used. Cells were incubated at 25 °C overnight to enrich K

b
 cell 

surface levels and incubated in presence or absence of SIINFEKL (SL8) as indicated. For 

cell surface labeling,  the biotinylated K4-peptide (K4-biotin; binds to the extracellular E3 tag 

of E3-HA-K
b
) was added and cells were shifted to 37 °C to induce β 2m dissociation as 

described previously. Cel ls were  lysed and co-immunoprecipitated with neutravidin -agarose 

binding to the biotinylated E3-HA-K
b
 cell surface population. The immunoisolates were then 

treated with EndoF1 as indicated to  distinguish the cell surface population (EndoF1 resistant, 

top bands) from the intracellular  population of isolated Kb molecules (EndoF1 sensitive 

K
b 

molecules, see asterisk). (A) Sequential Western blot analysis with an anti-GFP antibody 

(top row) and anti -HA antibody (bottom row) demonstrates  that only free heavy chains 

co-precipitate (lane 1) with E3-HA-K
b
. (B) Quantif ication of (A): The ratio of co-precipitated 

K
b
-GFP to total protein amounts was quantif ied.  
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5.1.8.2 Figure S2 

 

 

 

Figure 5.1.8.2: Binding SIINFEKL
T AMRA

 to K
b
-clusters . Co-transduced cells with E3-HA-K

b
 

and K
b
-GFP were incubated overnight on anti -HA micropatterns and either left at 25 °C or 

shifted to 37 °C to induce cluster formation as described previously. Cells were then 

incubated with SIINFEKL-TAMRA (SL8
TAMRA

) pept ide. Peptide binding was reduced in K
b
 

clusters at 37°C (columns 3 and 4), indicating that only free heavy chains interact in cis . 

Duplicates are shown. Scale bar:  25 μm  
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5.1.8.3 Figure S3 

 

  

 

Figure 5.1.8.3: Staining E3-HA-Kb with K4-peptide. The stable cell l ine STF1/ E3-HA-K
b
 

was electroporated with K
b
-GFP and incubated overnight on anti -HA micropatterns and either 

left at 25 °C or shi fted to 37 °C to induce cluster formation as described previously. Cells 

were then stained with the K4-Atto633 peptide, binding speci fically to the E3-tag of the 

E3-HA-K
b
 construct, which was captured by its HA-tag on the anti -HA micropatterns. 

Scale bar: 25 μm.  
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 Additional Data 5.2

5.2.1 Co-expression and immunostaining of marker proteins to characterize 

captured Kb-GFP 

In order to characterize the captured protein population, I used conventional immunofluorescence 

staining approaches to identify the conformation of the captured Kb protein population and also to 

identify candidate proteins that might be involved in – for example – MHC class I endocytosis. We 

assume that any protein interacting with MHC class I would naturally co-cluster with the captured Kb-GFP 

and could thus be identified by immunostaining or the co-expression of known candidate proteins. 

For co-expression experiments, we transiently transfected STF1/hβ2m-2A-Kb cells (without GFP) with the 

GFP-fusions of candidate interaction proteins and seeded them on anti-HA antibody micropatterns to 

test whether they would accumulate on the antibody pattern elements (see Montealegre et al., 2015 for 

reference of 2A sequence). In these experiments we followed the standard protocol for the capture 

assay. All tested candidate proteins are proposed to be involved in the endocytosis of MHC class I. We 

hypothesized that especially those proteins that are helping in the internalization of MHC class I might 

accumulate if their target proteins cannot be internalized due to their mechanical capture at the cell 

surface. Unfortunately, we were not able to identify any co-localization on the pattern elements; this 

was mostly due to failure of the transfection (see table 5.2.1) 

Alternatively, I tried to immunostain endogenous proteins. In these approaches, I used antibody 

micropatterns, seeded STF1/Kb-GFP cells on the patterns, incubated them at specific temperatures, and 

fixed them. For the stainings, I permeabilized the cells with 0.1% Triton X-100 (from AppliChem, Item No: 

A4975,0100) for 5 min at RT, washed them twice with PBS, and stained them with the indicated 

antibodies. Permeabilization is necessary in such staining experiments, because the staining antibodies 

do not have access underneath the cells if the cells are not permeabilized. Contrarily, the staining with 

peptides works without prior permeabilization (see figure 5.1.4.2), suggesting that only small molecules 

can reach underneath the cells. Due to permeabilization, intracellular proteins will also be stained in this 

experiment, leading to intracellular background signal, e.g. ER.  

Table 5.2.1 lists all proteins that I have tested for co-localization experiments.  
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Table 5.2.1: List of expression plasmids and antibodies for the identification of proposed 

MHC class I interaction partners . Plasmids were used for transient co-transfections; and 

antibodies were used in immunostaining experiments.  

Co-expression 

Protein Plasmid Involved in Remarks 

Arf6 Arf6-GFP  MHC class I endocytosis 
Transient transfection 
did not work, only 1 trial 

Dynamin Dynamin-GFP MHC class I endocytosis 
Transient transfection 
did not work, only 1 trial 

EHD-1 EHD 1-GFP  MHC class I endocytosis 
No co-clustering 
observed, only 1 trial  

Co-stainings 

Antibody Company Target 
concentrations/ 

dilutions 

20-8-4SAtto542 
purified from hybridoma 
supernatant 

α1 domain (Kb/β2m) 0.3 µg/µL 

Y3Atto542 purified from hybridoma 
supernatant 

α2 domain (Kb/β2m) 0.3 µg/µL 

W6/32Atto542 
purified from hybridoma 
supernatant 

HLA-A/B/C 0.3 µg/µL 

anti-Rab5  
rb mAb to Rab5 from Cell 
Signaling C8B1 

endogenous levels of total 
Rab5A protein. (human, 
mouse, rat, monkey) 

1:400 

anti-Rab4  
rb pAb to Rab4 from Abcam 
ab13252 

specific to Rab4 protein. No 
cross reactivity known.  
(mouse, rat, dog, human) 

