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This Chapter describes various future applications of bioorthogonal protein 

expression, such as its use to synthesize bioorthogonal fluorescent proteins, and 

glycosylated antigen libraries.  



      Summary & future prospects 

~ 145 ~ 

 

The aim of this thesis was to develop bioorthogonal antigenic proteins and to use these 

as tools to study antigen processing, presentation and T cell activation. 

 

In  an introduction to the field of protein modification was given. This 

chapter focused on the synthesis of proteins with bioorthogonal ligation handles; in 

particular those that can be incorporated via modified protein expression systems.  

 challenged the production and purification of model protein ovalbumin 

with the incorporation of the unnatural amino acids azidohomoalanine (L-Aha) and 

homopropargylglycine (L-Hpg). The metabolic labeling of the protein with L-Aha was 

indeed possible in BL21::MetA. Successful purification of the protein enabled the study 

of differences between the azidylated and the wild type version of this protein and gives 

one the possibility to use this modified antigenic protein for antigen presentation 

studies. 

In  the bioorthogonal incorporation of L-Aha and L-Hpg into the 

immunological model protein tetanus toxin C fragment (TTCF) was presented. A series 

of mutants of the protein was made, their ability to activate TTCF-specific T cell clones 

was assessed, as well as the effect of the bioorthogonal modifications on T cell activation. 

The latter were shown to be tolerated by the T cell receptor. This scope of this tolerance 

was broadened to the MHC-II restricted epitope of ovalbumin, which was assessed using 

a series of peptide antigens. 

In  horseradish peroxidase (HRP) was explored as new tool for 

immunohistology. HRP was subjected to diazotransfer conditions and the resulting 

HRP-N3 was used in dot blot and immunoblot experiments. These were successfully 

performed both on purified alkylated protein and alkylated bacteria. Furthermore, a 

ligation reaction between the peroxidase and an alkylated activity-based probe (ABP) 

was presented. However, this should be further optimized, as the detection limit was 

reached when this method was applied in cellular ABPP studies. 

 

With this broadening of the expertise to produce large amounts of recombinant 

bioorthogonal proteins, some new approaches can be envisaged. The first steps towards 

some of these are described below, but a thorough assessment should be performed in  
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Individual steps subject of here-described studies are 

the transformation of pEH101 to methionine-auxotrophic  B834 ( ); induced expression in the presence of 

the methionine analogue azidohomoalanine and subsequent purification ( ); Combining this with the alkyne 

modified β-casein ( ); and the subsequent ligation reaction, resulting in a protein-protein ligation ( ). 

 

 

future experiments. 

 

 

The first use of this approach is to ligate two proteins together. Normal ligations 

rely either on the introduction of a sortag – an LPXTG tag which can be used for ligation 

reactions using the Sortase A enzyme – [1], or on the random ligation between cysteine 

(Cys) and lysine (Lys) residues. The former method is relatively low yielding and requires 

genetic modification of the protein; as well as a free N- and C-terminus. The most 

common method of Lys/Cys ligation suffers from poor control reactions, polymerization 

and homomultimerization. It was thus envisaged that bioorthogonal ligation reactions 

could be used to prevent homodimerization, whilst still getting high enough yields. This 

was done using the approach outlined in Figure 1: one protein is modified with an alkyne 

handle and the other with an azide handle and the two are ligated together using the 

copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) [2]. This approach would give 
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β  A) The before and 

after induction (b.i. and a.i. respectively) samples showing the expression of TTCF-Aha. B) Ni-NTA purification of 

TTCF-Aha, of which fractions 1-6 resulted in >95% pure protein and were subsequently used for C) fluorescent 

analysis by ligation to AF647 alkyne. D) Fluorescent analysis of β-casein-alkyne by ligation to AF488 azide. A-D) 

Proteins were resolved in a 10% or 12.5% SDS-PAGE and stained with Coomassie Brilliant Blue R-250. 

 

 

far better control over the protein:protein ratio and preclude the aforementioned 

homodimerization. 

