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Zusammenfassung 

Die derzeit auf dem Markt befindlichen Antikörper-Wirkstoff-Konjugate (ADCs - Antibody-drug 

conjugates) wurden durch unspezifische Konjugation eines Wirkstoffs mit Lysin- oder 

Cysteinseitenketten innerhalb des Antikörpers erzeugt. Diese unspezifische 

Konjugationsmethode führt zu einem heterogenen Produkt und kann die Bindefähigkeit des 

Antikörpers beeinträchtigen, wenn die Konjugation innerhalb von Sequenzabschnitten 

stattfindet, die für die Bindung an die Zielstruktur essentiell sind. Da die Anzahl und die 

Konjugationsstelle die Wirksamkeit, Immunogenität und Pharmakokinetik eines ADC 

beeinflusst, wurden verschiedene ortsspezifische Konjugationsstrategien entwickelt, darunter 

die Verwendung von unnatürlichen Aminosäuren und enzymatisch vermittelten 

Konjugationsstrategien.  

Neuere Forschungsarbeiten befassen sich mit steigenden Wirkstoff-Antikörper-Verhältnissen 

(DARs – Drug-to-antibody ratios), da ein hohes DAR die Wirksamkeit insbesondere gegenüber 

Zellen mit geringer Anzahl von oberflächenpräsentierten Zielproteinen verbessern kann. 

Allerdings gehen hohe DARs mit zunehmender Hydrophobizität einher. Dies führt zur 

Aggregation des ADC und seiner schnellen Entfernung aus dem Körper, wodurch sich die 

Wirksamkeit des ADC verringert. Hydrophile Linker- oder Wirkstoffderivate, sowie die 

Verwendung von biokompatiblen, hydrophilen Gerüsten, an welche die toxische Substanz 

gekoppelt ist, verbessern die Löslichkeit und verringern die Aggregation von ADCs mit hohem 

DAR.  

Die vorliegende Arbeit beschäftigte sich mit der Herstellung von ADCs mit hohem DAR unter 

Verwendung von Polypeptid-basierten Gerüsten. Diese genetisch codierbaren Sequenzen bieten 

die Möglichkeit einer genetischen Fusion und enzymatisch vermittelten Konjugation mit einem 

Antikörper. Die genetische Fusion mit dem Modellantikörper Trastuzumab wurde durch 

Verwendung der hydrophilen PAS-Sequenz, welche mit mTG-Erkennungssequenzen 

ausgestattet wurde, oder intrinsisch unstrukturierten Regionen/Polypeptiden erreicht. Diese 

Antikörperfusionen wurden nach ihren Bindungseigenschaften, ihrer Stabilität und ihrer 

mTG-Reaktivität charakterisiert. Die durch mTG vermittelte Markierungsreaktion 

gewährleistete die ortsspezifische Modifikation und die Bildung eines homogenen Produkts. 

Dafür wurden aus der Natur abgeleitete mTG-Erkennungsmotive untersucht und eine 

optimierte Sequenz für die effiziente Konjugation identifiziert, die in Zukunft die Erzeugung 

von ADCs mit hohem DAR ermöglichen kann.  

Keines der produzierbaren Antikörperfusionen zeigte eine signifikante Beeinträchtigung der 

Bindefähigkeit. Allerdings war die mTG-vermittelte Konjugationseffizienz bei den meisten 

Trastuzumab-Fusionen gering. Zudem konnte der Abbau der ungeordneten Sequenzen 



 

VIII 

 

beobachtet werden. Auch nach Zugabe verschiedener Additive wie EDTA und Natriumazid zur 

Stabilisierung der PAS-Fusionen, konnte der Abbau innerhalb weniger Tage beobachtet werden. 

Da ungeordnete Sequenzen besonders anfällig für proteolytischen Abbau sind, wurde 

stattdessen ein strukturiertes Protein mit Trastuzumab fusioniert, was zu einem stabilen, aber 

schwer durch mTG markierbaren Fusionsprotein führte, das im Vergleich zum 

Wildtyp-Antikörper ähnliche Bindungseigenschaften aufwies. 

Für einen alternativen Ansatz zur Herstellung von Antikörper-Wirkstoff-Konjugaten, die eine 

Polypeptidsequenz mit einer definierten Anzahl von reaktiven Seitenketten für die chemische 

Konjugation eines Toxins enthält, wurden PAS-abgeleitete Sequenzen in E. coli exprimiert und 

mit dem in der Zellkultur produzierten Antikörper unter Verwendung der Sortase A 

(SrtA)-vermittelten Konjugation ortsspezifisch verknüpft. Das Konjugationsprodukt zeigte 

ähnliche Bindungseigenschaften wie der Wildtyp-Antikörper. Die chemische Modifikation von 

PAS-basierten Polypeptiden sowie deren Reinigung und Analyse bleiben jedoch eine 

Herausforderung, so dass deren Optimierung für weitere Anwendungen unerlässlich ist. 
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Abstract 

Commercial antibody-drug conjugates (ADCs) are usually generated by unspecific conjugation 

of a toxic payload via random lysine or interchain cysteine residues within the antibody, thus 

leading to heterogeneous products and potential impaired target binding. As the number and 

conjugation site of a toxic payload influences the efficacy, immunogenicity, and 

pharmacokinetics of an ADC, various site-specific approaches have been to date developed, 

among them usage of unnatural amino acids and enzyme-mediated conjugation strategies.  

Recent research deals with increasing drug-to-antibody ratios (DARs), as high DAR can improve 

the efficacy, especially against cells with low copy number of surface-presented target protein. 

However, high DARs come along with increasing hydrophobicity that results in aggregation of 

the ADC and its fast clearance from the body, thus reducing the efficacy. Hydrophilic linker, 

particular payload design or the usage of biocompatible hydrophilic scaffolds carrying the toxic 

payload enhance the solubility and decrease aggregation of ADCs with dense payloads.  

Within the presented work, generation of ADCs enabling high DAR by utilizing 

polypeptide-based scaffolds was investigated, as these constructs offer the possibility of genetic 

fusion and enzyme-mediated conjugation with an antibody. Genetic fusion with the model 

antibody trastuzumab was achieved by using the hydrophilic PASylation pattern containing 

mTG-recognition motifs or intrinsically unstructured regions/polypeptides. These antibody 

fusions were characterized according to their binding characteristics, stability, and ability to 

serve as scaffolds for drug conjugation using microbial transglutaminase (mTG). mTG-mediated 

labeling ensured site-specific modification and homogenous product formation. Therefore, 

nature-derived mTG-recognition motifs were investigated and an optimized sequence was 

found for the efficient conjugation of a cargo that may facilitate generation of high-payload 

ADCs in future.  

Notably, none of the producible antibody fusions showed significantly impaired target binding. 

However, poor mTG-mediated conjugation and instability of the disordered sequences were 

observed for some trastuzumab fusions. Despite the fact that additives, like EDTA and sodium 

azide, were used to stabilize the PAS fusions, degradation was observed within several days. As 

disordered sequences are particularly susceptible to proteolytic degradation, a structured 

protein was fused to trastuzumab instead, resulting in a stable, though poorly mTG-addressable, 

fusion protein that possessed similar binding characteristic compared to the parental antibody. 

As an alternative route for the generation of antibodies endowed with a polypeptide sequence 

that contains a defined number of anchor points for chemical conjugation of a cytotoxic 

payload, PAS-derived constructs were generated via expression in E. coli and linked to the 

antibody produced in mammalian cell culture using sortase A (SrtA)-mediated conjugation. The 
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conjugation product showed similar target binding characteristics as the wildtype protein. 

However, chemical modification of PAS-derived polypeptides as well as their purification and 

analysis remain challenging, thus optimization is mandatory for further applications.
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1. Introduction 

1.1. Cancer and cancer treatment 

In 2018, about 1.73 million new cancer cases and over 600 000 cancer deaths solely in the 

United States have been prognosed. Thus, cancer is the second most common cause of death in 

the United States and a major health problem worldwide, as an ageing and growing population 

resulted in increasing numbers of new tumor incidents. Likewise, the number of survivors is 

continuously growing, mostly due to improvement of cancer diagnostics and treatment.1-2  

Cancer belongs to the group of age-related diseases that often results from genomic instability. 

The development of cancer is related to the daily exposure to exogenous agents, such as UV 

light and various chemicals, but likewise to endogenous stress during DNA replication or normal 

metabolism, and inherited mutations.3-4 About 70 000 lesions per day have been estimated for 

every human cell, the majority result in single strand breaks of the DNA.5 To ensure genomic 

integrity, the cells developed various DNA repair mechanisms in combination with signals for 

cell cycle arrest that prevent damaged cells from further proliferation. Furthermore, if DNA 

repair is not possible, these mechanisms trigger cell death.3, 6-7 Cancer cells own a variety of 

mutations and errors in the DNA repair mechanisms that mediate their continuous proliferation 

in different ways: Production of growth factor ligands and their respective receptors (autocrine 

proliferative stimulation), stimulation of normal cells that supply the cancer cell with growth 

factors, generation of hyper-responsive cells by increasing the number of receptors on the 

surface, or constitutive activation of components downstream the receptor signaling.8-10 

In the early 1900s, Paul Ehrlich postulated the idea of targeted medicine in which drugs with 

high target-specific affinity remain harmless for healthy tissues, while effectively attack 

pathogens. Until today, his so-called ‘magic bullet’ paradigm influences research in cancer 

treatment, which originate from histological staining techniques.11 The observation of a higher 

proliferation rate in cancer cells compared to the noncarcinogen healthy ones led to the 

development of the first-class chemotherapeutic agents that cause alkylation of the DNA, thus 

mediating cytotoxicity.11-13 With the discovery of the double-helical structure of DNA by James 

Watson and Francis Crick in 1953 and the knowledge of molecular mechanisms of cell division, 

DNA base analogues and DNA binding molecules were developed for cancer treatment, among 

them 5-fluorouracil and cisplatin.14-18 As these chemotherapeutics were not selective against 

tumor cells, fast dividing healthy cells were also attacked, thus provoking systemic toxicity to 

the host.19 Between the 1980s and 1990s, the discovery of oncogenes and tumor suppressor 

genes allowed the usage of rationally designed therapeutics for target-specific therapy of 

cancer.20 This new group of specific chemotherapeutics act by inhibition of kinase activities or 

by blocking protein-protein interactions that are essential for proliferation of the tumor cell.21-23 
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Identification of cell-surface antigens that are selectively (over-) expressed or mutated in tumor 

cells paved the way to even more specific therapeutic agents, always in hope to avoid systemic 

toxicity of the therapeutics. Due to remarkable binding ability and specificity, antibodies came 

into the focus of cancer research, even if they initially suffer from low production yields and 

limited therapeutic activity.11, 24 Both factors, at least partly, were influenced by their production 

method: Various animals were immunized with human cancer cells or purified antigens to 

generate antisera with cancer specificity. This method resulted in a mixture of antibodies, and 

furthermore provoked immune responses in patients.24-25 However, the required production of 

large amounts of a single antibody that is specific for the desired antigen was enabled by the 

development of the hybridoma technology by Köhler and Milstein, in 1975.26 Already in 1980, 

by using this new technique for the production of so-called monoclonal antibodies (mAbs) 

yielded in clinical treatment of lymphoma patients with murine mAb.27 Several clinical trials 

using murine mAbs followed these initially gorgeous results. However, awareness of the 

immune response to the murine antibody, that results in the production of human anti-mouse 

antibodies and therefore results in fast clearance of the therapeutics from circulation, led to the 

development of chimeric or humanized antibodies for clinical approaches. Furthermore, the 

required advances in molecular biological methods also allow the generation of fully human 

therapeutic mAbs.19, 28-29 To date, antibodies possess the highest tumor specificity of all 

investigated targeted therapeutics. Nevertheless, they lack the absolute tumor-specificity too, 

as different surface markers are also expressed in healthy cells, albeit to a lower extent.24, 29 