1:200 

Secondary antibodies 

gαmAF488 
polyclonal goat anti-mouse 
AF488 from Invitrogen Cat No 
A11001 

mouse IgG (H+L) 
1 µg/mL  
(stock: 2mg/mL) 

gαrAF488 
polyclonal goat anti-rabbit 
AF488Invitrogen Cat No 
A11008 

rabbit IgG (H+L) 
4 µg/mL  
(stock: 2mg/mL) 

gαmCy3 
polyclonal goat anti-mouse 
Cy3 from Abcam ab97035 

mouse IgG (H+L) 
1 µg/mL  
(stock: 0.5 mg/mL) 
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5.2.1.1 Staining with anti-class I antibodies 

To identify which form of Kb is captured on the patterns, I completed the experiments in figure 5.1.4.2 

and stained the captured Kb-molecules with several anti-MHC class I antibodies. In Figure 5.2.1.1 A, 

I seeded STF1/HA-Kb-GFP cells on anti-HA antibody micropatterns, incubated them at 30 °C, and stained 

them with the Kb-specific antibody 20-8-4S directly labeled with Atto542 (20-4-8SAtto542). The staining 

with the 20-8-4S antibody is rather weak and mostly in the ER. Partial co-localization can be observed in 

figure 5.2.1.1 A, column 1 and 2. Although we capture via the introduced HA tag, it is possible that the 

epitope for 20-8-4S is partially blocked by the capture antibody. However, the Kb surface staining of cells 

seeded on glass (off pattern) is also very weak, suggesting that the 20-8-4S is generally a weak antibody 

in immunofluorescence stainings. This was also reported for other cell types such as 3T3 cells in our lab.  

We used the same approach to test if all captured Kb-GFP molecules bind in a 1:1 ratio to the antibodies 

in the pattern elements, or if they can also be indirectly recruited by already captured Kb-GFP. The idea 

was to capture Kb-GFP with Y3 antibody micropatterns and to stain them afterwards with Y3 to see how 

many free Y3 epitopes exists in the pattern elements, which will give an idea of how many 

Kb-GFP molecules reacted directly with the antibody and how many are indirectly recruited to the 

pattern elements. In Figure 5.2.1.1 B, we patterned STF1/HA-Kb-GFP with Y3 antibody micropatterns and 

stained them with Y3Atto542. Staining with Y3Atto542 is homogenous throughout the cell, demonstrating that 

only a subpopulation of Kb-GFP is captured on the antibody micropatterns as expected. Surprisingly, 

there is a strong signal of Y3Atto542 on pattern elements outside the cells, which colocalizes with Kb-GFP, 

suggesting that there is also indirect recruitment of Kb-GFP to pattern elements. The simplest 

explanation for this observation is that the cell left membrane patches on the pattern elements which 

contain free Kb-GFP molecules that were not captured by the antibody but remained fully folded due to 

the 26°C incubation and thus reacted with Y3Atto542. 
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Figure 5.2.1.1 A: Co-staining of captured HA-K
b
-GFP on anti -HA antibody micropatterns 

with 20-8-4S. STF1/HA-K
b
-GFP were seeded on anti -HA antibody micropatterns 

(HA
AF647

, magenta; HA
un la be led

, black) and incubated overnight at 30°C to capture sufficient 

amounts of HA-K
b
-GFP on the antibody pattern elements (green). Cells were then fixed, 

permeabil ized and stained with labeled 20-8-4S
At to 542

(red). Bar, 25 µm.  
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We next wanted to test whether also endogenous human MHC class I molecules co-cluster with the 

captured Kb-GFP. For this, we seeded STF1/HA-Kb-GFP as previously and stained them afterwards with 

labeled antibody W6/32Atto542 to stain the human MHC class I HLA-A, B and C. STF1 cells express 

endogenously the human allotypes HLA-A*03:01 and HLA-B*15:16 (personal communication with 

Zeynep Hein). In figure 5.2.1.1 C, the signal is rather weak and diffuse and we cannot detect any 

colocalization with the captured Kb-GFP. For clear conclusions, the staining protocol for W6/32 needs to 

be optimized.  

 

Figure 5.2.1.1 B: Co-staining of captured HA-K
b
-GFP on Y3 antibody micropatterns 

with Y3 . STF1/HA-K
b
-GFP were seeded on Y3

AF6 47
 antibody micropatterns (magenta) and 

incubated overnight at 26°C to capture sufficient amounts of HA -K
b
-GFP on the ant ibody 

pattern elements (green). Cells were then fixed, permeabil ized and stained with labeled 

Y3
At to542  

(red). Bar, 25 µm. 
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Figure 5.2.1.1 C: Co-staining of captured HA-K
b
-GFP on Y3 antibody micropatterns w ith 

W6/32 . STF1/HA-K
b
-GFP were seeded on Y3

AF64 7
 antibody micropatterns (magenta) and 

incubated overnight at 26°C to capture sufficient amounts of HA -K
b
-GFP on the antibody 

pattern elements (green). Cells were then fixed, permeabil ized and stained with lab eled 

W6/32
At to542

(red). Bar, 25 µm. 
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5.2.1.2 Anti-Rab4 co-stainings 

Since we capture proteins at the cell surface that are normally quickly internalized and degraded 

(Montealegre et al., 2015), we hypothesized that proteins of the endocytic machinery of the cell might 

accumulate at the sites of captured proteins, too. To test this, we repeated the co-staining experiments 

as described above but stained the samples for Rab proteins of the early endocytic pathway. The small 

GTPase Rab4 regulates the formation of recycling endosomes and is thus associated with early 

endosomes (Sönnichsen et al., 2000). In our experiments, we seeded STF1/Kb-GFP cells on anti-HAAF647 

micropatterns and incubated at 37 °C for 48 hours to accumulate HA-Kb-GFP at the cell surface (see 

figure 5.2.1.2). We prolonged the incubation time at 37 °C to 48 hours to enhance the amount of Rab 

proteins in these pattern elements. We hypothesized that Rab4 proteins will accumulate over time while 

trying to remove the “old” HA-Kb-GFP captured in the antibody pattern elements. In figure 5.2.1.2, the 

staining of Rab4 is spread out throughout the cell and does not clearly colocalize with the pattern 

elements. I had the impression that the Rab4 staining looked a little bit like the antibody micropattern in 

a few cells, but the signal was generally too weak to draw a clear conclusion (see figure 5.2.1.2, white 

arrows). It is difficult to judge, whether the Rab 4 proteins did not interact with the captured HA-Kb-GFP, 

or whether this is not visible with the strong cellular background. One could probably improve the 

experimental setup, such as increasing the amount of captured Kb-GFP. Another option is to co-express a 