With this aim in mind, two different model proteins, TTCF and β-casein, were 

modified with either an azide or alkyne handle. The former was made using the 

recombinant expression and purification protocols outlined in  (Figure 2A and 

B). The second protein, β-casein, was chemically modified with an alkyne handle using 

pentynoic acid N-hydroxysuccinimide (HOSu) ester as a quick method for achieving this 

reagent. For this, 100 µM β-casein in 0.1 M NaHCO3 pH 8.6 was combined with 1 eq. of 

pentynoic acid HOSu ester and this coupling took place overnight at 4°C. Subsequently, 

the reaction was desalted and buffer exchanged against 100 mM HEPES pH 8.4.  

The accessibility of the ligation handles was first assessed using fluorophores with 

the opposite ligation handle, Alexa Fluor 647 (AF647) alkyne (for ligation to TTCF) and 

AF488 azide (for ligation to β-casein) under CuAAC-conditions. The resulting in-gel 

fluorescence showed that both proteins were ligated to the fluorophore (Figure 2C and 

D).  

It was next assessed if it was possible to ligate the two proteins using the CuAAC 

reaction. For this, β-casein-azide and TTCF-alkyne were ligated in a 1:0.5 or in a 1:1 

molar ratio in the presence of ligation mixture containing either 0, 1 or 5 eq. of Cu- 
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β  This reaction was performed in a A) 1:0.5 

or B) 1:1 molar ratio in the presence of 0, 1 or 5 eq. of THPTA ligand. The 1:1 molar ratio showed a higher likelihood 

of aggregation of the proteins. A-B) Proteins were resolved in a 10% SDS-PAGE and stained with Coomassie 

Brilliant Blue R-250. 

 

 

stabilizing THPTA ligand, in presence/absence of CuSO4 for 15 min at rt. SDS-PAGE 

analysis of the reaction showed that the ligation efficiency was independent of the 

protein ratio and of the ligand concentration, but – as expected – only proceeded in 

presence of CuSO4 (Figure 3A and B). It was, however, observed that an increase in the 

concentration of ligand present in the ligation mixture led to an increase in higher 

molecular weight bands (Figure 3), likely due to the presence of multiple ligation handles 

in both proteins. However, this approach does offer the opportunity to produce protein-

protein heterodimers without the presence of homodimer contaminants. 

 

A second area in which the high yielding production of bioorthogonal proteins can 

be of interest is in producing homogeneous glycoforms of these proteins [3]. As for the 

protein dimerization reactions described above, the common approaches to produce 

such proteins – such as enzymatic glycan remodeling [4, 5] or lysine modification [6], are 

either limited in the nature and sites of modification and/or result in heterogeneous 

mixtures in terms of modified sites. This can have extensive immunological 

consequences, probably best exemplified by the disagreements regarding the role of the 

mannose receptor (MR) in enhancing antigen cross-presentation. Burgdorf  

published the observation that glycosylated Ova-antigen can be internalized via the MR 
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. Individual steps 

subject of here-described studies are the azidylation of TTCF and the glycosylation of this protein by for instance 

alkylated mannose ( ). This modified protein was next subject to antigenic uptake and processing, before T cell 

activation by means of IL-2 production was measured (  and ). 

 

 

leading to routing of this antigen to a ‘cross-presentation enabled’-endosome, leading 

to enhanced CD8 T cell activation [7]. However, other studies of the same system [8] 

showed quite the opposite effect for the same system. The difference can only be 

rationalized by the fact that different glycoform mixtures and modifications were used 

in these systems and that these have differential interactions with the immune lectins 

found on APCs. 

The MR receptor has several binding domains which are able to recognize several 

carbohydrate moieties, besides mannose monosaccharides. Examples of these are 

fucose, glucose, -acetyl glucosamine (GlcNAc), -acetylgalactosamine (GalNAc), 

mannose disaccharides, and more complex trisaccharides such as LewisX and tri-GlcNAc 

[9-12]. For the mannose disaccharides the α1-6, and α1-3 linkages are preferred over α1-

2 and α1-4 linkages [9, 10]. 