Careful design of a mAb is essential and inter alia depends on the desired mechanism for tumor 

cell killing, which is divided in direct or immune-mediated cell killing. Direct action includes 

the blockade of receptors, agonist activity or the induction of apoptosis. These mechanisms of 

action do not suffer from rapid internalization. On the other hand, long dwell time after binding 

to the cell surface is preferred for immune-mediated mechanisms, comprising 

antibody-dependent cell-mediated cytotoxicity (ADCC), complement-dependent cytotoxicity 

(CDC) and the regulation of the T-cell function.24, 30 Various mAbs have been developed for 

cancer therapy, which often combine different mode of action. HER2-specific trastuzumab and 

EGFR-binding cetuximab are both shown to induce ADCC, but also inhibit tumor cell signaling 

upon receptor binding.31-32 Ipilimumab was shown to block the cytotoxic 

T-lymphocyte-associated antigen 4 (CTLA4), which results in prolonged and potentiated T-cell 

activation, as inhibition of the T-cell response is disabled. Its natural lack of specificity results 

in inflammatory responses in several tissues, including the skin or the gastrointestinal tract, that 

have to be treated separately.33-34 

Limited therapeutic effect also originates from various tumor escape mechanisms. For instance, 

heterogeneity or downregulation of the target antigen within a tumor, as well as the uniform 
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distribution of the mAb within tumor tissue or the tumor environment are known to influence 

the therapeutic activity of an antibody. Additionally, tumor cells can resist therapeutic agents 

by heritage or development of compensatory signaling pathways, as well as upregulation of 

efflux mechanisms.24, 35 However, anti-tumor activity can be strongly enhanced by combined 

treatment with two antibodies that target different antigens or epitopes within the same 

antigen, as it has been shown for the combination of trastuzumab and pertuzumab.36 Although 

combinations of mAbs and cytotoxic compounds suffer from unselective cell killing, this 

drawback can be bypassed by covalent linkage between the mAb and the cytotoxic compound, 

thus generating potent antibody-drug conjugates (ADCs). Beside the direct effect of a 

therapeutic agent, such delivery systems profit from selective binding to the surface of tumor 

cells by a targeting molecule and the release of a highly potent cytotoxic compound. In addition 

to antibodies, alternative targeting molecules can be used for such delivery systems, for example 

antibody fragments or small molecules, each having specific advantages and disadvantages.19 A 

prominent example of a non-proteinogenic delivery system is the folate-vinca alkaloid 

conjugate, in which folic acid promotes binding to the folate receptor that is overexpressed on 

the cell surface of various tumors. This toxin conjugate showed significantly higher and 

dose-dependent tumor cell killing than the unconjugated toxin alone.37-38  

1.2. Antibody-drug conjugates (ADCs) 

Due to their insufficient tumor selectivity, the maximal tolerated dose (MTD) of conventional 

chemotherapeutics is limited, the same refers to their clinical efficacy. Furthermore, the 

development of even more potent cytotoxic compounds that mediated efficient cell killing in 

the picomolar range were stopped due to their unselectively. These compounds deepened the 

problem of balancing the minimum effective dose (MED) and the maximum tolerated dose 

(MTD), resulting in a small therapeutic window useable for cancer treatment. The therapeutic 

window can be widened by the usage of immunoconjugates. This delivery system increases the 

MTD, as it utilizes the unique high selectivity and stability of well characterized antibodies 

covalently coupled via a linker sequence to cytotoxic warheads to avoid off-target effect. 

Additionally, increased selectivity allows the usage of highly potent cytotoxic compounds, hence 

lowering the MED (Figure 1).19, 39 
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Figure 1. Beneficial effect of antibody-drug conjugates (ADC) for cancer treatment. (A) General scheme of 
ADCs. (B) ADCs increase the selectivity and allow the usage of more potent cytotoxic cargos, resulting in a broadened 
therapeutic window compared to conventional chemotherapeutics (modified from Beck et al. 35).  

After decades of research, the first ADC gemtuzumab ozogamicin for the treatment of myeloid 

leukemia was approved by the FDA in May 2010 and marked under the name Mylotarg®. Due 

to the lack of efficacy and safety concerns, it was voluntarily withdrawn from the market ten 

years later. Using an acid-labile hydrazone linker for toxin conjugation, time-dependent drug 

release under physiological conditions was observed, resulting in off-target effects.19, 40 

However, in September 2017, FDA-approval of Mylotarg® was renewed, but with 

recommending a lower dose.40  

Following efforts lead to the FDA approval of brentuximab vedotin (Adcetris®) for the treatment 

of Hodgkin’s lymphoma and systemic anaplastic large cell lymphoma, in August 2011. Only two 

years later, ado-trastuzumab emtansine (Kadcyla®) was approved for the treatment of 

HER2-positive breast cancer. Finally in August 2017, the FDA approved inotuzumab ozogamicin 

(Besponsa®) for the treatment of relapsed or refractory B-cell precursor acute lymphoblastic 

leukemia (ALL).19, 41 
Several ADCs are currently under clinical evaluation, among them immunoconjugates that 

enable high payload density to further enhance their anti-cancer activity without influencing 

their pharmacokinetic properties.35, 42 However, careful evaluation of every single component is 

mandatory to achieve safe and potent therapeutics. The main aspects will be discussed in the 

following sections. 

1.2.1. Antibodies  

Antibodies are heterodimeric and glycosylated binding molecules composed of two identical 

heavy chains (≥50 kDa) and two identical light chains (25 kDa). Every chain contains a 

N-terminal variable domain (V) and a varying number of C-terminal constant domains (C). 

Whereas light chains contain one of each, heavy chains are composed of three to four constant 

domains. Each domain folds in the specific immunoglobulin fold, built by two antiparallel 

b-sheets that are stabilized by an intramolecular disulfide bond. Several non-covalent 
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interactions as well as interchain disulfide bonds enable correct assembly of the different chains 

forming the Y-like shape of an antibody. Heavy chain-connecting disulfide bonds are located 

within a flexible hinge region between two constant domains (CH1 and CH2). Assembled 

antibodies possess two different functional units: the fragment of antigen binding (Fab) and 

the crystallizable fragment (Fc). The Fab contains the complete light chain as well as the 

variable domain and the CH1-domain of the heavy chain. Each variable domain consists of three 

hypervariable loops, the complementary-dependent regions (CDRs), that mediate antigen 

binding by non-covalent interactions (Figure 2).43-44 Based on the sequence of their heavy chain 

constant regions, immunoglobulins are subdivided in five classes, namely IgA, IgD, IgE, IgG and 

IgM.29, 43 Depending on the different antibody isotypes, the Fc part mediates different immune 

effector functions by binding to Fc receptors (FcR). For instance, binding of IgG to the neonatal 

Fc receptor (FcRn) results in the transport of immunoglobulins across the placenta from mother 

to fetus, whereas the same mechanism regulates the serum levels of IgG in adults.43 

Additionally, most IgG isotypes in humans are able to activate the complement system, making 

them favorable targeting molecules for the therapeutic applications. Indeed, the most currently 

approved mAbs for cancer treatment are selected from the predominant isotype IgG, which is 

further divided in four subclasses. These subclasses are distinguished by differences in the heavy 

chain sequences, size of the hinge region as well as the number and position of the interchain 

disulfide bonds, which affects the biological activity of the antibodies. For example, IgG3 

isotypes are cleared significantly faster than the three remaining isotypes, excluding this isotype 

from therapeutic applications. Due to easier manufacturing, IgG1 is the preferred isotype.35 

 
Figure 2. Schematic representation of the structure of antibodies (A) and crystal structure of an IgG (B). 
Constant domains of the heavy chains are depicted in gray, whereas the constant domains of the light chains were 
colored blue. The variable domain of the heavy and the light chain are shown in red and green, respectively. Pink is 
used for the glycosylation pattern. The published crystal structure (PDB: 1HZH)45 was edited using UCSF Chimera 
software.46 

Similar to the requirements of unconjugated antibodies for cancer treatment, antibodies in 

ADCs should provide selective binding to tumor cells to avoid off-target effects. Therefore, the 

selected antigen requires homogeneous, high expression levels on the surface of tumor cells, 
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but low to no expression on healthy cells.24 High affinities of the antibodies ensure selective 

tumor localization, but could also prevent effective tumor penetration.47 In contrast to 

unconjugated antibodies, the primary mode of action is not required for ADCs, but it can 

enhance its antitumor activity as shown for Kadcyla®.48 Instead, efficient 

receptor-mediate-internalization of the ADC-antigen complex is mandatory to ensure the 

intracellular release of the cytotoxic cargo. This process depends, inter alia, on the choice of the 

binding affinity, the antigen itself, the antigen expression level or the targeted epitope.19, 39, 49 

Additionally, modification of the antibodies can influence the pharmacokinetics, internalization 

rate and intracellular trafficking of the constructs.39, 50  

1.2.2. Linker  

Linker design plays a crucial role for the success of ADCs, as the linker covalently connects the 

cytotoxin to the antibody and thus defines time and location of drug-release. To avoid off-target 

effects, it is mandatory that the linker remains stable in the circulation, but rapidly release the 

active payload upon internalization of the ADC-antigen complex to achieve effective tumor cell 

killing. The two main classes to be distinguished are cleavable and non-cleavable linkers, both 

have been successfully used for the generation of ADCs.19 Whereas non-cleavable linkers, as 

used in Kadcyla®, possess high stability in the circulation, the drug release relies on the complete 

proteolytic degradation of the ADC upon receptor-mediated endocytosis. Hence, the cytotoxic 

compound remains connected to parts of the antibody, which does not hinder its 

cytotoxicity.39, 51-52 Cleavable linkers remain stable during circulation and are cleaved after 

internalization of the ADC. This group is further divided in three subclasses: I) acid-sensitive 

linkers, as the hydrazone linker in Mylotarg® or Besponsa®, are cleaved upon reaching the acidic 

environment of intracellular compartments.53-54 II) glutathione-sensitive linkers, based on the 

knowledge of high glutathione concentrations within the cell that reduces the disulfide bond 

and releases the toxic payload.39 III) protease-labile linkers, cleaved by intracellular proteases 

like cathepsin B. Adcetris® uses the most prominent valine-citrulline-linker expanded by a 

self-immolative spacer that allows the release of the unmodified drug after cathepsin B-cleavage 

of the dipeptide linker.39, 55 However, high expression levels and secretion of cathepsin B has 

been observed in various human cancers and is associated with tumor progression.56 The 

secreted enzymes impair the integrity of ADCs using the valine-citrulline linker, hence inducing 

the so-called bystander effect. This effect describes the cell killing of target-negative cells in 

close proximity to target-positive tumor cells and is also associated with the linker-drug 

design.57 Especially in solid tumors, that often possess heterogeneous expression level of cell 

surface markers, targeting of neighboring antigen-negative tumor cell is preferable. The 

occurrence of the effect is mainly influenced by the charge of the released drug, as charged 



 

22 

 

defines their ability to cross cell membranes. Hence, charged molecules are less toxic to 

bystander cells as uncharged hydrophobic toxins.35  

1.2.3. Cytotoxic payload 

The usability of a cytotoxic compound depends on its potency. Limited DAR of current ADCs 

make highly potent drugs favorable, as only low amounts of toxins reach the intracellular space. 