Rab4-GFP fusion protein with an unlabeled Kb construct. With all drawbacks of Rab4 overexpression, this 

might represent a reasonable experiment to test whether there is any interaction at all between Rab4 

and Kb at the plasma membrane. 
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Figure 5.2.1.2: Anti-Rab 4 co-stainings . STF1/HA-K
b
-GFP were seeded on anti -HA

AF64 7  

antibody micropatterns, shifted to 25°C overnight and incubated at 37°C for 48 hours.  Cells 

were then fixed and permeabil ized and stained with anti -Rab4 antibodies according to the 

standard protocol (red). Only very weak co -patterning of the Rab 4 signal was observed in 

individual cells (white arrows). Duplicates are shown.  Bar, 25 µm 
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5.2.1.3 Anti-Rab 5 co-stainings 

Similar to the Rab 4 stainings, we also stained our samples with an anti-Rab 5 antibody. Rab 5 also 

belongs to the group of small GTPases that are primarily localized to the early endosomes (Sönnichsen et 

al., 2000). Although the antibody staining seems to work well in our samples, we were also not able to 

find any colocalization between Rab 5 and Kb-GFP or HA-Kb-GFP, and thus the conclusions for the 

previous experiments with Rab 4 apply here also (see figure 5.2.1.3 A). 

 

I also repeated the same Rab 5 co-staining experiment on Y3 antibody micropatterns (figure 5.2.1.3 B). In 

this experiment, I also compared cells that were growing on (columns 1 and 2) and off the antibody 

 

Figure 5.2.1.3 A: Anti-Rab5 co-stainings on anti-HA antibody micropatterns .  

STF1/HA-K
b
-GFP cells were seeded on anti-HA antibody micropatterns (magenta), shifted to 

25°C overnight and incubated a t 37°C for 48 hours. Cells were then fixed and permeabil ized 

and stained with anti-Rab 5 antibodies according to the standard protocol (red). Duplicates 

are shown. Bar, 25 µm. 
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micropatterns (columns 3 and 4). The Rab 5 staining were similar in both conditions and no 

co-localization with the antibody micropatterns was observed.  

 

  

 

Figure 5.2.1.3 B: Anti-Rab5 co-stainings on Y3 antibody micropatterns . STF1/Kb-GFP 

cells were seeded on Y3 antibody micropatterns, shifted to 25°C overnight and incubated at 

37°C for 48 hours. Cells were then fixed and permeabil ized and stained with anti -Rab 5 

antibodies according to the standard p rotocol (red).Duplicates are shown. Bar,  25 µm 
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5.2.2 Allele specificity of MHC class I in cis interactions 

After our findings of specific Kb in cis interactions in 5.1.4.3, we asked ourselves whether these 

interactions might represent a general mechanism of MHC class I molecules with a functional role such 

as a marker for endocytosis, or whether these interactions are only relevant for H-2Kb. To figure out 

whether the in cis interactions are allotype-dependent, we repeated the experiments in section 5.1.4.3 

and generated co-transduced STF1 cells with the following combinations of Kb and Db: a) HA-Db + Db-GFP, 

b) HA-Kb + Db-GFP, and c) HA-Db + Kb-GFP (see table 2.4 for reference). Micrographs of the experiments 

are shown in figure 5.2.2. The respective co-transduced cells were seeded on anti-HA micropatterns and, 

according to the protocol in 5.1.6, were either incubated at 25 °C or shifted to 37 °C to induce the 

dissociation of β2m and thus the clustering of the murine MHC class I molecules. In our experiments, we 

observed heterotypic clustering of HA-Kb + Db-GFP at 37 °C but not at 25 °C to different extents as seen in 

figure 5.2.2. Compared to the Kb-Kb clusters (see figure 5.1.4.3), the heterotypic interactions appear 

much weaker. In previous experiments, we have observed that the Db affinity to β2m is weaker than for 

Kb similar to the observations of others (Rock et al., 1991). Therefore, there might be in general less Db 

than Kb at the cell surface (this has to our knowledge not been measured), which may cause the 

decreased levels of Kb-Db-pairs. 

For Db-Db homotypic interactions, we observed clustering at 37 °C, but only outside cells or in one 

sample where the cells were seeded very thinly (i.e., where cells did not have any contact to neighboring 

cells) (data not shown). 
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Figure 5.2.2: Heterotypic in cis  interactions of K
b
 and D

b
. STF1/HA-K

b
+D

b
-GFP 

(stable cell l ine, selected with puromycin) were seeded on anti-HA antibody micropatterns 

(anti-HA
AF647

, magenta) and incubated overnight at 25°C to accumulate MHC class I surface 

levels. Cells were then shifted to 37°C or left at 25°C as control  to induce clustering (green) . 

Bar, 25 µm. This experiment was designed by me and performed by Catherine Jacob-Dolan. 
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 Further discussions 5.3

5.3.1 Localization of MHC class I clusters  

If the clustering occurs specifically with free heavy chains, the question remains why MHC class I does 

not form aggregates in the ER during protein synthesis. A possible explanation is that the chaperones in 

the ER, especially calnexin and BiP (Cresswell et al., 1994; Margolese et al., 1993; Nössner and Parham, 

1995), prevent the formation of clusters by binding to the free heavy chains and only release properly 

folded and peptide loaded MHC class I into the secretory pathway. With our approach, we can only 

detect MHC class I cluster formation at the cell surface, and thus cannot formally show that cluster do 

not form in other compartments of the cells. 