The effect of the trisaccharides was evaluated by the group of Van Kooijk, using 

ovalbumin as a model antigen [13]. In this study, they modified ovalbumin with either 

LewisA or tri-GlcNAc and illustrated that both glycosylated proteins showed enhanced 
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binding to the MR compared to the wild type protein. Furthermore, glycosylation of the 

protein showed an increased MHC class I-mediated cross presentation.  

With the aim to analyze how glycosylation influences MHC presentation and T cell 

activation – as depicted in Figure 4 – the bioorthogonal glycosylation of antigens was 

attempted – much along the lines of the previously described strategy [14]. For this, it 

was decided to use an azidylated TTCF (produced as earlier described in Chapter  and 

section ), which was ligated to different alkylated glycans using the CuAAC [2, 3].  

The azidylated protein was next modified with three different alkylated sugar 

moieties which are known to bind the mannose receptor, namely propargylated GlcNAc 

[9], propargylated mannose [9] and propargylated 4-SO4-GalNAc [15]. For this, a 

literature protocol was followed, with minor adjustments [3]. In short: the azidylated 

protein was combined with the corresponding glycan and buffered with sodium 

phosphate pH 8.3. The reaction – under inert conditions – was started by the addition of 

a Cu(I) solution. After brief vortexing, the reaction was left for 5 min at rt. After two more 

additions of the Cu(I) solution, the protein was immediately desalted and buffer 

exchanged to PBS.  

With the aim to analyze if every azide moiety of the protein was modified with the 

respective glycan, it was decided to expose the unmodified protein (Met), the azidylated 

protein (Aha) and the three resulting glycosylated proteins to a CuAAC ligation mixture 

containing AF647 alkyne. SDS-PAGE-fluorimetry showed no fluorescent signal for the 

glycosylated proteins and the negative control (Met), whereas the positive control (Aha) 

did show the AF647 signal (Figure 5A). It was therefore assumed that every L-Aha moiety 

in the protein was modified with the sugar residue. However, in the future this must be 

confirmed, for instance using mass spectrometry analysis. 

Next, the immunogenicity of these modified proteins was analyzed. For this, the 

glycosylated proteins were given to bone marrow derived dendritic cells (BMDCs), 

which acted as APCs in this experiment. After 4 hours of pulse, the cells were washed 

twice with PBS and the TTCF-specific 2F2 T cell hybridoma was added. After overnight 

chase, T cell activation was measured via an IL-2 readout. This showed no significant 

difference between the glycosylated proteins (Figure 5B). 
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A) Representative in-gel fluorescence after AF647 alkyne 

ligation to the differently derived azidylated or glycosylated proteins. Proteins were resolved in a 7.5% SDS-PAGE 

and stained with Coomassie Brilliant Blue G-250. B) BMDCs were pulsed for 4 hours with different concentrations 

of TTCF wild type and glycosylated versions, before being presented to T cell hybridoma 2F2. The produced IL-2 

concentration was not significantly different for any of the glycosylated proteins. C) The same experiment as 

described for B) presented to T cell hybridomas 2F2, 1H3 and 2G5. 2G5 did not produce IL-2 when using the 

modified protein. Data was expressed as mean (± SD) (N = 1 or N = 2, n = 3). Statistical analysis was performed 

using Tukey’s multiple comparisons test. * P ≤ 0.05. 

 

 

In addition, it was analyzed whether the T cell activation of glycosylated proteins 

was epitope specific. Therefore, an initial study was performed in which besides the 

activation of the 2F2, also the activation of the 1H3 and the 2G5 T cell hybridomas was 

measured. This showed that the IL-2 levels of both the 2F2 and 1H3 T cells remained 

mostly unaltered upon activation when using the glycosylated proteins (Figure 5C). 

However, in line with the expectations (see ), the 2G5 epitope showed no T cell 

activation when any of the modified proteins was used. 