Two main classes of cytotoxic agents are currently used: antimitotic and DNA targeting 

molecules.19, 35 Antimitotic agents can inhibit or stabilize tubulin polymerization, thus provoke 

cell death of proliferating cells.58 For that reason, these cytotoxic compounds predominantly 

effect fast dividing cancer cells. Prominent examples are maytansinoids and auristatin 

derivatives.35  

Maytansine is a natural product originally isolated from Ethiopian shrub Maytenus ovatus 

possessing acceptable solubility under aqueous conditions. Chemically introduced linkers make 

it accessible for conjugation to antibodies forming a disulfide or thioether bond. Kadcyla® uses 

this highly potent tubulin inhibitor which was covalently attached to the antibody via a 

thioether bond.35, 52, 59-60 

Auristatins based on the naturally occurring, tubulin-inhibiting dolastatin 10 extracted from the 

sea hare Dolabella auricularia.61 The synthetic analogues monomethyl auristatin E (MMAE) or 

monomethyl auristatin F (MMAF) are the most prominent toxins used in current ADC 

development, as they are too toxic for their use as chemotherapeutics. These synthetic 

compounds have been optimized according to stability, solubility and accessibility for stable 

linker conjugation.35 The FDA-approved Adcetris® uses MMAE as cytotoxic payload.62 

A representative of DNA targeting molecules are calicheamicin analogues. Calicheamicin was 

originally isolated from the actinomycete Micromonospora echinospora. The hydrophobic 

molecule binds to the minor groove of DNA and induces double strand breaks that are lethal 

for the cell.63-64 Simultaneous targeting of proliferating and non-proliferating cell in the same 

manner is especially beneficial in solid tumors, since only 10-20% of proliferating cells exist 

within a tumor.65 On the other hand, it also represents an increased risk considering premature 

release of the cytotoxin. Good examples using these cytotoxic payloads are Mylotarg® and 

Besponsa®, whose warhead was attached by a pH-labile hydrazone linker.54, 66  

Another promising group is represented by pyrrolobenzodiazepines based on natural 

compounds binding the minor groove of DNA with an GC sequence specificity. Dimerization 

resulted in GATC and GAAT sequence specificities that allows DNA crosslinking, finally 

mediating cell death in nano- to picomolar range.67 
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Additional members of the DNA targeting group are DNA alkylating agents. The most prominent 

example is duocarmycine that also binds to the minor groove of DNA, targeting both dividing 

and non-proliferating cells.35  

1.2.4. Conjugation strategies 

First- and second-generation ADCs often utilized unspecific acylation of random lysine residues 

within the antibody. In consequence of up to 90 lysine residues within IgG molecules with one 

half being reactive in some degree, this strategy resulted in heterogeneous product formation.68 

Good examples for nonspecific toxin conjugation via lysine residues are Mylotarg® and 

Kadcyla®.52, 66 

The usage of interchain cysteines for the alkylation by maleimide-bearing compound, as used 

for Adcetris®, reduced the number of accessible sites towards eight and therefore lower product 

heterogeneity.39, 62 Whereas rapid and quantitative reaction of maleimides and thiols under 

physiological conditions is favorable, time-dependent loss of the drug has been described for 

cysteine- and lysine-modified ADCs. This problem has been solved by the development of 

self-hydrolyzing maleimides that prevent the maleimide exchange.69 Destabilizing effect of 

conjugation using interchain cysteines can by bypassed by the bis-alkylation approach, resulting 

in formation of stable and homogeneous ADCs with a DAR of 4.70   

Even if reproducible product mixtures were achieved by controlled reaction conditions, 

heterogeneity remains problematic, as in theory every produced species own characteristic 

properties.68 Furthermore, the number and position of toxin conjugation influence stability, in 

vivo efficacy and pharmacokinetic properties of an ADCs. Whereas in in vitro studies the efficacy 

of an ADCs increases with the number of conjugated toxins, its in vivo activity remains 

unaltered. Moreover, faster clearance has been observed for ADCs with higher drug-to-antibody 

ratio (DAR).71-74  

To overcome the limitations of unspecific conjugation, several approaches to produce 

homogenous ADCs were investigated within the last decades. Genetically engineering of mAbs 

by amino acid substitution for additional cysteine residues resulted in the production of 

so-called THIOMABs. These engineered mAbs allow the site-specific conjugation of toxins 

resulting in well-defined products.75 Other methods imply the incorporation of unnatural amino 

acids or terminal fusion of intein sequences for modification of the antibody.76-78 Furthermore, 

several enzyme-mediated bioconjugation approaches replace the commonly used chemical 

strategies for protein labeling. The used enzymes have site-specific reactions that avoid 

heterogeneous product formation and the potential loss of activity due to unspecific conjugation 

within the active/binding site.79 Moreover, easy and cost-effective isolation of the enzyme as 

well as the waiver of organic solvents and harmful chemicals, make them attractive tools for 
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bioconjugation approaches.80 For instance, a mutant glycotransferase, formylglycine generating 

enzyme (FGE), SpyLigase, sortase A and microbial transglutaminase are under the extensively 

studied candidates.81-85 Herein, the last two enzymes are described in more detail, as they should 

be used in the present work for the generation of ADCs with high DAR. 

1.2.4.1. Microbial transglutaminase 

Transglutaminases (protein-glutamine:amine g-glutamyl-transferase, EC 2.3.2.13) belong to a 

widespread class of transferases represented in all three kingdoms.86 The enzymes catalyze the 

formation of intra- and intermolecular isopeptide bonds between the g-carboxyamide group of 

glutamine residues (donor) and a primary amine (acceptor). In the absence of the latter, water 

reacts as nucleophile resulting in deamidation of the glutamine residue.87 This posttranslational 

modification of proteins results in the formation of protein conjugates of high molecular weight 

and high resistance to mechanical stress.88 Transglutaminases participate in various 

physiological processes in which these properties are required. A good characterized example 

is the human blood coagulation factor XIII that crosslinks fibrin to form fibrin clots during the 

wound healing process.89 

The first nonmammalian transglutaminase was isolated from Streptoverticillium sp. S-8112, a 

variant of Streptomyces mobaraensis. In contrast to mammalian-derived enzymes, the catalysis 

of microbial transglutaminase (mTG) is calcium-independent.87 Furthermore, the bacterial 

enzyme possesses low sequence homology and no structural relationship with mammalian 

transglutaminases, except of the amino acids forming the active site of the enzyme. Cys64, 

Asp255 and His274 were identified as essential residues for the catalytic activity of the mTG 

forming a cysteine-protease-like active site.90-91  

Streptomyces mobaraensis produces the enzyme as inactive zymogen, that is activated after 

secretion from the cytoplasm membrane by proteolytic cleavage. A 41 aa N-terminal 

pro-sequence is cleaved off by an endogenous metalloprotease, named 

transglutaminase-activating metalloprotease (TAMP). The resulting active FRAP-mTG is further 

processed by a tripeptidyl aminopeptidase.92-94 The control of the enzyme’s activity is essential 

for survival of the organism, as it prevents uncontrolled cross-linking of intracellular proteins.95 

In 2002, Kashiwagi et al. solved the structure of the activated mTG by crystallization. Eight 

b-strands and eleven a-helices form a central seven-stranded anti-parallel b-sheet that is 

surrounded by three clustered a-helical structures. This plate-like shape contains a deep cleft 

at one site that harbor the substrate binding site of the enzyme.91 The pro-sequence inhibits the 

enzyme by covering the active site, thus hinder substrate binding.96 Kashiwagi et al. postulated 

binding of the acyl acceptor at the predominantly negatively charged rear vestibule of the active 

site, whereas the acyl donor binds to the front vestibule containing hydrophobic and nonacidic 
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hydrophilic residues. Due to the typical amino acids within the active site, Kashiwagi et al. 

proposed a cysteine-protease-like mechanism. The acyl transfer reaction starts with a 

nucleophilic attack of the carboxamide group of a protein-bound glutamine residue by the 

thiolate ion of Cys64. Subsequently, the resultant oxyanion intermediate accepts a proton from 

Asp255 and ammonium is released. A nucleophile attack of the acyl acceptor at the thioester of 

the acyl-enzyme intermediate is supported by the negatively charged Asp255 that accept a 

proton from the amine substrate. Finally, forming a new amide bond and the product is 

released. His274 has a stabilizing effect on the conformation of the active site and does not 

participate in the catalytic reaction actively. Therefore, a catalytic diade of Cys64 and Asp255 

is also imaginable.91 Whereas Kashiwagi et al. postulated tight binding between both substrates 

and the enzyme using specific hotspots on the surface of mTG, recent findings suggest a 

zipper-like mechanism in which substrate proteins assemble prior to mTG-mediated 

cross-linking (Figure 3).91, 97 

 
Figure 3. Crystal structure (A) and catalytic mechanism (B) of microbial transglutaminase isolated from 
Streptomyces mobaraensis. (A) The published crystal structure (PDB: 1IU4)91 was edited using USCF Chimera 
software.46 The amino acid residues of the catalytic triad are depicted in yellow (Cys64), green (Asp255) and orange 
(His274). (B) mTG-formation of an isopeptide bond between a protein-bound glutamine residue and an amine 
donor.  

Additionally, mTG possesses a broader substrate spectrum than mammalian transglutaminases. 

Many different research groups tried to illuminate the specificity of the enzyme for its acyl donor 

substrate using peptide libraries, but still its substrate specificity stays nebulous. Screening of 

these peptide libraries revealed that hydrophobic amino acids are preferred in -2 and -1 position 

relative to the reactive glutamine. Furthermore, mTG catalysis is supported by arginine and 

hydrophobic amino acids in the +1 and +2 position and aromatic amino acids in -5 to -3 

position.98-100 Likewise, the secondary structure containing the reactive glutamine residue seems 

to play an important role for mTG recognition as it has been shown for a natural substrate-

derived sequence. A dispase autolysis inducing protein (DAIP)-derived peptide that mimic the 

native loop by introduction of a disulfide bond showed faster turnover compared to its linear 

counterpart.101 However, mTG recognition also depends on the flexibility of the polypeptide 

chain, as surface exposure of a glutamine residues alone is not a guarantee for mTG recognition. 
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Fontana et al. found a correlation between flexible regions and mTG-recognition of a glutamine 

residue. They proposed that mTG behave analogous to a protease which could allow the 

prediction of mTG-recognition sites. Flexibility simplify the correct positioning of the reactive 

site chain, explaining the high reactivity of glutamine residues within flexible loop regions.102 

Investigation on physiological substrates of the enzyme supported this hypothesis.97, 103 Contrary 

to the acyl donor site, the acyl acceptor has been reported to be promiscuous. However, 

mTG-catalysis is positively affected by aromatic amino acids or an additional lysine neighboring 

the reactive amine.104-105 

Beside its applications in the food industry, mTG is also a versatile tool for various 

biotechnology applications, among them immobilization of functional proteins on solid support 

and their conjugation with nucleic acids, polymers, proteins and small molecules bearing a 

primary amine group.84, 106-112 However, if the protein of interest is not a mTG-substrate, 

recombinant incorporation of a mTG-recognition motif allows the site-specific conjugation with 

a second reaction partner.113-114 For example, IgGs have numerous glutamine residues, but none 

of them is mTG-reactive. Therefore, incorporation of a mTG-recognition sequence allows the 

site-specific coupling and homogenous product formation, especially important for the 

production of ADCs.73, 115 Furthermore, it has been recognized that deglycosylation of antibodies 

via PNGase F treatment or by recombinant amino acid substitution (N297A/Q) resulted in 

exposure of Gln295 that is recognized by mTG.84, 115 mTG-mediated incorporation of amidated 

azide substrates provide a modular platform for the generation of ADCs using strain-promoted 

alkyne-azide cycloaddition.116-117 

1.2.4.2. Sortase A-mediated transpeptidation 

The extensively studied Staphylococcus aureus sortase A (SrtA) is a sequence-specific, 

calcium-dependent and membrane-associated thiol transpeptidase which in vivo attaches 

surface proteins to the bacterial cell wall.118-120 This so-called cell wall sorting occurs in many 

Gram-positive bacteria expressing sortase A homologs. Moreover, the expression of a functional 

enzyme is crucial for their pathogenicity.118, 121-125 For instance, S. aureus anchors protein A to 

the microbial surface to mask the bacterial cell during invasion of the host. Therefore, protein 

A is used to immobilize immunoglobulins at the microbial cell wall.123 

The wildtype SrtA from S. aureus harbors a 59 amino acid N-terminal hydrophobic signal 

peptide mediating secretion and membrane anchoring of the enzyme, whereas the catalytically 

active C-terminal portion is located on the cell surface (type II membrane topology). 