5.3.2 General ideas and remarks on MHC class I clusters 

5.3.2.1 MHC class I expression levels 

While performing the cluster experiments, I observed that the levels of MHC class I clusters varied 

between single cells. After doing many repeats, I am certain that the levels of clustered MHC class I 

correlate directly with the expression levels of the individual cells. Although I mainly worked with 

transduced and selected cell lines, the expression levels vary between individual cells. From my 

experience I conclude that the overall expression levels as well as the ratio of the two transduced 

constructs play an important role. In microscopy, I can usually only judge the expression level of the 

GFP-fusion construct and it is very clear that neither the very bright overexpressing cells, nor the very 

dim cells with very little GFP expression form clusters. The pattern is generally best in cells that have a 

moderate GFP expression. When I stained the co-transduced cells in flow cytometry for HA, I observed 

that the expression of the HA-fusion construct correlates with the GFP expression (data not shown). In 

agreement with this observation, I conclude that a moderate expression level of both fusion constructs is 

the best condition for clustering experiments.   

In our system, MHC class I surface levels also depend on the availability of β2m inside the cells. Due to 

the overexpression of two Kb heavy chain fusion constructs in cells that already have endogenous human 

MHC class I molecules with higher affinity to β2m (Hein et al., 2014), β2m might be the limiting factor and 

Kb might get stuck in the ER as free heavy chain. To overcome this limitation, we co-transduced cells with 

a plasmid containing a 2A ribosomal skipping sequence, where the Kb heavy chain and β2m are expressed 
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in a 1:1 ratio from the same plasmid (Montealegre et al., 2015). In these cells, the surface levels are 

enhanced, and Kb-Kb  clusters are forming much better (see figure S2 in 5.1.8 for reference).  

Interestingly, we have also found that cell confluency influences cluster formation in cells. We saw 

enhanced clustering in sparsely seeded cells, whereas we almost never observed clustering in confluent 

samples. This may be because during the cell cycle, expression of some proteins required for class I 

surface transport and/or maturation might change, and thus amounts and/or forms of class I at the cell 

surfaces might be different. Importantly, these observations were not studied in great detail, but I 

generally advise to seed enough cells such that they have cell-cell contact but do not overgrow on the 

antibody micropatterns to form fully confluent cell sheets, as recommended in section 2.3.1  

Since the clustering effect relies on the expression levels of the two MHC class I fusion constructs, it is 

difficult to analyze the assay in a quantitative fashion and can so far only be a qualitative measure. To 

overcome this limitation, one would have to sort the cells with defined fluorescence intensity. Another 

option is to optimize the assay with inducible or tunable promotors to adjust the expression levels.  

5.3.2.2 Mechanism of cluster formation 

Our observations of MHC class I cluster formation raise the questions of what these clusters look like in 

molecular terms, and especially how big they are. One might speculate about two extreme scenarios. In 

the first scenario, the clusters are homodimers that are formed in a structure-dependent fashion 

between two MHC class I free heavy chains. Here, one can speculate that the free heavy chains are not 

completely unfolded and that the partially unfolded molecules are required to form the dimers, possibly 

due to steric hindrance of the completely folded molecules. Alternatively, conformational changes or 

specific residues might be involved in the formation of the clusters such as the proposed roles of 

cysteines in the cytoplasmic tails as discussed in sections 1.4.7.2 and 7.1.1. 

In the other extreme scenario, the clusters are large aggregates of unfolded proteins that form 

unspecifically and do not involve any defined protein sequences or folded protein structures. Here, one 

would expect that the clusters form due to the complete unfolding of the proteins, thus generating a big 

chunk of clustered proteins. Of course, intermediate or mixed cluster formation mechanisms between 

the two extremes are also possible.  

The mechanisms of cluster formation and the structure of the clusters are not easy to investigate. One 

option is to mutagenize the class I heavy chain, for example by removal of the cysteines or by domain 

swap between allotypes or with other proteins, such as CD4.  
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6 Additional results and discussion on pattern fabrication  

 Patterns from the KIT 6.1

In trial experiments, we tried in collaboration with the Rapp group at the Karlsruhe Institute of 

Technology (KIT) to produce antibody micropatterns with their novel maskless photolithography 

technique (Waldbaur et al., 2012). In their approach, they use fluorescein-labeled biotin to induce 

photoactivated radical chemistry crosslinks in defined patterns between BSA, which is spread uniformly 

on a surface, and a protein of interest.  

For our first trial experiment with maskless photolithography, we wanted to test whether we can 

generate protein micropatterns similar to those that we generally print with our PDMS stamps. To test 

this, we immobilized biotin on the surface and stained it with labeled streptavidin (streptavidin-Cy3). 

Although the micropatterns in the micrograph are blurry, we are indeed able to fabricate micropatterns 

with the same dimensions with this method (see figure 6.1 A).  

In another experiment, we performed the same procedure but used unlabeled Y3 antibody instead of 

biotin. To detect the immobilized Y3 antibody, we stained it with a labeled secondary antibody 

(gαm-AF488). As seen in the micrograph in figure 6.1 B, the antibody was successfully immobilized and 

can be detected with a fluorescent secondary antibody. We conclude that we were able to produce 

antibody micropatterns with maskless photolithography, but they were not very defined and appeared 

blurry in the micrographs. This might be optimized during the fabrication process, when the focus is 

better adjusted, in order to achieve a clear and defined transfer of the pattern to the surface.  

It remains to be tested whether the antibody micropatterns are functional when generated with 

maskless photolithography. For this, one needs to seed cells on the antibody micropatterns and check 

for the successful capture of MHC I proteins. We have performed one trial experiment, where we used 

protein A micropatterns that were also fabricated by maskless lithography and loaded them with labeled 

Y3AF647. We then seeded STF1/HA-Kb-GFP cells on this pattern (see figure 6.1 C). Although the antibody 

did bind to the immobilized protein A, no protein capture was observed. This trial experiment 

demonstrates that the concentration of antibody needs to be further optimized, since the excess 

antibody was binding to the STF1/HA-Kb-GFP at the cell surface. According to this observation, the 

proteins are not available for protein capture since they have already bound the antibody from the 

solution.  
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Once we have demonstrated that these micropatterns are functional, we can start to test other 

micropatterns. In principle, the technique enables the transfer of any grayscale image to the glass 

surface and thus also to achieve detailed protein micropatterns that even vary in their concentrations 

(i.e., protein densities on the surface). 