The experiments described in this section showed that glycosylation of TTCF does 

not alter the MHC class II antigen response. This was earlier reported for Ova-sulfo-LeA 

and Ova-tri-GlcNAc [13], however for these glycoproteins it was shown that MHC class I 

antigen presentation was enhanced. Therefore, it is recommended to evaluate the 

glycosylation of recombinant ovalbumin in an antigen presentation assay, using both 

OT-I and OT-II as responding T cells.  

 

Fluorescent proteins have been transformative in the study of living systems [16, 

17]. GFP is the most commonly used fluorescent protein, exciting mostly at 395 nm, and 
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 In-gel fluorescence of DsRed1, 

DsRed2, mTurquoise, mCherry, eCFP and eYFP after 4, 24 and 48 hours of culture growth. Proteins were resolved 

in a 10% SDS-PAGE and stained with Coomassie Brilliant Blue G-250. 

 

 

emitting at 509 nm [16]. In the study of antigen processing, they can also serve as 

excellent markers: the loss of fluorescence can be used to determine whether a protein 

or bacterium is degraded [18]. After this degradation, however, the protein fragments are 

invisible. It has previously been shown that bioorthogonal amino acids incorporated 

into recombinant proteins served as excellent markers to study precisely this later 

degradation and that combining these two types of reagents would yield an informative 

tool to study degradation: The presence of both fluorescent signals in a cell could 

indicate the presence of intact fluorescent protein in a particular organelle, whereas the 

presence of only the bioorthogonal label would indicate protein degradation [19, 20].  

Within the framework of studying the degradation of bacteria by APCs, a variety of 

fluorescent protein-producing bacteria – also capable of BONCAT labeling – were 

produced. For this, expression vectors for DsRed1, DsRed2, mTurquoise, mCherry, eCFP 

and eYFP, were produced and expression of the fluorescent proteins was first assessed 

in  ( ) B834(DE3). For this, the genes coding for each of the 

aforementioned fluorophores: DsRed1, DsRed2_S4T, mTurquoise, mCherry, eCFP and 

eYFP were cloned behind the hns promoter as earlier described by Van Elsland  [18]. 

Next, the resulting plasmids were transformed into  B834 and protein expression 

was monitored. For this,  B834 bearing the plasmids were grown in LB medium and 

after 4, 24 and 48 hours of growth samples were taken. SDS-PAGE analysis showed that 

all of the mentioned fluorophores were constitutively expressed (Figure 6). DsRed1 and 

DsRed2, mCherry and eYFP needed at least 24 hours to become fluorescent, whereas  
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 A) In-gel fluorescence of GFP and 

DsRed2 expressed in LB medium and Coommassie staining (lower panel). B) In-gel fluorescence of GFP and 

DsRed2 expressed in the presence of L-Aha. C) Left: Fluorescence analysis of GFP: AF488 analysis in the upper 

panel and AF647 analysis in the lower panel. Right: Fluorescence analysis of DsRed2: AF550 analysis in the upper 

panel, AF488 in the left lower panel and AF647 in the right lower panel. A-C) Proteins were resolved in a 10% SDS-

PAGE and stained with Coomassie Brilliant Blue G-250. 

 

 

mTurquoise and eCFP already showed the emergence of fluorescence after 4 hours. Of 

note is the visualization of both DsRed1 and DsRed2 in its tetrameric form [21, 22] and 

mCherry in both its monomeric and weak dimeric form [23]. With the fluorescence of 

the constitutively expressed proteins confirmed, the constructs can now be used in for 

instance lysosomal degradation experiments. 

 

Besides the constitutively expressed fluorescent proteins, it was also decided to 

prepare two inducible constructs, containing either DsRed2_S4T or GFP_A206K. Both 

were expressed in  with and without the incorporation of L-Aha using the standard 

protocol (Chapter  and  and sections  and ). Fluorescence analysis of the expression 

samples showed the presence of GFP and DsRed2 when grown in LB medium (Figure 

7A) and when expressed in the presence of L-Aha (Figure 7B). Coomassie staining 

confirmed expression and revealed that DsRed2 is only fluorescent in its tetrameric 

folding as described in literature [21]. 