Recombinant production of the enzyme in Escherichia coli utilize truncated variants lacking this 

N-terminal membrane anchor (SrtArN59) which does not negatively influence the catalytic 

activity of the enzyme.119-120, 124 In the early 2000s, the structure for the truncated enzyme was 
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solved by NMR and protein crystallization. The core is represented by an eight-stranded b-barrel 

connected by an a-helix and several loops. These loops consist the catalytic residues His120, 

Cys184 and Arg197 that are located in a cleft along one site of the b-barrel.120, 126-127 The high 

calcium-dependency of the enzyme is explained by a stabilizing effect and facilitated substrate 

binding upon complexing a calcium-ion by Glu105, Glu108 and Glu171 localized within a 

pocket formed by b3/b4- and b6/b7-loops (Figure 4 A).120, 128  

 
Figure 4. Crystal structure (A) and catalytic mechanism (B) of sortase A isolated from Staphylococcus aureus. 
(A) The published crystal structure (PDB: 1IJA)120 was edited using USCF Chimera software.46 The amino acid 
residues of the catalytic triad are depicted in orange (His120), yellow (Cys184) and green (Arg197). (B) SrtA-
catalyzed formation of a peptide bond between a protein bearing the C-terminal sorting motif LPXTG and a molecule 
containing a N-terminal oligoglycine (modified from Guimaraes et al. 2013).129  

Following the so-called ‘sortagging’ mechanism, the enzyme recognizes a conserved five amino 

acid ‘sorting motif’ LPXTG (X=any amino acid) at or near the C-terminus.118, 121, 123 However, to 

allow sortase-mediated transpeptidation, at least one additional amino acid C-terminally of the 

glycine is required. Fastest and highest conversion was observed for an additional glycine 

residue.130 SrtA-mediated transpeptidation starts with cleavage of the peptide bond between 

Thr and Gly within the sorting motif by the active site Cys184, resulting in the formation of an 

enzyme-acyl intermediate (rate limiting step). Subsequently, the resulting thioester is attacked 

by nucleophilic a-amino group of a second substrate bearing an N-terminal glycine residue. 

Thus, a new amide bond between LPXT and the second substrate is formed and the enzyme is 

regenerated (Figure 4 B).119, 131-133  

Due to the small size of the recognition motif and the high selectivity of the enzyme as well as 

the mild reaction conditions, its potential for various in vitro applications became obvious soon, 

among them peptide circularization, protein immobilization on solid supports and site-specific 

labeling or ligation of proteins with different moieties, like peptides, nucleic acids, lipids or 

fluorophores.83, 130, 134-140 SrtA is also utilized for site-specific ligation of antibodies as well as 

antibody fragments with various cytotoxic compounds to achieve highly selective and potent 

conjugates.140-143 Furthermore, it has been shown that full-length antibodies site-specifically 
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decorated with cytotoxic compounds by SrtA-mediated ligation possess similar in vitro cell 

killing abilities as their classically conjugated counterparts.144 

However, these in vitro modifications suffer from side reactions, like the acceptance of the 

e-amino group of lysine residues as substrate or the hydrolysis of the intermediate that occurs 

in the absence of a nucleophile resulting in truncated species. These side reactions are 

suppressed by an excess of the oligoglycine substrate.132, 145 The major disadvantage of the 

wildtype SrtA is its poor catalytic activity, hence requiring long reaction times and/or the usage 

of large quantities of the enzyme or the LPXTG substrate. To overcome these limitations, Chen 

et al. developed a system for directed evolution of bond forming enzymes based on yeast display 

and fluorescence-activated cell sorting. Using SrtA as model enzyme, they screened for 

improved LPXTG substrate recognition. The resulting evolved SrtA (eSrtA) contains five 

mutations (P94R/D160N/D165A/K190E/K196T) that enable 140-fold improved catalytic 

activity compared to the wildtype enzyme.146  

Other research groups concentrated on the calcium-dependency of the enzyme, also limiting its 

usability in several applications. In 2012, Hirakawa et al. obtained a calcium-independent SrtA 

variant by mutation Glu105 and Glu108 to mimic the calcium-independent SrtA homologs 

expressed in Gram-positive bacteria Streptococcus pyogenes and Bacillus anthracis. They 

substituted the calcium-complex with a salt bridge by introduction of E105K and E108Q point 

mutations, thus enabling calcium-independent but impaired catalysis.147 Finally, Hirakawa et 

al. developed a calcium-independent and rate-enhanced heptamutant 

(P94R/E105K/E108A/D160N/D165A/K190E/K196T) by combining mutations for enhanced 

activity and calcium-independency.148 However, it affects the efficiency of the enzyme, as the 

heptamutant showed dramatically reduced turnover in the absence of calcium, compared to 

eSrtA in the presence of calcium. By introduction of additional mutations 

(D124G/Y187L/E189R) the efficiency of the calcium-independent heptamutant could be 

further improved, but still the sortagging efficiency of the eSrtA is not reached in the absence 

of calcium. Furthermore, calcium ions still positively affect the sortagging activity of the 

improved heptamutant. Nevertheless, these calcium-independent variants allows 

SrtA-mediated cell surface labeling over a wide range of physiological 

calcium-concentrations.149 

Additionally, simultaneous and orthogonal substrate ligation onto a single scaffold is unfeasible 

due to strict requirement of substrates containing a C-terminal LPXTG motif. In 2014, Dorr et 

al. used the above-mentioned laboratory evolution to develop two orthogonal SrtA variants 

with highly altered substrate specificity and minimal loss of the catalytic activity compared to 

eSrtA developed by Chen et al.. These ‘reprogrammed’ eSrtA(2A-9) and eSrtA(4S-9) recognize 
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their respective sorting motif LAXTG and LPXSG and can be used in orthogonal bioconjugation 

approaches.150  

1.3. Unstructured scaffolds enabling dense payload in ADCs 
1.3.1. Dextran 

In the mid-19th century, thickening of sugar solutions was found to result from microbial action. 

The produced polymer could be identified as glycan and was named dextran. Already in the 

mid-20th century, industrial interest in dextrans was immense.151 Dextran covers a class of 

polydisperse a-D-Glycans comprising predominantly a(1,6)-glycoside bonds and a small extent 

of a(1,3)- and a(1,4)-linkages that allows branching of the polymer (Figure 5).151-154 The 

source-dependent degree of branching affects the biophysical properties of the polymer. An 

good example is the water solubility, as a higher extent of branching decreases the solubility of 

the polymer.154  

 
Figure 5. Structure of dextran. a-D-Glycan subunits are predominantly linked by 1,6-glycoside bonds, but possess 
a small extent of branching due to 1,3- and 1,4-linkages (modified from Mehvar, 2000).154 

Nowadays, these a-D-Glycans isolated from bacteria are used in various applications that benefit 

from the unique properties of the polymer, such as good water solubility, stability under mild 

acidic and basic conditions, large size and no immunogenicity.152, 154-156 Dextran has been used 

for decades, as thickening agent in cosmetics, tracking agent in the laboratory or clinically, for 

example as plasma expander or antithrombolytic agent.154, 156-159 Numerous reactive groups 

within the polymer allows nonselective as well as chemoselective conjugation of different 

moieties, namely proteins and small molecules. Chemoselective reaction was performed at the 

reducing end of the dextran.156, 160-162 All properties combined with the possibility of chemical 

modification provide the polymer as delivery system for small molecules, as it has been 

demonstrated for dextran nanoparticles that efficiently deliver doxorubicin into the nuclei of 
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cancer cells.163 Biodegradability is a key property of dextran to use them as efficient intracellular 

carriers. Degradation of the polymer occurs in various organs by different a-D-glucosidases, also 

named dextranases.152, 164 However, the rate of enzymatic depolymerization can be reduced 

upon chemical modification.165-166 In other attempts, Richter et al. synthetized multivalent 

conjugates with biological active peptides using dextran as scaffold. These conjugates potentiate 

the biological activity of the peptide due to the multivalency effect that increase local ligand 

binding.167 Dextran-conjugates showed prolonged plasma half-life by preventing renal 

clearance, increased in vitro stability and reduced in vivo immunogenicity of the therapeutically 

relevant payload. This phenomenon was explained by increased hydrodynamic volume, steric 

shielding of the payload and stabilizing effects of additional hydrogen bonds between dextran 

and the payload.168-169 However, whereas the often used complete periodate-oxidized dextran 

lack the unwanted immune response, unmodified, high molecular weight dextrans are known 

to be immunogenic.170-171 Furthermore, chemical glycosidation which often lead to 

heterogeneous products due to multiple conjugation sites, sometimes slightly reduce the 

biological activity of the conjugated protein. This was also explained by a shielding effect due 

to the conjugated dextran moieties.172-173 

Since the 1980s, different antibody-drug conjugates in which the toxin was conjugated via a 

dextran bridge, were investigated. Using dextran as bridge allows the achievement of high 

drug-to-antibody-ratios.174-177 In 1986, Oseroff et al. published an antibody-drug conjugate that 

combines the specificity of an antibody with properties of photosensitizers, molecules that are 

toxic only when irradiated with light of a defined wavelength. Hence, this dual selectivity allows 

the use of antibodies that are not completely tumor selective. In their work, the photosensitizer 

chlorin e6 was coupled to periodate-oxidized dextran. Subsequently, the reduced 

chlorin e6-dextran was conjugated with an anti T-cell antibody via nonspecific conjugation of 

its carbohydrate moieties, resulting in ADCs with a DAR of up to 36:1 while the activity of both 

components was retained. They describe selective and light-dependent in vitro photo 

destruction of targeted T-cells for the chlorin e6-bearing ADC. However, due to the used 

coupling reaction, a heterogeneous product was formed.177 This disadvantage could be partially 

avoided by combining chemical modification of dextran with an enzymatic glycosidation of the 

protein, thus allowing the site-specific conjugation of functionalized dextran. Valdivia et al. 

successfully used end-group amidated dextran for the conjugation to catalase using mTG from 

Streptoverticillium sp.169 However, the heterogeneity of the polymer itself remains challenging 

for dextran, especially when regarding its usage in the drug development which request well-

defined molecular structures of the products.173 
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1.3.2. Fleximer® 