 

 

 

Figure 6.1: Trial experiments with alternative protein micropatterns.  The pattern 

elements (squares) have a diameter of 10µm and 5 µm interspaces according to the pattern 

that we fabricate with PDMS stamos. (A) Biotin-5 fluorescein was immobil ized via the 

maskless l i thography technique from KIT. The fluorescein is bleached during the fabrication 

process. The immobil ized biotin pattern was then stained with labeled streptavidin 

(streptavidin-Cy3, red) and imaged with the cLSM. (B)  unlabeled Y3 was immobil ized with 

the same strategy and was then labeled with a fluorescent secondary antibody 

(gαm-AF488, green). (C)  Protein A patterns were first loaded with fluorescent Y3
AF647

 

(magenta) and then STF1/HA-K
b
-GFP cells were seeded onto these patterns and incubated 

according to the standard protocol . 
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7 Future perspectives 

In this chapter, I will give brief ideas and comments on how I propose to proceed with this project based 

on the current findings. The first part of this chapter deals with future investigation of the clusters and 

speculations about their functional role.  

In the second part, I propose possible future developments of the antibody micropatterns to study 

MHC class I dynamics.  

The third part of this chapter focuses on the investigation of possible interaction partners and the 

development of an open screen for the discovery of interaction partners.  

The last part of this chapter discusses possible technical developments of the established antibody 

patterns such as induced capture or the release of captured protein populations from the antibody 

micropatterns. The last section provides ideas about the adaptation of our assay towards a T cell 

screening tool.  

 Further investigations of MHC class I clusters 7.1

7.1.1 Role of cysteines in the cytoplasmic tail 

Previous work of Zuñiga and coworkers has also shown the presence of MHC class I dimers (referred to 

as clusters in the following) by co-immunoprecipitation experiments (see section 1.4.7.2). Analysis of the 

detected dimers revealed that they consist of MHC class I free heavy chains. In their work, the authors 

focus on the MHC class I allotype H-2Ld (Ld) and hypothesize that the unpaired cysteines in the 

cytoplasmic tail of Ld are responsible for the formation of disulfide bonds that link the 

MHC class I free heavy chains together. Mutagenesis studies finally identified Cys 340 as the responsible 

disulfide linkage for Ld dimers. (Capps et al., 1993)  

Interestingly, the unpaired cysteines are conserved among the murine and human MHC class I protein 

family – with the exception of H-2Kd – as shown in table 7.1.1; this supports the hypothesis that all 

MHC class I proteins share this feature as part of a common molecular mechanism to form clusters. To 

test whether the free cysteines play a general role in MHC class I cluster formation, I suggest performing 

analogous mutagenesis experiments to the described Ld mutants with the allotypes used in our studies, 

Kb and Db. For first trial experiments, simple alanine or serine substitution experiments are probably 

sufficient. I would try the simplest approach and mutate only one construct, e.g. Kb-GFP, and transfect 
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stable STF1/HA-Kb cells with this Kb-GFP mutant and seed them onto HA antibody micropatterns 

according to the standard clustering protocol.  According to the hypothesis, one would expect that 

clustering is abolished in these cells, since the disulfide bond cannot be formed between the two 

constructs.  

Table 7.1.1: Amino acid sequence of the cytoplasmic tails of human and murine MHC class I. 

Amino acid sequence of the cytoplasmic tai ls in the single letter amino acid code. The glycine that 

in H-2K
d
 substitutes the conserved cysteine is shown in bold.  Numbers refer to the aligned 

sequences and do not represent the residues of the amino acid sequences of the individual 

proteins. From: Springer lab Wiki.  

murine class I 

Residue nr.                             330               345 
H-2K

b

         KM RRRNT GGKGG DYALA --PGS -QTSD LSLPD CKVMV HDPHS LA 

H-2K
d

         KM RR-NT GGKGV NYALA --PGS -QTSD LSLPD GKVMV HDPHS LA 
H-2K

k

       VMKM RRRNT GGKGG DYALA --PGS -QTSD LSLPD CKVMV HDPHS LA 

H-2D
b

         K- RRRNT GGKGG DYALA --PGS -QSSE MSLRD CKA 
H-2D

d

         K- RRRNT GGKGG DYALA --PGS -QSSD MSLPD CKV 

H-2D
k

       VM-M MRRNT GGKGG DYTLT --PGS -QSSE MSLPD CKA 

H-2L
d

       VMK- RRRNT GGKGG DYALA --PGS -QSSE MSLRD CKA 

human class I 

HLA-A26          RRKSS DRKGG SYSQA ASSDS AQGSD MSLTA CKV  

HLA-A*0209    MW RRKSS DRKGG SYSQA ASDDS AQGSD VSLTA CKV  
HLA-B         MC RRKSS GGKGG SYSQA ACSDS AQGSD VSTA  

HLA-C         MC RRKSS GGKGG SCSQA ASSNS AQGSD ESLIA CKA 

HLA-E         IW RKKSS GGKGG SYSKA EWSDS AQGSE SHSL 
HLA-F         MW RKKSS DRNRG SYSQA AVTDS AQGSG VSLTA NKV  

HLA-G         LW RKKSS D 

 

 

If we find that cysteines also play a role in Kb and Db clusters, the hypothesis of a general mechanism is 

supported, and a functional role – for example in the rapid endocytosis from the cell surface – will be 

further investigated.  

To elucidate the molecular mechanism, one has to consider our own and also Zuñiga´s observations that 

only free heavy chains cluster and that the dissociation of β2m plays an important role. Here, the 

presence of unpaired cysteines in the cytoplasmic tail alone is not sufficient for cluster formation. Either, 

the cysteines can only form a disulfide bond if also the extracellular domains of the class I molecules 

interact; or, the dissociation of β2m initiates a conformational change or switch in the cytoplasmic tail 

that brings the two cysteines in close contact to form the disulfide linkage. The complex correlation of 

β2m dissociation and disulfide linkage will be addressed once we have found indications for a general 

mechanism.  
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Our finding of heterotypic in cis interactions between Kb and Db (see 5.2.2) represents indirect evidence 

for a general mechanism, since both allotypes have the conserved cysteine residues that can form a 

disulfide bond (see table 7.1.1).  

7.1.2 Functional analysis of cluster formation 

While I would like to figure out how the MHC class I clusters are formed, I am also curious to find out 

what the function of MHC class I clusters might be.  For such a functional analysis, I suggest starting with 

a screen of diverse MHC class I allotypes to obtain an overview of the significance of the observed 

phenomenon. 