Next, both cell lysates containing wild type and azidylated GFP and DsRed2 were 

subjected to a CuAAC ligation mixture containing either AF488 alkyne or AF647 alkyne. 

The resulting fluorescent image showed as expected an overlap between AF488 and GFP 

(Figure 7C; left). Surprisingly, no overlap was seen between AF647 and GFP. In the 

presence of the reducing conditions of the CuAAC ligation mixture, GFP diffused in 
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multiple protein bands. For DsRed2, the tetrameric protein did not ligate to the 

fluorophores, whereas the monomeric version did ligate to both (Figure 7C; right). In 

future, the ligation reactions should be confirmed using either LC-MS/MS and/or Native 

PAGE analysis. 

 

Dimitris Poulcharidis is kindly thanked for his synthesis of pentynoic acid HOSu 

ester and azidohomoalanine. Propargyl GlcNAc and THPTA are kindly synthesized by 

Ward Doelman. Lars Verschoor synthesized propargyl 4-SO4-GalNAc. Niels Reintjens is 

kindly thanked for his synthesis of propargyl mannose. Julia Pols and Joni van Rijn are 

kindly thanked for cloning the TTCF M1149I mutant and the colour library respectively.  
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All chemicals and reagents were purchased at Sigma-Aldrich, Alfa Aesar, Acros, 

Merck or VWR, unless stated otherwise. Reagents were used without further purification. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) materials were 

purchased at Bio-Rad.  

 

PBS contained 5 mM KH2PO4, 15 mM Na2HPO4, 150 mM NaCl, pH 7.4. Laemmli 

sample buffer 4* contained 60 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% 

(v/v) β-mercaptoethanol, 0.01% (v/v) bromophenol blue. 

 

β

Dissolve pentynoic acid HOSu ester to a concentration of 100 mM in DMSO (19.5 

mg/mL). Dissolve β-casein to a concentration of 100 µM (2.4 mg/mL) in 0.1 M NaHCO3 

pH 8.6 and add 1 eq. of pentynoic acid HOSu ester. After overnight coupling at 4°C, the 

reactions were desalted over a Zeba Spin Desalting Column (Thermo Scientific), 40 kDa 

MWCO according to manufacturer’s protocol and simultaneously buffer exchanged 

against 100 mM HEPES pH 8.4. The modified protein was stored at -20°C until further 

use. 

 

 strains XL10 and B834(DE3) were used as cloning and expression strains 

respectively. Plasmid pEH101 containing full-length  with a linker sequence was a 

gift from the Watts lab [24] and was used for the expression of 10His-TTCF and contained 

the IPTG-inducible T7 promoter. 

 

pEH101 containing full-length  with a linker sequence was a gift from the 

Watts lab [24]. To obtain pET16b_10His-TTCF, the DNA fragment encoding TTCF was 

amplified by PCR from the pEH101 plasmid. This fragment was ligated into the pET16b 
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vector using the XbaI and BamHI restriction sites. All sequences were verified by Sanger 

sequencing (Macrogen).  

 

 

 

To obtain pET16b_GFP and pET16b_DsRed2_S4T, the DNA fragments encoding 

the fluorophores were amplified by PCR. Using this PCR reaction, DsRed2 was mutated 

to DsRed2_S4T, to enhance fluorescent signal [25]. The resulting fragments were ligated 

into the pET16b vector using the NcoI and BamHI restriction sites. All sequences were 

verified by Sanger sequencing (Macrogen).  

 

To obtain the constitutively expressed constructs containing DsRed1, DsRed2_S4T, 

mTurquoise, mCherry, eCFP and eYFP, the DNA fragments encoding the fluorophores 

were amplified by PCR. Using this PCR reaction, DsRed2 was mutated to DsRed2_S4T, 

to enhance fluorescent signal [25]. The resulting fragments were ligated into the 

hns_GFP vector [18] using the NsiI and MluI restriction sites. All sequences were verified 

by Sanger sequencing (Macrogen).  

 

An overnight culture of B834 containing the corresponding plasmid was diluted 

1:100 in LB medium containing 50 µg/mL ampicillin (and 1% glucose in case of TTCF). 