In 2005, the polymer was initially introduced by Yurkovetskiy et al. as fully biodegradable and 

hydrophilic alternative for PEGylation. The poly-1-hydroxymethylethylene 

hydroxymethylformal (PHF) was shown to be nontoxic at relatively high doses of 4 g/kg, stable 

at physiological conditions and degradable at the lysosomal pH.178-179 Prolonged protein 

circulation with 5-fold reduced renal accumulation was observed for model enzyme-conjugates 

with almost no impact on the specific activity of the enzyme.178  

The semisynthetic acyclic polyacetal PHF, also named Fleximer®, is prepared by 

periodate-induced lateral cleavage of dextran B512, which in turn derived from Leuconostoc 

mesenteroides strain B-512. Dextran B512 is a nearly linear 1,6-poly-a-D-glucose with 

insignificant branching of ca. 5 %. Additionally, 95 % of these branches contain only one or two 

residues.180 Exhaustive periodate oxidation of polysaccharides starts with cleavage of the C2-C3 

or the C3-C4 bond forming the intermediate dialdehydes IIa and IIb. Further oxidation results 

in the elimination of C3, thus leading to the carbonyl-polyaldehyde III (poly-[carbonylethylene 

carbonylformal], PCF). Final reduction using sodium borohydride in aqueous media results in 

formation of PHF III, a copolyacetal of glycerol and glycol aldehyde (Figure 6).178-179 
 

 
Figure 6. Periodate-induced lateral oxidation of dextran to generate the semisynthetic acyclic copolyacetal 
PHF. Initial oxidation using periodate lead to cleavage of either the C2-C3 or C3-C4 bond. Further oxidation and 
subsequent reduction results in the elimination of C3 and the formation of PHF. The reaction scheme was modified 
from Papisov et al., 2005.179 

Dextran, the parental molecule of PHF and one of the most used biocompatible polysaccharides 

in clinical approaches, is known to induce anaphylactoid reaction in individuals with high titers 

of dextran-reactive antibodies. These dextran-reactive antibodies exist in most human beings in 

low titers due to dextran and bacterial polysaccharides existing in dental plaque. As a 

consequence, any individual has the risk to develop sensitivity to dextran-containing 

preparations.181 No detectable binding to PHF was observed for dextran-reactive antibodies, 

thus the PHF lacks the immunoreactivity of the parental dextran.179 Therefore, the Fleximer® 

technology provides a versatile polyacetal polymer-based platform for the generation of ADCs 

with high drug loading. Due to its high hydrophilicity and polyvalency features, PHF allows 

dense payload without compromising physicochemical and pharmacokinetic properties. The 
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Fleximer® can compensate the increasing hydrophobicity while increasing drug number, thus 

preventing aggregation. Moreover, a high drug-to-antibody ratio allows the usage of modestly 

potent drugs. In 2015, a Fleximer-based ADC using trastuzumab and a vinca drug derivative 

resulted in a drug-to-antibody ratio of 20:1. The toxin was coupled through an ester-based 

linker to the polymer. Subsequently, the latter was conjugated to random lysine residues of the 

antibody. The antigen binding affinity of the trastuzumab-PHF-vinca remains comparable to the 

unconjugated antibody, excluding that the coupled polymer influence antigen affinity. In vitro 

cytotoxicity assays using HER2-positive and HER2-negative cell lines revealed 

antigen-dependent efficacy of the Fleximer-ADC. Furthermore, target-selective tumor 

accumulation of trastuzumab-PHF-vinca was observed using two tumor xenograft models. 

These ADCs possessing high DARs did not negatively affect pharmacokinetics and 

physicochemical properties of the ADCs.42 Furthermore, biodegradability of the scaffold plays 

in important role in the generation of ADCs. While stable in the bloodstream, cellular uptake 

resulted in pH-induced non-enzymatic hydrolysis of the Fleximer® main chain into safe 

byproducts that can be metabolizes via major metabolic pathways.179 

Furthermore, site-specific coupling as well as ligation to cysteine residues within the hinge 

region of an antibody are possible to create ADCs. In contrast to direct cysteine-conjugated 

ADCs, Fleximer® conjugation to cysteines within the hinge region stabilizes the structure of the 

construct by formation of interchain bridge structures using the polymer backbone. This 

stabilizing effect of the Fleximer® polymer has been shown by non-reducing SDS-PAGE. 

Demonstrating the benefit of the Fleximer® polymer, Mersana Therapeutics prepared a 

Fleximer® coupled with MMAF, named DolaflexinTM. The DolaflexinTM was coupled to the 

anti-HER2-antibody trastuzumab via cysteines in the hinge region. The so-called 

DolaflexinTM-ADC showed high activity and selectivity in vitro. Furthermore, prolonged plasma 

half-life as well as tumor specific accumulation was observed in vivo using a mouse xenograft 

model, resulting in 100% tumor-free survivors at a relatively low dose of 2 mg/kg.182  

1.3.3. XTEN 

The unstructured, hydrophilic and biodegradable polypeptide for half-life extension of 

therapeutics was published in 2009 by Schellenberger et al. as biological alternative for 

PEGylation. To achieve a soluble, chemically stable and unstructured polymer, they excluded 

hydrophobic, amide-containing and positively charges amino acids resulting in a sequence 

composed of the six amino acids alanine, glutamic acid, glycine, proline, serine and threonine. 

A library of randomized sequences of nonrepetitive 36-amino acid segments with defined amino 

acid composition (8% Ala, 12% Glu, 18% Gly, 17% Pro, 28% Ser and 17% Thr) was screened 

for high expression levels. Subsequently, the highly expressed segments were iteratively ligated 
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and rescreened for maximal expression level. A single 864 amino acid sequence, named XTEN, 

was picked according to its genetic stability, solubility, heat stability, resistance to aggregate 

and contaminant profile.183 Today, the term XTEN represent an entire group of polypeptides 

varying in length and amino acid composition.184 The XTEN sequence possessed high solubility, 

low propensity toward aggregation and remarkable heat stability. The latter could be used for 

purification as heating homogenized cell lysate to 75 °C for 10 min results in 80% pure protein 

without detectable loss of the protein of interest. XTEN sequence tend to dominate the 

properties of the payload, thus thermal stability could be partially transferred to the fused 

payload. Additionally, the XTEN sequence can increase the solubility of the payload allowing 

the formulation in high concentration without observable aggregation.183, 185-187 The product 

could be further purified to homogeneity by additional column chromatography steps. Due to 

the characteristic low pI of the XTEN sequence, it enables purification of XTENylated proteins 

via anion exchange chromatography.187-190 Size exclusion chromatography revealed significantly 

higher molecular weight of XTENylated proteins than calculated, indicating a large 

hydrodynamic radius typically for unstructured polypeptides. XTENylated proteins elute in a 

homogenous peak and showed no aggregation.183, 185-188 SDS-PAGE revealed a single band with 

higher apparent molecular weight than calculated, explainable by the absence of hydrophobic 

amino acids resulting in reduced binding of SDS, and a large hydrodynamic shell of XTENylated 

payloads. The calculated mass could be confirmed via ESI-MS analysis, whereas CD 

spectroscopy verified the random coil structure of the XTEN sequence.183, 188, 190 

Due to random coil confirmation of XTEN, XTENylated payloads exhibit prolonged plasma 

half-life compared to the unmodified counterpart. Thereby, the terminal half-life of XTENylated 

payloads is mainly influenced by the length of the XTEN sequence.183, 185-186 Even if enhanced in 

vivo activity is reported for XTENylated therapeutics, reduced in vitro activity, as reported for 

PEGylated molecules, was observed. Reduced biological activity could be explained by the 

shielding effect of XTEN protecting the therapeutic from degradation by plasma proteases, but 

leading to steric hindrance regarding the binding capability. In many cases, prolonged plasma 

half-life compensates the reduced binding activity resulting in a net improvement of the in vivo 

activity.183, 185-186, 188 The XTENylated proteins or peptides showed a slow absorption phase after 

subcutaneous injection and a relatively flat peak before reaching the linear elimination phase. 

This profile will allow the administration of a high total dose of an active drug by avoiding peak 

dose toxicity and increasing the time within the therapeutic window. Hence, the administration 

in larger dose intervals is possible. Furthermore, XTEN is rapidly degraded upon internalization 

into cells resulting in decreased accumulation in tissues and reduced toxicity. XTEN is unlikely 

to be strongly immunogenic in humans, as animal studies in mice and rabbits showed weak to 

no IgG response specific for XTEN, even in the presence of Freund’s adjuvant.183, 185 Two 
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therapeutic relevant molecules fused with XTEN were investigated in clinical studies: human 

growth hormone (VRS-317) for the treatment of growth hormone deficiency in adults and 

children and exenatide (VRS-859), a small peptide that stimulate insulin production in response 

to glucose. Both are shown to be safe and well tolerated in patients, while exhibiting enhanced 

in vivo activity due to prolonged plasma half-life. Patients did not develop XTEN-specific 

antibodies.188, 191-192 

Beside genetic fusions with a therapeutic molecule, production of XTEN as intermediate for 

chemical conjugation purpose is likewise possible, thus broaden the range of molecules that 

benefit from the half-life extension properties of XTEN, among them nonpeptide and unnatural 

amino acids consisting molecules. For chemical conjugation of a therapeutic, several reactive 

amino acids like cysteine or lysine could be introduced within the XTEN sequence without 

influencing its typical properties. In contrast to recombinant XTENylation, chemical conjugation 

strategies allows the production of multivalent conjugates.185, 187 Amunix Operating Inc. utilizes 

orthogonal functionalization using thiol- and amino-groups to produce targeted XTEN-drug-

conjugates. They observed high solubility and low aggregation tendency for XTEN polymers 

conjugated with up to nine hydrophobic, cytotoxic payloads. Antibodies as well as antibody 

fragments, metabolites and peptides could serve as targeting moiety, leading to high in vivo 

efficient XTEN-drug-conjugates with low toxicity in mouse xenograft models.185, 193-194  

1.4. Intrinsically unstructured proteins (IUPs) 

First introduced in 1894 by Fischer as lock-and-key mechanism, the protein structure-function 

paradigm consolidates its position within the 20th century as increasing number of crystal 

structures of proteins appeared and experiments on protein denaturation supported this 

hypothesis.195-197 However, this model was put in question with the discovery of unstructured 

but still functional proteins or domains, at the end of the 20th century.198-199 Intrinsic disorder 

was found in a wide range of organisms from the three kingdoms, with eukaryotes exhibiting 

the highest proportion of unstructured proteins within their proteome.200-204 The intrinsically 

unstructured proteins (IUPs) were shown to participate in various cellular pathways, like 

transcriptional regulation, translation, cell cycle control or cellular signaling, but are also 

associated with various diseases as cancer, Parkinson’s disease or Huntington’s disease.205-209 

Due to their complete lack of secondary structure, IUPs are highly sensitive to proteolysis.210-213 