Similar to us, Zuñiga and coworkers also found that MHC class I clusters are allotype-dependent, i.e., 

they found that Ld and Db cluster better than other mouse MHC class I in their experiments. In our own 

experiments, we found that Kb clusters better than Db (see 5.2.2). Zuñiga and coworkers also suggested 

that the observed allotype dependency of cluster formation correlates with MHC class I-associated 

disorders (see discussion in 5.1.5).  

To find such a correlation, one has to screen murine and human MHC class I allotypes for their ability to 

form clusters. Antibody micropatterns are a suitable tool for such a screening approach, since they are 

easy and quick to fabricate. The only drawback at the moment is the read-out of single cells in the LSM. 

But the system is in principle adaptable to a read-out in a fluorescence scanner. With this, a broad 

analysis could be realized soon. In order to screen a library of different MHC class I allotypes, one has to 

clone the respective tagged MHC class I proteins. For each allotype one needs two constructs, one with 

the extracellular HA tag and a second with a GFP fusion at the cytoplasmic tail. Transient co-transfection 

should be sufficient for a first screen, especially if the read-out is accelerated by an automatic 

fluorescence scanner.  

Once we have an overview of different cluster abilities, we will first correlate these data with 

disease-associated MHC class I molecules. This will give first indications towards a functional role of the 

clusters.  

 Testing the dynamics of MHC class I capture and clusters 7.2

In this section, I would like to suggest ways to figure out what happens on the molecular level. How fast 

are the clusters internalized? Is the endocytic machinery specifically targeting clusters or is this just a 

matter of size or membrane curvature?  
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The established system can so far only give a qualitative measurement of MHC class I capture or 

protein-protein interactions. As of now, we can only see that MHC class I proteins are being captured 

over a period of time. It is not yet possible to investigate protein dynamics or protein interaction ratios, 

which will give valuable information about the nature of MHC class I clusters.  

The established antibody micropattern system can be easily modified for the analysis of dynamics with a 

modified read-out. This can be achieved with a better microscopic setup – such as super-resolution 

microscopy – that allows for temporal and spatial resolution of single molecules or a method called 

fluorescence recovery after photobleaching (FRAP; see 7.2.1). Another option to improve resolution is 

electron microscopy or the modification of antibody micropatterns into a single-antibody pattern (7.2.3).  

All ideas and their potential applications for the detailed study of MHC class I protein dynamics are being 

discussed in the following.  

7.2.1 Analysis of capture dynamics with FRAP 

We have shown that the antibody micropatterns can in principle be combined with live-cell microscopy 

to measure protein dynamics or peptide binding constants (see 4.1). An interesting question that arose 

from the detection of capture of MHC class I proteins into antibody pattern elements is whether the 

capture is dynamic or not. We would like to find out in particular whether the Kb-GFP fusion constructs 

are permanently trapped in the antibody pattern elements or if they can exchange with free Kb-GFP.  

To address this question, the antibody micropatterns can be combined with live-cell microscopy and 

fluorescence recovery after photobleaching (FRAP). FRAP is a common technique to investigate protein 

dynamics that can be used in living cells. In a typical FRAP experiment, fluorescently labeled proteins are 

used. Then, a defined area of the sample is bleached, and the recovery of the fluorescence signal is 

measured; this allows the measurement of the diffusion constant of the fluorescently labeled proteins as 

they diffuse back into the bleached area. 

In such an experiment, I would capture the Kb-GFP protein according to the standard protocol. Then I 

would bleach the area of a pattern element and wait for re-occurrence of the GFP signal in the bleached 

area. If the clusters are indeed dynamic, the GFP signal will re-occur due to the recruitment of new GFP 

fusion proteins into the antibody pattern elements. If the pattern elements remain dark, the clusters are 

static structures, without any exchange of molecules. This experiment will also demonstrate whether the 

captured Kb-GFP reaches the pattern elements by lateral diffusion in the plasma membrane or by the 

internal secretory pathway.  
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One drawback of this experiment is that the degree of saturation of the antibodies in the pattern 

elements is not known, which could lead to false positive results. This means that the re-occurring 

Kb-GFP molecules might also bind to antibodies in the pattern elements that were not occupied before, 

while the bleached Kb-GFP proteins remain bound to their antibodies but are now invisible. Thus, the re-

occurrence of the GFP signal would show not dynamic capture but only the stepwise saturation of the 

antigen-binding sites.  One could solve this problem by doing multiple rounds of bleaching to estimate 

when the pattern elements are saturated with Kb-GFP and then do the measurement. An alternative 

option is to play with the concentrations of the pattern elements to find a range in which the saturation 

can be achieved. I believe that these parameters can only be figured out by performing several trial 

experiments.  

7.2.2 Class I interaction dynamics 

Also exiting is the question whether the found clusters are static or dynamic, or if there is protein 

exchange into and out of the clusters. This would tell us a lot about the molecular mechanism of the 

clusters, and about their possible functional roles. According to our current favorite hypothesis – namely 

that cluster formation regulates the removal of defect MHC class I molecules – it is interesting to figure 

out if such clustered MHC class I proteins are moved to lysosomes to become terminally degraded, or if 

there is a way of return from their fate, perhaps by re-binding 2m and peptide in some internal 

compartment (Montealegre et al., 2015). This question actually remained open for a long period of time 

in the field of MHC class I endocytosis.  

Experiments in our lab have shown that free heavy chains are rather unstable as they do not fold and 

then precipitate in in vitro refolding experiments. This observation supports the idea that the clusters 

observed in cells by patterning are also some sort of terminally unfolded protein aggregates that are 

then destroyed. In contrast, mass spectrometry experiments of our collaborators have recently shown 

that free heavy chains that are generated by dissociation of 2m are stable enough in solution to re-bind 

2m and peptide after a few minutes, albeit inefficiently (Sebastian Springer, personal communication). 

This suggests that the free heavy chains have some structure left and that they might undergo specific 

interactions. That latter hypothesis supports a scenario in which Kb-GFP binds to the captured HA-Kb, 

dissociates, and then binds to the next captured HA-Kb on the pattern element.  