# primer name sequence 5' -> 3'

p1 TTCF_fwd CGCAAAATTCCCTCTAGAATAATTTTTG

p2 TTCF_rev GTTAGCAGCCGGATCCTTAGTCGTTGG

p3 T7_GFP_fwd GGCGGCCGTCTCCCATGAGTAAAGGAGAAGAAC

p4 T7_GFP_rev GGCGGCGGATCCTTATTTGTATAGTTCATCC

p5 T7_DsRed2_S4T_fwd GGCGGCCGTCTCCCATGGCCTCCACCGAGAACG

p6 T7_DsRed2_rev GGCGGCCGTCTCGGATCCTTTATCTAGATCCGGTGG

p7 hns_DsRed1_fwd GGCGGTATGCATATGGTGCGCTCCTCC

p8 hns_DsRed1_rev GGCGGTACGCGTCTACAGGAACAGGTG

p9 hns_DsRed2_S4T_fwd GGCGGTATGCATATGGCCTCCaCCGAG

p10 hns_DsRed2_rev GGCGGTACGCGTTTATCTAGATCCGG

p11 hns_mCherry_fwd GGCGGTATGCATATGGTGAGCAAGGGC

p12 hns_mCherry_rev GGCGGTACGCGTCTAGACTCGAGATCTG

hns_mTurqouise_fwd

p13 hns_eCFP_fwd GGCGGTATGCATATGGTGAGCAAGGGC

hns_eYFP_fwd

p14 hns_mTurqouise_rev

hns_eCFP_rev GGCGGTACGCGTTTACTTGTACAGCTC

hns_eYFP_rev
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Cells were grown at 37°C, 180 rpm to an OD600 of ~0.8 and sedimented (3428 rcf, 15 min, 

4°C) before being resuspended in LB medium containing 50 µg/mL ampicillin. The 

culture was induced with IPTG (1 mM final concentration) and expression took place for 

4 hours or ON at 30°C, 130 rpm. After overnight expression, cells were pelleted and 

washed once with PBS. Pellets were stored at -80°C until protein purification. The before 

and after induction samples were suspended in 1* Laemmli buffer and the protein 

fractions were combined with 4* Laemmli buffer and all resolved in a 10% SDS-PAGE 

along with PageRulerTM Plus Protein Marker (Thermo Scientific), before scanning Cy3 

and Cy5 multichannel settings (605/50 and 695/55 filters, respectively; ChemiDoc™ MP 

System, Bio-Rad) in case of the fluorescent proteins. Coomassie staining (Coomassie 

Brilliant Blue G-250) was used for protein analysis. 

 

An overnight culture of B834 containing the corresponding plasmid was diluted 

1:100 in LB medium containing 50 µg/mL ampicillin ( and 1% glucose in case of TTCF). 

Cells were grown at 37°C, 180 rpm to an OD600 of ~0.8 and sedimented (3428 rcf, 15 min, 

4°C) before being washed twice with SelenoMet medium (Molecular Dimensions). Cells 

were resuspended in SelenoMet medium containing 50 µg/mL ampicillin and depleted 

for 30 min at 37°C, 180 rpm before 30 min depletion at 30°C, 130 rpm. After this 

azidohomoalanine (L-Aha TFA salt; 72 mg/L) was added to the culture and 15 min later 

the culture was induced with isopropyl-β-D-thiogalactopyranoside (IPTG; 1 mM final 

concentration) and expression took place ON. After overnight expression, cells were 

pelleted and washed once with PBS. Pellets were stored at -80°C until protein 

purification. The before and after induction samples were suspended in 1* Laemmli 

buffer and the protein fractions were combined with 4* Laemmli buffer and all resolved 

in a 10% SDS-PAGE along with PageRulerTM Plus Protein Marker (Thermo Scientific), 

before scanning Cy3 and Cy5 multichannel settings (605/50 and 695/55 filters, 

respectively; ChemiDoc™ MP System, Bio-Rad) in case of the fluorescent proteins. 