Hence, allowing the cell to control their function precisely. Beside the proteolytic regulation, 

their function is modulated by posttranslational modifications, among them phosphorylation or 

acetylation.201, 208-209, 214 However, IUPs possess remarkable resistance toward high temperatures, 

extreme pH or desiccation. Hence, playing key roles in the adaption of organisms to harsh 

environmental conditions, as disordered proteins remain active or rapidly returning to 
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functionality under milder conditions.204, 215 The water-dwelling, eight-legged micro-animals 

tardigrades, also known as water bears or pudgy wudgies, possess exceptional resistance to 

complete desiccation by a high portion of tardigrade-specific IUPs (TDPs). These TDPs are 

constitutively expressed or induced during desiccation. By forming a glass-like matrix, they 

protect other cellular proteins from denaturation and aggregation and prevent membrane 

fusion.216-217 Furthermore, environment-induced partial folding of unstructured proteins has 

been recognized. Increasing temperature lead to rising strength of hydrophobic interactions 

that force the intrinsically disordered protein a-synuclein to partially fold. Similar behavior was 

observed in acidic pH for a-synuclein and prothymosin a and was explained by neutralization 

of typically high overall net charge, thus eliminating charge-charge repulsion.218-219 The 

characteristic high overall net charge and the low hydrophobicity of IUPs under physiological 

conditions is caused by their amino acid composition promoting the unstructured and extended 

conformation.220 Comparison of the amino acid composition of native ordered and disordered 

proteins allows to differentiate between disorder-promoting and order-promoting amino acids: 

Intrinsically disordered proteins are significantly enriched in Pro, Glu, Lys, Ser, Gln, Ala and 

Arg (disorder-promoting), whereas the amino acids Trp, Tyr, Phe, Cys, Ile, Leu, Asn and Val 

were depleted (order-promoting).221  

Due to many functions depend on disordered proteins or domains, the Protein Trinity proposes 

that protein function relates to any of the three thermodynamic states (ordered, molten globule 

or unfolded) or to their transitions, as underlined by different protein examples.201, 222 Inter alia, 

disorder-to-order transition resulting in an ordered structure that is crucial for function was 

shown for the disordered regions of the Tobacco mosaic virus coat protein, the Lac repressor 

protein or 4E binding protein 1 (4E-BP1) upon target binding.210, 223-224 To explain the protein 

structure-function with regard to unstructured proteins, Dunker et al. altered the current 

hierarchy of protein structure by expanding the term ‘secondary’ structure. Beside the accepted, 

ordered structural elements (a-helix, b-sheet or turns), disorder was introduced in two 

structural levels: intermitting for regions or domains that undergo disorder-to-order transition 

and constant as observed for proteinaceous detergents or flexible linkers. Thus, the tertiary level 

was also expanded by two disordered structural elements: molten globule and random coil 

(Figure 7).201  
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Figure 7. The Protein Trinity, the protein structure/function relationship. Modified structure function hierarchy 
for proteins that include intrinsic disorder as functional structure. Functions depend on any structure or transition 
between them. Modified from Dunker at al., 2001.201 

1.5. The PASylation sequence 

Two major strategies for the half-life extension of pharmaceutical relevant proteins has been 

developed, namely biological fusion with suitable sequences or chemical modification. Using 

the natural recycling mechanisms, fusions with the Fc fragment as well as serum albumin has 

been successfully utilized for this purpose.225-226 Additionally, serum albumin can be used as 

indirect carrier vehicle if the recombinant protein is fused to an albumin-binding function.227-229 

Alternatively, chemical conjugation of recombinant proteins with highly solvated and 

biochemical inert polymers is applied for half-life extension.230 A widely used chemical strategy 

for prolonged half-life of pharmaceutical relevant proteins is the conjugation with 

polyethylenglycol (PEGylation) that sometimes lead to reduced immunogenicity and increase 

the stability of the protein by sterically shielding.231-233 Beside the advantage of PEGylated 

proteins, they also have drawbacks regarding the production of PEGylated proteins and their 

biocompatibility: Lower yields due to additional processing and purification steps, loss of 

activity, poorly defined product mixtures as well as organ accumulation of nondegradable PEG 

or the development of PEG-reactive antibodies in some individuals, to name a few.234-240 In 2007, 

Schlapschy et al. published a half-life extending, structurally disordered glycine-rich homo-

amino-acid polymer (HAPs) containing 20% serine in a repetitive sequence build by 

(Gly4Ser)n- units that allows direct fusion with a protein of interest, thus eliminating additional 

purification steps. To investigate the biophysical properties and their effect on plasma half-life, 

the HAPs were fused with the C-terminus of the light chain of the recombinant Fab 4D5-8, 

derived from the humanized HER2-binding antibody trastuzumab. After two step purification, 

the recombinant Fabs produced in E. coli showed homogenous peaks and significantly higher 

apparent molecular weights in size exclusion chromatography. These observation in 

combination with the CD analysis proved the disordered structure of the glycine-rich HAP 
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resulting in doubled hydrodynamic volume of the fused protein without doubling the molecular 

weight or influencing the antigen binding activity of the protein. These HAPylated Fab exhibited 

3-fold prolonged circulation in mice compared to the unfused molecule. However, they 

observed increased tendency to aggregate with increasing length of the fused HAP preventing 

the preparation of longer HAPs that are necessary for sufficient half-life extension in 

biopharmaceutical applications.238 To overcome these limitations, Schlapschy et al. developed 

a PEG-like polypeptide comprising the three amino acids proline, alanine and serine (Figure 8) 

resulting in a stable, highly soluble and uncharged PAS sequence of up to 600 residues.241 

 
Figure 8. Comparison of the chemical structure of polyethylenglycol (A) and the peptide backbone of the 
PASylation sequence (B) modified from Schlapschy et al., 2013.241 Polyethylenglycol (PEG) subunits are linked 
via hydrophilic ether oxygen bonds. R’ represents a reactive group for conjugation with a protein of interest (A). The 
polar backbone of an unfolded, genetically encoded polypeptide. R represents the amino acid site chains (B).  

The strong hydrophilicity of the PAS sequence is mainly attributed to the solvent exposed polar 

backbone of the polypeptide, whereas the amount of serine providing a hydroxyl group within 

its side chain only has marginal effects on the hydrophilicity, as shown with serine-free 

P/A-derivatives.242  

Recently, the PAS polymer has been fused to numerous proteins, among them antibody 

fragments, interferons, growth hormones and leptin.241, 243-246 Fusion of the PAS sequence allows 

a homogenous protein preparation while avoiding additional in vitro couplings as mandatory 

for PEGylation with the well-known disadvantages.242, 247 While their calculated molecular 

weight was evident in ESI-MS analysis, PASylated proteins showed reduced electrophoretic 

mobility in SDS-PAGE with increasing length of the fused polymer, which was explained by 

reduced binding of SDS to the hydrophilic PAS sequence. Moreover, SEC analysis revealed 

strongly decreased elution volume and high apparent molecular weight of the respective PAS 

fusion compared to the unfused protein, indicating a large hydrodynamic volume as expected 

for random coil structures. The random coil structure of the attached PAS polypeptide was 

further confirmed by CD spectrometry.241-246 However, as the exact sequence composition 

seemed to play only a minor role regarding the enormous hydrodynamic volume caused by the 

random coil structure, the number of prolines seemed to be important. Reducing the number 

from 7 to 2 per 20 aa resulted in lowered protein yields, faster electrophoretic mobility in 

SDS-PAGE and significantly smaller apparent molecular weight. These observations indicated a 

less random coil structure of the polymer.241-242 This seems to be obvious, since proline is known 

to be a secondary structure breaker. To achieve the ideal random coil conformation, the proline 

content should amount 25% to 35%. A higher proline content leads to the formation of a 
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left-handed polyproline helix II in aqueous solutions, whereas a lower amount of proline and 

vice versa a higher amount of L-alanine revealed in an elongated a-helix.242 

Enlarged hydrodynamic volume is associated with extended plasma half-life of fused proteins, 

due to reduced renal clearance. Therefore, Schlapschy et al. fused different lengths of the PAS 

polymer to 4D5 Fab or IFN and compared the pharmacokinetics in BALB/c mice with the 

unfused counterpart. They observed an increasing terminal elimination half-life depending on 

the length of the fused polymer. As the unfused IFN had a terminal elimination half-life of 

32 min, the PASylated IFN bearing the longest polymer with 600 residues had a terminal 

elimination time of 15.85 h.241 Similar results were obtained for different biopharmaceutical 

active proteins.241, 243-246 Furthermore, branched PAS polymers showed even more beneficial 

effects.241 

Besides the prolonged plasma half-life of PASylated proteins, their biochemical function and 

properties were not influenced by the fused polymer.243-247 Due to the absence of charged or 

strongly polar amino acids, the PAS sequence does not influence the isoelectric point nor the 

hydrophobicity of a biological active protein. Furthermore, the PAS polymer does not negatively 

influence thermal protein stability, but quit the contrary the polymer seemed to have a 

solubilization effect on the fusion partners that have the tendency to form aggregates.241, 246 

However, regarding the Fab fragment 4D5, further investigations concerning the binding ability 

of the protein for the natural cell-bound target on HER2-positive SK-BR-3 cell line revealed 

almost 8-fold increased dissociation constant (KD) for the PASylated Fab compared with the 

wildtype protein. Schlapschy et al. concluded that the glycocalyx in combination with the bulky 

PASylated Fab lead to steric hindrance and therefore reduced binding affinity directly on the 

cell membrane.241  

Accumulation of PEGylated proteins in tissues is a well-known problem.234 In contrast, due its 

composition of natural amino acids, the PAS sequence provides a fully biodegradable alternative 

as shown by mixing PASylated protein with freshly prepared mouse kidney homogenate 

resulting in complete degradation of the PASylated protein.241 In vivo experiments underlined 

the beneficial effects of the PASylation that can boost biological activity of a protein by 

prolonged serum half-life, thus allowing lower dosing.241, 243 Moreover, the PAS polymer is well 

tolerated as organs taken from treated mice did not show histological changes. Repeatedly 

treated mice did not developed antibodies against the PAS sequence, indicating that the 

polymer itself is not immunogenic.241  

The PAS polypeptide was also used for in vivo radio diagnostic approaches. Prolonged plasma-

half-life with increasing PAS length results in increasing tumor accumulation, leading to an 

improved tumor-to-blood ratio. Furthermore, no accumulation in normal tissue was 

observed.247 
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All beneficial properties of the PAS polymer, like biodegradability, the non-immunogenicity or 

the potency to increase the solubility of a fusion partner, offer the possibility to use the polymer 

as scaffold for the generation of ADCs, both using chemical or enzyme-mediated coupling 

strategies. 
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2. Objective 

Effective tumor treatment requires selective targeting of tumor tissue with little impact on the 

surrounding healthy ones, as well as fast and effective toxin accumulation in tumor cells. ADCs 

fulfill these criteria, due to use of the target specificity, effectiveness and stability of antibodies 

as targeting molecule. To date, ADC are often limited by the drug-to-antibody-ratio (DAR) or 

heterogenous product formation.68, 172 The usage of polymeric scaffolds for toxin ligation can 

enhance the potency of an ADC by increasing DAR, while simultaneously ensuring homologous 

product formation using defined attachment sites. While most of the scaffolds only enable 

conjugation strategies, the use of peptide-based scaffolds provides the possibility of direct fusion 

as well as conjugation to a targeting molecule. To achieve homogenous ADCs, site-specific 

attachment of the payload is indispensable. Beside traditional chemical coupling strategies, 

site-specific conjugation also include the enzyme-mediated coupling of payloads to an antibody 

as well as chemical modification of a scaffold with subsequent site-specific conjugation. Within 

this work, two different approaches for the production of ADCs with a high DAR should be 

applied. Therefore, modified sequences based on the unstructured PASylation sequence 

published in 2013 should be used:241 I) Genetic fusion of a tumor specific antibody and a 

modified PASylation sequence expanded by varying number of microbial transglutaminase 

(S. mobaraensis) recognition sites serving as toxin ligation spots. II) A two-step approach that 

starts with the chemical modification of a PAS-derived polypeptide containing multiple glutamic 

acids (APE47S) or lysine residues (K47APS or PASK6) for toxin conjugation. Subsequently, 

SrtA-mediated and site-specific conjugation of the modified PAS-derived molecule to a targeting 

molecule occurs via a N-terminal triple-glycine. Biochemical characterization of the resulting 

conjugates should be performed using different biochemical and cell culture-based methods, to 

ensure binding specificity and in vitro activity of the conjugates (Figure 9). Both concepts should 

utilize the well characterized mAb trastuzumab as targeting molecule.  