To test for both alternatives, one would perform the same experiment described in 7.2.1 but use the 

co-transfected cell lines. After the Kb-GFP is captured into the antibody pattern elements, I would again 
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bleach the GFP signal in individual pattern elements and measure the fluorescence recovery in the 

bleached area. The interpretation of the re-occurrence of the GFP signal is complicated though, since the 

saturation problem describes above also applies here. It is possible that the Kb-GFP proteins that re-

appear in the bleached areas are not binding to the same captured HA-Kb proteins, but that these are 

still occupied with the bleached Kb-GFP proteins.  Thus, to find out whether the binding of Kb-GFP to 

HA-Kb is reversible, one has to use other methods such as single molecule tracking.  

Although the FRAP experiments cannot give valuable information about the reversibility of the 

protein-protein interactions, it will still determine the on rates of the protein-protein interactions. This 

becomes especially interesting once we can correlate the cluster formation to the dissociation of β2m by 

a coordinated approach. 

7.2.3 Single antibody patterns  

As pointed out in the previous paragraph, I am interested to figure out whether the in cis interactions are 

reversible or if the Kb-GFP is terminally trapped. This is interesting in terms of MHC class I endocytosis, 

but is also potentially interesting for the general investigations of protein-protein interactions in live cells 

beyond MHC class I proteins.  

To find out specifically how many proteins are interacting in the clusters, one could develop our antibody 

micropatterns into a single-molecule setup. Instead of printing micropatterns with pattern elements in 

the micrometer range, one could make patterns with only one single antibody per spot. Several groups 

are currently working on approaches to generate such single protein patterns. Consequently, such a 

system also requires a read-out by super-resolution microscopy. 

If we would generate a pattern where one antibody interacts with only one MHC class I protein, one 

could specifically determine how many Kb-GFP proteins are recruited and characterize protein:protein 

interaction ratios. This system would further solve the question of the reversibility of the protein-protein 

interaction by following the Kb-GFP signal over time. Since free heavy chains of MHC class I are not 

stable, alternative approaches such as surface plasmon resonance cannot be applied here (see section 

1.4.9), and I am confident that antibody micropatterns will help to solve such questions.  
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7.2.4 Electron microscopy of antibody micropatterns 

Electron microscopy offers an alternative approach to the above described ideas that involve mostly 

super-resolution microscopy techniques. To answer the question of protein:protein interaction ratios, it 

is possible to stain the captured antibodies with secondary antibodies that are coupled to gold 

nanoparticles and allow for the detection of single proteins. For characterization of the clusters, one 

could use a goat anti-mouse antibody to detect the printed HA antibodies and co-stain the GFP tag of the 

recruited Kb-GFP. Although this approach is rather indirect, one could correlate how many GFP-tagged 

proteins are interacting with the printed HA-antibodies and obtain an estimate of the protein ratios.  

 Interaction partners of MHC class I proteins 7.3

7.3.1 Probing other proposed candidates for in cis interactions with MHC class I 

The established assay (see section 5.1) can now be used to test for the interaction of other protein 

candidates that are proposed to interact with MHC class I. This is similar to the antibody staining 

experiments in paragraph 5.2.1. There are interactions mentioned in the literature, but they have not 

been intensively studied (see sections 1.4.6 and 1.4.7 for reference). One of these examples is the 

interaction of MHC class I and the insulin receptor. In the work of Dixon–Salazar, the question was also 

raised whether the proposed interaction between MHC class I and the insulin receptor in the brain is 

actually in cis or in trans. This question can be clearly answered by the use of antibody micropatterns.  
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7.3.2 Development of an open screen 

Besides the screening of proposed protein interaction candidates mentioned in the previous paragraph 

(see section 7.3.1), it is also possible to develop the assay further into an open screen method to detect 

unknown protein interaction partners. In the proposed screen, the antibody micropatterns are used as 

described previously to accumulate MHC class I proteins on the pattern elements. Any interaction 

partners of MHC class I are likely to accumulate on the same pattern elements, together with the 

captured MHC class I. For the identification of the interaction partners, imaging MALDI (matrix-assisted 

laser desorption/ionization) mass spectrometry might be used (Passarelli and Ewing, 2013). By scanning 

over the pattern elements, one can compare and analyze the proteins on and off the pattern elements. 

With a colleague at the MALDI imaging core facility at Bremen University, I did one trial experiment, and 

we realized that the limiting factor of this methodology is the cell volume. In our test experiment, the 

beam cannot penetrate through the entire cell to ionize the bottom area of the cell, where the proteins 

have been patterned. To overcome this limitation, one has to reduce the volume by ripping the cell off 

the surface, for example with a nitrocellulose membrane, and then scan only the membrane and 

proteins at the basal membrane of the cell. This would also decrease background signals. Since all 

individual steps of this experiment are established, it should be possible to optimize the procedures and 

develop this new application. Alternatively, one might treat the pattern with a detergent to remove the 

cell and the membranes, and to just leave the patterned proteins and their direct interaction partners on 

the surface. Patterns might need to be slightly larger since the resolution of imaging MALDI is currently 

about 50 µm.  

 Possible technical developments 7.4

One drawback of our established anti-MHC class I capture assay is that it does not allow for a 

time-coordinated capture of the MHC class I molecules. The capture of proteins occurs immediately as 

soon as the cells settle down on the micropatterns, and proteins will then accumulate on the antibody 

micropatterns throughout the incubation. Throughout the project, I generated several ideas for 

advanced applications of the antibody micropatterns that require technical developments that are 

described in the following. These include ideas for induced capture or the release of captured proteins to 

synchronize the internalization. 
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7.4.1 Antibody micropatterns for induced capture  

While I required high amounts of captured proteins for our current applications such as peptide binding 

(see section 4.1) or the investigation of in cis interactions (see section 5.1), potential applications exist 

where one would wish to control the amounts of captured proteins or to synchronize the capture. This 

way, one could precisely target a specific protein cohort at a specific time point and presumably capture 

a rather homogenous protein population, which might give more control over manipulation 

experiments.  

One example for such an inducible system is the unsuccessful trial experiment with the 25.D1.16 

antibody, where I was aiming to start the capture of MHC class I trimers by the addition of peptide to 

peptide-deficient STF1 cells (see section 4.2.2 for reference).  