Coomassie staining (Coomassie Brilliant Blue G-250) was used for protein analysis. 
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An overnight culture of B834(DE3) containing the corresponding plasmid was 

diluted 1:100 in LB medium containing 50 µg/mL ampicillin. Cells were grown at 37°C, 

180 rpm and samples were taken after 4, 24 and 48 hours of incubation.  

The samples were suspended in 1* Laemmli buffer and the protein fractions were 

combined with 4* Laemmli buffer and all resolved in a 10% SDS-PAGE along with 

PageRulerTM Plus Protein Marker (Thermo Scientific), before scanning Cy2, Cy3 and Cy5 

multichannel settings (532/528, 605/50 and 695/55 filters, respectively; ChemiDoc™ MP 

System, Bio-Rad). Coomassie staining (Coomassie Brilliant Blue G-250) was used for 

protein analysis. 

 

Adjusted from Antoniou  (2000) [24]. A 1 L culture pellet was resuspended in 

15 mL lysis buffer containing 100 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imidazole, 

10% glycerol, 1 mg/mL lysozyme, 250 U benzonase. Lysis took place for 20 min at rt, 

before separating the soluble from the insoluble proteins (10000 rcf, 15 min, 4°C). The 

supernatant was filtered over a 0.2 µm filter (Filtropur S, Sarstedt) and loaded on a 2 mL 

His-column (Ni-NTA Agarose; Qiagen). After loading at 4°C for 2 hours, the column was 

washed twice with 2.5 CV of IMAC25 buffer (100 mM Tris-HCl pH 8.0, 500 mM NaCl, 25 

mM imidazole), before eluting with 7 CV at 200 mM imidazole. The protein fractions 

were monitored by A280 values and resolving samples on a 10% SDS-PAGE along with 

PageRulerTM Plus Protein Marker (Thermo Scientific). Coomassie staining (Coomassie 

Brilliant Blue G-250) revealed the purity of the protein. The fractions containing the most 

pure protein with an A280 value over 0.1 were combined and extensively dialysed (6 - 8 

kDa MWCO, 3.3 mL/cm, FisherBrand or 12 - 14 kDa MWCO, 2 mL/cm, Spectra/Por) 

against PBS. The protein was concentrated over an Amicon spin filter 10 kDa MWCO, 

before being aliquoted, flash frozen and stored at -80°C until further use. 

Alternatively, the lysed cells were loaded on a 5 mL His-column (Ni-NTA Superflow 

Cartridge; Qiagen). After loading, the column was washed with 5 CV of IMAC25 buffer 

(100 mM Tris-HCl pH 8.0, 500 mM NaCl, 25 mM imidazole), before eluting with a 15 CV 

gradient 25 - 500 mM imidazole. Subsequently followed by the protocol described above. 
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β-casein-alkyne and TTCF-Aha were ligated via CuAAC reaction. 0.5 or 1 eq. of 

TTCF-Aha was diluted in 100 mM HEPES pH 8.4 and combined 2:1 (v/v) with click mix 

(containing 3 mM copper sulfate, 30 mM sodium ascorbate, 3 mM THPTA ligand, 30 mM 

aminoguanidine-HCl and 1 eq. of β-casein-alkyne in 88 mM HEPES pH 7.2, final 

concentration in click mix). After 15 min ligation at rt in the dark, the reaction was 

quenched by the addition of 4* Laemmli buffer. Samples were resolved in a 10% SDS-

PAGE gel along with PageRulerTM Plus Protein Marker (Thermo Scientific). Coomassie 

staining (Coomassie Brilliant Blue R-250) was used to examine protein ligation. 

 

Adjusted from van Kasteren  (2007) [3]. The reaction should be executed under 

inert conditions and therefore nitrogen was bubbled through each solution before use. 