Regarding the possibility to fuse the scaffold to a targeting molecule, it is mandatory to expand 

the PASylation sequence by a single or multiple transglutaminase recognition sites depending 

on the desired DAR. However, little is known about the substrate preferences of the enzyme 

and the optimal recognition site is not available to date. Therefore, different sequences based 

on recognition sequences of natural transglutaminase substrates (DAIP and SPI) should be 

compared in a peptidic context as well as recognition tags in engineered variants of the 

monoclonal antibody trastuzumab. Subsequently, the designed trastuzumab-PAS fusions should 

be produced in mammalian cells and biochemically characterized prior to enzymatic 

modification and afterwards. 
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Figure 9. Generation of antibody-drug conjugates with high drug-to-antibody-ratio by using peptide-based 
PAS scaffolds for antibody-fusion (A) and -conjugation (B) approaches. Antibody fusion with a PAS scaffold 
contains several mTG recognition tags for site-specific toxin ligation (A). Chemical modification of the scaffold is 
performed prior to SrtA-mediated site-specific conjugation of the modified PAS-derived sequence and an antibody, 
each containing the mandatory SrtA-tags engineered at the respective terminus (B).  
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3. Material  

3.1. Bacterial strains and eukaryotic cell lines 

3.1.1. Bacterial strains 

Escherichia coli 

DH5a (Transfinity/BRL/v. Life Technologies Cat. No. 8265SA): 

[F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-

1 gyrA96 relA1]  

XL1-Blue (Agilent Technologies Cat. No. 200249): 

[recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac F’[proAB lacqZDM15 Tn10 TetR]] 

BL21(DE3)(Merck, Novagen Cat. No. 69450): 

[F– ompT hsdSB(rB
- mB

-) gal dcm λ(DE3)] 

BL21(DE3) pLysS (Merck, Novagen Cat. No. 69451): 

[F- ompT hsdSB (rB
-mB

-) gal dcm λ (DE3) [pLysS (CamR)] 

3.1.2. Eukaryotic cell lines 

Eukaryotic cell lines were cultivated in humified atmosphere of 5% CO2 at 37°C in the 

respective growth media: 

Cell line Medium 

CHO-K1  

(Chinese hamster ovary) 
DMEM/Ham’s F-12, 10% (v/v) fetal bovine 

serum (FBS)  

Expi293-F  
(Human embryonic kidney cells 

optimized for antibody production) 

Expi293TM Expression Medium  

Cultivation as suspension cultures with  

110 rpm orbital shaking 

MDA-MB-468  
(Mammary gland adenocarcinoma) 

RPMI-1640 with 2 mM L-glutamine, 10% (v/v) 

FBS, 1 mM sodium pyruvate  

HEK293EBNA1-6E  
(Human embryonic kidney cells 

stable expression EBNA1) 

FreeStyle F17 Expression Medium, 4 mM 

L-glutamine 25 μg/mL G418 

Cultivation as suspension cultures with 

110 rpm orbital shaking  

SK-BR-3  
(Mammary gland adenocarcinoma) 

DMEM with 4 mM L-glutamine, 

10% (v/v) fetal bovine serum (FBS)  
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3.2. Plasmids 

Name Resistance Origin 

pET14b-His6-SUMO Ampicillin Göttingen 

pET22b(+) Ampicillin Merck, Novagen 

pMK-RQ-APE47S Kanamycin GeneArt 

pMK-RQ-H6-PASK6 Kanamycin GeneArt 

pMK-RQ H6-R-PAS(9mer) Kanamycin GeneArt 

pBAD-SnoAL Ampicillin AG Kolmar 

pET32a-Trx-C4bp wt Ampicillin Dr. Bernhard Valldorf 

pTT5-HC-Trastu-wt-(-K) Ampicillin Dr. Norbert Juettner 

pTT5-HC-Trastu-SPI7G Ampicillin Dr. Norbert Juettner 

pTT5-HC-Trastu-LPETGS Ampicillin Dr. Elena Wiegmann 

pET29b-eSrtA(Mut5) Kanamycin AG Kolmar 
 
3.3. GeneFragments 

Name Origin 

TEV-G3-W-K47APS Eurofins Genomics 

Thioredoxin (woK) Eurofins Genomics 

HCTrastu-EIF4EBP1-His6 Eurofins Genomics 

HCTrastu-RXR-His6 Eurofins Genomics 

HCTrastu-Neuroligin-His6 Eurofins Genomics 

HCTrastu-Neurogenin-His6 Eurofins Genomics 

 
3.4. Oligonucleotides 

Oligonucleotides were synthesized by Sigma-Aldrich. 

3.4.1. Oligonucleotides for sequencing 

Name Sequence (5’-3’) 

T7-Promotor TAATACGACTCACTATAGGG 

T7-Terminator GCTAGTTATTGCTCAGCGG 

pTT5 for CTGCGCTAAGATTGTCAGT 

pTT5 rev CCATATGTCCTTCCGAGTG 

Seq AK-HC for CCATCAGCAAGGCCAAGGGCC 

Seq pBAD for AGCGGGACCAAAGCCATGAC 

Seq pBAD rev GCATGGGGTCAGGTGGGACC 
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3.4.2. PCR- Oligonucleotides  

Name Sequence (5’-3’) 

pET14b-TEV-G3-APES for GCGCGCCATATGGAAAACCTGTACTTCCAGGGTG
GTGGTGAACCGGCAAGCGCAAGTCC 

pET14b-BamHI-APES rev GCGCGCGGATCCTTATGCGGCAGGTTCGGC 

SDM-TEV-G3-W for  CCAGGGTGGTGGTTGGGAACCGGCAAGC 

SDM-TEV-G3-W rev  GCTTGCCGGTTCCCAACCACCACCCTGG 

pET32a-Trx-NcoI-TEV-G3-W-APES for GCGCGCCCATGGGCGAAAACCTGTACTTCCAGG 

pET32a-EcoRI- APES rev GCGCGCGAATTCTTATGCGGCAGGTTCGGCAG 

SDM-TEV del pET32a for GCACATGGACAGCCCAGATCTGTCCATGGGCGAA
AACC 

SDM-TEV del pET32a rev GGTTTTCGCCCATGGACAGATCTGGGCTGTCCAT
GTGC 

pET32a-NcoI-KAPS for GCGCGCCCATGGGCGAAAACCTGTATTTTCAGGG
TGG 

pET32a-EcoRI-KAPS rev GCGCGCGAATTCTTATGCGGCAGGTTTGGCAC 

pET22-HindIII-His6-TEV-G3 for GCGCGCAAGCTTCATCATCATCATCATCACGAAA
ACC 

pET22-XhoI-APES rev GCGCGCCTCGAGTTATGCGGCAGGTTCGGCAG 

EcoRV-Trastu-HC for GCGCGCGATATCGCCGTGGAATGGGAGAGC 

HC-Trastu-K PAS rev GGGCTTGCGCTTGCTGGTGCGCCGGGGCTCAGG
CTCAGGG 

PAS9mer for GCACCAGCAAGCGCAAGCCC 

BamHI-PAS9mer rev GCGCGCGGATCCTTATGCGGCTGGTGCCGCAC 

BamHI-PAS9mer 4 rev GCGCGCGGATCCTCACGGACTTGCGCTCGGAGG
CGG 

LC Trastu wt for GCGCGCGAATTCGCCACCATGAAGCTG 

BamHI-LC Trastu wt rev GCGCGCGGATCCTCAACACTCGCCCCTGTTGAAG
C 

Trastu-HC-(-K)-LPETGS rev GCGCGCGGATCCTCAAGAGCCTGTCTCAGGCAGG
CCGGGGCTCAGGCTCAG 

LC-Trastu-PAS9mer rev GGGCTTGCGCTTGCTGGTGCACACTCGCCCCTGT
TGAAGC 

BglII-PASK6 for GCGCGCAGATCTCGAGAACCTGTATTTTCAAGG 

EcoRI-PASK6 rev GCGCGCGAATTCTTATGCGGCAGGCGCTGCTGAG
GCTGCGG 

BamHI-Trastu-HC-GEN rev GCGCGCGGATCCTCATTCGGTATTGCCGTAGGCC
TGAAAGTAGGTGTTCTCGCCGCCGGGGCTCAGGC
TCAG 

XbaI-Trx (woK) for GCGCGCTCTAGAAATAATTTTGTTTAAC 

BglII-Trx (woK) rev GCGCGCAGATCTGGGCTGTCCATGTGCTG 
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HindIII-EcoRV-HC-Trastu for GCGCGCAAGCTTGATATCGCCGTGGAATGGGAG 

Mut HC Trastu for CAGCGTGATGCACGAAGCCCTGCACAACC 

Mut HC Trastu rev GGTTGTGCAGGGCTTCGTGCATCACGCTG 

BamHI-H6-FactorXa-rev GCGCGCGGATCCTCAGTGATGATGATGGTGATGG
GGGGCCCGGCCCTCGATGCCGGGGCTCAGGCTC
AGGG 

BamHI-H6-IUPs rev GCGCGCGGATCCTCAGTGATGATGATGGTGATG 

SOE LCGS-EIF4EBP1 rev  GCTGCTGCCGCCGCTCATAGATCCCCCTCCGCCA
CTTC 

SOE EIF4EBP1 for  ATGAGCGGCGGCAGCAGCGC 

EIF4EBP1-LC-Trastu rev  GCGCTGCTGCCGCCGCTCATACACTCGCCCCTGT
TGAAGC 

HC-Trastu-FXa-DAIP SOE for  CCCTGAGCCTGAGCCCCGGCATCGAGGGCCGGAT
GGCAGATTCAACGAGCGG 

Mut DAIP rev  GAACATTCGGGTCCACCGGCG 

Mut DAIP for  CGCCGGTGGACCCGAATGTTC 

BamHI- H6-DAIP rev  GCGCGCGGATCCTCAGTGATGATGATGGTGATGA
TGGTGAATTTGAACTTCTTCC 

HCTrastu SOE rev  GCCGGGGCTCAGGCTCAGGGAC 

BamHI-NEJ4-LC rev  GCGCGCGGATCCTCAGCCGGTCATGCCCTGGCCG
ATGGGGATGTCAGATCCCCCTCCGCCACTTC 

LC-NEJ4(23)-(GS)3 rev  GCTTCCGCTTCCGCTGCCGCCGGTCATGCCCTGG
CCGATGGGGATGTCAGATCCCCCTCCGCCACTTC 

BamHI-NEJ4 (2) rev  GCGCGCGGATCCTTAGCCGGTCATGCCCTGGCCG
ATGGGGATGTCGCTTCCGCTTCCGCTGCCGCC 

BamHI -NEJ4 (3) rev  GCGCGCGGATCCTTAGCCGGTCATGCCCTGGCCG
ATGGGGATGTCAGACCCGCTGCCAGATCCGCCGG
TCATGCCCTGGCCGATGGGGATGTCGCTTCCGCT
TCCGCTGCCGCC 