Similar switchable setups might be realized with special engineered antibodies that bind their antigen 

only when they are switched on by an externally added molecule. Kellmann and coworkers developed 

antibody single-chain variable fragments (scFvs) with an allosteric regulator that changes the antigen 

binding affinity (Kellmann et al., 2017). In their work, they show that the introduction of 

calmodulin-derived linkers between the two variable domains (VL and VH) of the scFv induces a 

conformational change that influences antigen binding by an allosteric mechanism. Upon addition of 

calcium and a calmodulin-binding peptide, a structural change or displacement of the VL and VH domains 

in the scFv occurs that renders the antigen binding affinity effective. These engineered antibodies are 

commercially available at Yumab (Germany)19 and should be tested for printing for the design of 

switchable antibody micropatterns. 

7.4.2 Release of captured proteins from antibody micropatterns  

In addition to the induced capture of proteins, the release of captured proteins on antibody 

micropatterns might be of even greater interest. The study of endocytosis of MHC class I molecules in 

our laboratory has encountered a broad range of technical difficulties. One of them is the strong 

intracellular background in microscopy. The other is that MHC class I molecules are not easily to follow in 

the endocytic pathway, since the transitions from the different compartments are indistinct. 

                                                           
19

 http://yumab.com/ 
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The specific labeling of a protein cohort and its controlled release from the mechanical retention at the 

cell surface might finally circumvent these difficulties. Also, the functional investigation of the clusters 

would directly benefit from such a system. I have collected several ideas of how one can realize antibody 

micropatterns that will allow for controlled release, and I will describe them in the following. 

7.4.2.1 Avidin-biotin system for controlled release 

The simplest approach is to generate antibody micropatterns where the antibodies are immobilized via a 

linker molecule from which they can be eluted. For similar requirements in protein purification systems, 

modified versions of avidin resins and modified forms of biotin labeling have been developed to make 

the avidin-biotin interaction readily reversible20. Most of these commercially available systems can be 

directly adapted to the antibody micropatterns and could be used to release the capture antibody with 

its target. An immediate idea is to immobilize biotinylated antibodies via printed avidin micropatterns. 

The monomeric form of avidin binds less strongly to biotin and allows for the competitive displacement 

of the biotinylated antibodies using excess free biotin that can be added to the cell culture medium. Thus 

the capture antibody will be released together with its target protein.  

Another option is to use cleavable biotinylation reagents. We could use specific biotinylation reagents 

that contain a disulfide bond in their spacer arm to biotinylate our antibodies (such as 

sulfo-NHS-SS-Biotin from Thermo Fisher, Germany). Again, these antibodies will be immobilized on avidin 

micropatterns, and will released by cleavage of the disulfide bond with a reducing agent. Upon cleavage, 

the biotin will remain bound to the avidin micropattern, while the antibody together with its captured 

protein will be released. After controlled release one can specifically follow this protein population.  

Notable, we use IgG antibodies for our antibody micropatterns that consist of four polypeptide chains, 

two identical heavy chains and two identical light chains. The two heavy chains are linked to each other 

by disulfide bonds as well as to one light chain. This implies that we might not even need the suggested 

biotinylated antibodies with the cleavable disulfide bond for the release. If we can treat the cells with 

reducing agents like Dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP), we might just apply 

this to reduce our currently used antibodies. The reduction of the disulfide bonds of the IgG antibodies 

will lead to their separation and thus the release of the captured proteins (similar to the SDS-PAGE).   

                                                           
20

 See Thermo Fisher for reference: https://www.thermofisher.com/de/de/home/life-science/protein-
biology/protein-biology-learning-center/protein-biology-resource-library/pierce-protein-methods/avidin-biotin-
interaction.html (23.01.2018) 



7 Future perspectives 

 

179 

All approaches mentioned above require printing of avidin on glass surface to which the biotinylated 

antibody is bound. Our previous trials where we wanted to immobilize the antibodies via linker proteins 

such as protein A or protein G have demonstrated the difficulties with these ‘indirect’ immobilization 

approaches. I can imagine that we will encounter similar problems with avidin micropatterns. But in case 

our printing protocol does not work for avidin, we have access to streptavidin patterns from the Rapp 

group from the Karlsruhe Institute of Technology (KIT) (Waldbaur et al., 2012) that we can test as an 

alternative.  

7.4.2.2 Enzymatic cleavage of antibody micropatterns 

As mentioned above, I am afraid that the generation of avidin micropatterns and the specific binding of 

biotinylated antibodies to the pattern elements may require extensive optimization steps. I thus 

recommend finding an alternative approach that allows for the release from our currently used 

antibody micropatterns where the antibodies are directly bound to the glass surface. This could be 

achieved by enzymatic cleavage of the antibodies. Pepsin and papain are commonly used enzymes for 

the fragmentation of antibodies. Their specific cleavage site is located in the hinge region of the antibody 

and splits the antibody into its Fab and Fc fragments. Papain generates two Fab fragments and one Fc 

fragment, while pepsin generates one F(ab’)2 fragment plus the Fc fragment.  

If we assume that the antibodies are immobilized in a random orientation, there will be a population of 

antibodies that is bound via its Fc fragment to the glass surface. I assume that the majority of the 

antibodies that are able to capture proteins are actually oriented this way, since they can only bind their 

target protein when their antigen binding sites are located towards the cell surface. If these antibodies 

are cleaved with the enzymes, the Fab fragments will be released together with the target protein, while 

the Fc region remains bound to the glass surface and thus releases the captured proteins. It needs to be 

tested if the amount of proteins that can be released with this method is sufficient to be tracked.  

One other possible problem with this enzymatic approach is that papain will also digest the extracellular 

matrix of the cells and that they will eventually detach from the surface. With longer incubation 

(>10 min), cells will also be lysed by the enzymes. One probably has to try how sensitive the cells are and 

if one can drive the reaction towards the cleavage of the antibodies by adjusting incubation times and 

temperatures.  

Alternatively, one can engineer antibodies with a specific incorporated enzymatic cleavage site that can 

be specifically targeted by enzymes, which will not affect the cells themselves.  
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