Dissolve ligand (39.1 mg/mL in MQ:acetonitrile 1:1, 90 mM) and CuBr (10 mg/mL 

in acetonitrile, 70 mM). Combine prior to addition in a 5:6 ratio respectively. Dilute the 

protein to 2 mg/mL in PBS (500 µL). Add a dissolved glycan solution (250 µL, 31.2 mM, 

50 eq. in MQ water) and 100 µL of sodium phosphate, pH 8.3. To this a Cu(I)/ligation 

solution (25 µL) was added and after 10 sec of vortexing, left for 5 min at rt. This was 

repeated another two times using a freshly prepared Cu(I)/ligation solution. After the 

third time, the glycosylated protein was immediately buffer exchanged over a Zeba Spin 

Desalting Column (Thermo Scientific), 7 kDa MWCO according to manufacturer’s 

protocol and simultaneously buffer exchanged against PBS. Protein concentrations 

were determined using Quick Start™ Bradford Protein Assay (Bio-Rad) and the modified 

proteins were stored at 4°C or flash-frozen and stored at -80°C until further use. 

 

Proteins were ligated via CuAAC reaction to AF647-alkyne. The protein was diluted 

to a concentration of 0.5 µg/µL in 100 mM HEPES pH 7.2 or MQ water and combined 2:1 

(v/v) with click mix (containing 3 mM copper sulfate, 30 mM sodium ascorbate, 3 mM 

THPTA ligand, 30 mM aminoguanidine-HCl and 14 µM AF647-alkyne in 88 mM HEPES 

pH 7.2, final concentration in click mix). After 1 h ligation at rt in the dark, the reaction 
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was quenched by the addition of 4* Laemmli buffer. Samples were resolved in a 7.5% or 

a 10% SDS-PAGE gel along with PageRulerTM Plus Protein Marker (Thermo Scientific). 

Coomassie staining (Coomassie Brilliant Blue G-250) was used as protein loading 

control. 

 

T cell hybridomas 2F2, 1H3 and 2G5 were a kind gift of C. Watts and were tested on 

regular basis for mycoplasma contamination. Cultures were discarded after 2 months of 

use. The cells were cultured at 37°C under 5% CO2 in RPMI 1640 (containing 25 mM 

HEPES) supplemented with stable glutamine (2 mM), heat inactivated fetal calf serum 

(10% v/v; Biowest), pyruvate (1 mM), NEAA (1x), β-mercaptoethanol (50 µM), penicillin 

(200 IU/mL; Duchefa) and streptomycin (200 μg/mL; Duchefa). Cells were passaged 

every 2 - 3 days. 

BMDCs were isolated from the bone marrow from the tibia and femurs of a 

C57BL/6 mice. Cells were cultured at 37°C under 5% CO2 in RPMI medium 

supplemented with stable glutamine (2 mM), heat inactivated fetal calf serum (10% v/v; 

Biowest), β-mercaptoethanol (20 µM), GM-CSF (20 ng/mL, Immunotools), penicillin 

(200 IU/mL; Duchefa) and streptomycin (200 µg/mL; Duchefa). Cells were passaged on 

day 4 and day 7. Generally cell experiments were performed on day 7 or 8.  

 

BMDCs (50000 cells/well) were seeded in a 96-well tissue-culture treated microtiter 

plate. Adherence was allowed at 37°C under 5% CO2 for at least 1 h prior to the addition 

of peptides or proteins at indicated concentrations. The cells were incubated with 0.1 

mg/mL (final conc.) of the antigens for 4 hours, followed by 2 times washing with PBS. 

The corresponding T cell hybridoma (50000 cells/well) was added to the pulsed BMDCs 

and co-cultured for 20 h for antigen recognition and IL-2 production by the T cells at 

37°C under 5% CO2. After overnight incubation, cells were sedimented by centrifugation 

(360 rcf, 5 min, rt) and supernatant was transferred to a new 96-wells plate. Stimulation 

of the T cell hybridoma was measured by IL-2 readout using an ELISA assay according 

to manufacturer’s protocol (Invitrogen). 



      Summary & future prospects 

~ 161 ~ 

 

Replicates shown represent biological replicates and data represent means ± SD. All 

statistical analysis was determined using GraphPad Prism® 8 or Microsoft Excel 2016. 

**** P ≤ 0.0001; *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; NS if P > 0.05.  
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