GS-NEJ4(23)-HCTrastu rev GCTTCCGCTTCCGCTGCCGCCGGTCATGCCCTGG
CCGATG 
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3.4.3. Oligonucleotides for hybridization 

Name Sequence (5’-3’) 

PASOrg for  GCCTCTCCAGCTGCACCTGCTCCAGCAAGCCCTG
CTGCACCAGCTCCGTCTGCTCCTGCT 

PASOrg rev  GGCAGCAGGAGCAGACGGAGCTGGTGCAGCAGG
GCTTGCTGGAGCAGGTGCAGCTGGAGA 

PASNEJ4 for  GCCTCTCCAGCTGCACCTGCTCCAGCAAGCCCTG
CTGCACCAGCTCCGTCTGCTCCTGCTGATATTCCT
ATCGGCCAGGGCATGACAGGC 

PASNEJ4 rev  GGCGCCTGTCATGCCCTGGCCGATAGGAATATCA
GCAGGAGCAGACGGAGCTGGTGCAGCAGGGCTT
GCTGGAGCAGGTGCAGCTGGAGA 

PAS9mer for GCCTCTCCAGCTGCACCTGCTCCAGCAAGCCCTG
CTGCACCAGCTCCGTCTGCTCCTGCTACTGGAAC
ACTGCAGAGCGTGTCCTAC 

PAS9mer rev GGCGTAGGACACGCTCTGCAGTGTTCCAGTAGCA
GGAGCAGACGGAGCTGGTGCAGCAGGGCTTGCT
GGAGCAGGTGCAGCTGGAGA 

 
3.5. Cloned plasmids used for recombinant protein expression within this work 

Name Resistance 

pET14b-His6-SUMO-G3-W-APE47S Ampicillin 

pET22b-His6-TEV-G3-W-APE47S Ampicillin 

pET32a-Trx-TEV-G3-W-APE47S Ampicillin 

pET32a-Trx-TEV-G3-W-K47APS Ampicillin 

pET32a-Trx(woK)-TEV-G3-W-K47APS Ampicillin 

pET32a-Trx-TEV-G3-W-PASK6 Ampicillin 

pET32a-Trx(woK)-TEV-G3-W- PASK6 Ampicillin 

pTT5-HC-Trastu-(-K)-LPETGS Ampicillin 

pTT5-HC-Trastu-(-K)-PAS(9mer)4 Ampicillin 

pTT5-LC-Trastu-PAS(9mer)4 Ampicillin 

pTT5-HC-Trastu-(-K)-PAS(9mer)6 Ampicillin 

pTT5-LC-Trastu-PAS(9mer)6 Ampicillin 

pTT5-HC-Trastu-(-K)-PASOrg Ampicillin 

pTT5-HC-Trastu-(-K)-PAS(9mer)10 Ampicillin 

pTT5-HC-Trastu-(-K)-PAS(SPI7G)10 Ampicillin 

pTT5-HC-Trastu-(-K)-EIF4EBP1-His6 Ampicillin 
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pTT5-HC-Trastu-(-K)-RXR-His6 Ampicillin 

pTT5-HC-Trastu-(-K)-Neuroligin-His6 Ampicillin 

pTT5-HC-Trastu-(-K)-Neurogenin-His6 Ampicillin 

pTT5-HC-Trastu(N297A)-(-K)-DAIP(F297A)-His6 Ampicillin 

pTT5-LC-Trastu-wt Ampicillin 

pTT5-LC-Trastu-PAS(9mer)4 Ampicillin 

pTT5-LC-Trastu-PAS(9mer)6 Ampicillin 

pTT5-Trastu-LC wt-EIF4EBP1 Ampicillin 

pTT5-Trastu-LC(GS)-EIF4EBP1 Ampicillin 

pTT5-HC-Trastu-(SPI7G)2 Ampicillin 

pTT5-HC-Trastu-(SPI7G)3 Ampicillin 

pTT5-LC(GS)-Trastu-GEN Ampicillin 

pTT5-LC(GS)-Trastu-SPI7G Ampicillin 

pTT5-LC(GS)-Trastu-(SPI7G)2 Ampicillin 

pTT5-LC(GS)-Trastu-( SPI7G)3 Ampicillin 

 
3.6. Chemicals 

Compound Supplier 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimid (EDC) Carbolution Chemicals GmbH 

1-hydroxybenzotriazole (HOBT) Iris Biotech GmbH 

 2-(H-Benzotriazol-1-yl)-1,1,3,3- 
tetramethyluroniumhexafluorophosphat (HBTU)  

Iris Biotech GmbH 

2-Mercaptoethanol Carl Roth GmbH 

2,2,2-Trifluoroethanol (TFE) Sigma-Aldrich 

2,4,6-trinitrobenzene sulfonic acid (TNBS) (5% (w/v)) Sigma-Aldrich 

5-bromo-4-chloro-3'-indolyphosphate (BCIP) Carl Roth GmbH 

Acetic acid Fisher Scientific 

Acetic anhydride Sigma-Aldrich 

Acetonitrile Fisher Scientific 

Acrylamide/Bisacrylamide (37.5:1) Carl Roth GmbH 

Agar-Agar Carl Roth GmbH 

Agarose Sigma-Aldrich 

Ammonium acetate Carl Roth GmbH 

Ammonium carbonate Grüssing GmbH 

Ammonium persulfate Carl Roth GmbH 



 

48 

 

AmphiSpheres RAM-40 (0.3 mmol/g) 75-150 µm Agilent Technologies 

Ampicillin (sodium salt) Carl Roth GmbH 

Anisol Carl Roth GmbH 

Boric acid Merck KGaA 

Bovine serum albumin Carl Roth GmbH 

Bromphenol blue Merck KGaA 

Calcium chloride dihydrate Sigma-Aldrich 

Chloramphenicol Carl Roth GmbH 

Citric acid monohydrate Carl Roth GmbH 

cOmplete, EDTA-free Roche Diagnostics GmbH 

Coomassie-Brilliant blue G250 Carl Roth GmbH 

Coomassie-Brilliant blue R250 Carl Roth GmbH 

Copper sulfate pentahydrate Carl Roth GmbH 

D-Saccharose Carl Roth GmbH 

di-sodium tetraborate Merck KGaA 

Dichlormethan (DCM) Fisher Scientific 

Dimethyl sulfoxide (DMSO) Carl Roth GmbH 

Disodium hydrogen phosphate Carl Roth GmbH 

Dithiotreitol (DTT) Carl Roth GmbH 

Ethanol Fisher Scientific 

Ethanolamine Sigma-Aldrich 

Ethylenediaminetetraacetic acid disodium salt (EDTA) Carl Roth GmbH 

EZ-Link Sulfo-NHS-LC-Biotin Thermo Fisher Scientific  

Formaldehyde (37% in H2O) Sigma Aldrich 

Formamide Carl Roth GmbH 

Glucose Carl Roth GmbH 

Glycerol Fisher Scientific 

Glycine Carl Roth GmbH 

Guanidinium thiosulfate Carl Roth GmbH 

Hydrochloric acid Carl Roth GmbH 

IMAC-Material (Chelating Sepharose Fast Flow) GE Healthcare Europe GmbH 

Imidazole Carl Roth GmbH 

INTAS HDGreenTM DNA Stain INTAS Science Imaging 
Instruments GmbH 

Isopropanol Fisher Scientific 

Isopropyl β-D-1 thiogalactopyranoside (IPTG) Carl Roth GmbH 

Kanamycin sulfate Carl Roth GmbH 
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Magnesium chloride Hexahydrate Merck KGaA 

Magnesium sulfate Grüssing GmbH 

Manganese chloride tetrahydrate Sigma-Aldrich 

Meliseptol® B. Braun Melsungen AG 

Methanol Carl Roth GmbH 

Methyl-tert-butylether (MTBE) Fisher Scientific 

Milk powder Carl Roth GmbH 

MOPS Carl Roth GmbH 

N-(biotinyl)-cadaverine ZEDIRA GmbH 

N-Lauroylsarcosine Sigma-Aldrich 

N-N‘-Diisopropylcarbodiimide (DIC) Iris Biotech GmbH  
N,N-Diisopropylethylamin (DIEA) Carl Roth GmbH 

N,N-Dimethylformamid (DMF) Carl Roth GmbH 

N,N‘-Dicyclohexylcarbodiimide (DCC) Carbolution Chemicals GmbH 

Nickel chloride Carl Roth GmbH 

Nitro-blue tetrazolium (NBT) Carl Roth GmbH 

Orange G Standard Fluka AG 

Piperidine Peptide synthesis grade Carl Roth GmbH 

Polyethylenimine, 25 kDa, linear (PEI) Polysciences 

Potassium acetate Carl Roth GmbH 

Potassium chloride Carl Roth GmbH 

Potassium dihydrogen phosphate Merck KGaA 

Silver nitrate AppliChem GmbH 

Sodium acetate Sigma-Aldrich 

Sodium azide Sigma-Aldrich 

Sodium carbonate Carl Roth GmbH 

Sodium chloride Carl Roth GmbH 

Sodium dihydrogen phosphate Carl Roth GmbH 

Sodium dodecylsulfat (SDS) Carl Roth GmbH 

Sodium hydroxide  Carl Roth GmbH 

Sodium thiosulfate pentahydrate Merck KGaA 

Sypro Orange Gel Protein Stain Sigma-Aldrich 

TAMRA-NHS AG Kolmar 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

Triethylsilan (TES) Carl Roth GmbH 

Trifluoroacetic acid (TFA) Carl Roth GmbH 

Tris(hydroxymethyl)aminomethan (Tris) Carl Roth GmbH 
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Trisodium citrate dihydrate Carl Roth GmbH 

Trypton/Peptone Carl Roth GmbH 

Tween20 Carl Roth GmbH 

Urea Fluka Analytical 

Yeast extract Carl Roth GmbH 

Zinc sulfate heptahydrate Carl Roth GmbH 
 
3.7. Amino acids for Solid Phase Peptide synthesis 

Amino acid Supplier 

Fmoc-L-Ala-OH Iris Biotech GmbH 

Fmoc-L-Arg(Pbf)-OH Carl Roth GmbH 

Fmoc-L-Asn(Trt)-OH Iris Biotech GmbH 

Fmoc-L-Asp(OtBu)-OH Iris Biotech GmbH 

Fmoc-L-Cys(Trt)-OH Iris Biotech GmbH 

Fmoc-L-Glu(OtBu)-OH Iris Biotech GmbH 

Fmoc-L-Gln(Trt)-OH Iris Biotech GmbH 

Fmoc-Gly-OH Carl Roth GmbH 

Fmoc-L-His(Trt)-OH Iris Biotech GmbH 

Fmoc-L-Ile-OH Carl Roth GmbH 

Fmoc-L-Leu-OH Carl Roth GmbH 

Fmoc-L-Lys(Boc)-OH Carl Roth GmbH 

Fmoc-L-Met-OH Iris Biotech GmbH 

Fmoc-L-Phe-OH Iris Biotech GmbH 

Fmoc-L-Pro-OH Iris Biotech GmbH 

Fmoc-L-Ser(tBu)-OH Carl Roth GmbH 

Fmoc-L-Thr(tBu)-OH Iris Biotech GmbH 

Fmoc-L-Trp(Boc)-OH Iris Biotech GmbH 

Fmoc-L-Tyr(tBu)-OH Carl Roth GmbH 

Fmoc-L-Val-OH Iris Biotech GmbH 
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3.8. Media for cultivation of E. coli 
LB-Medium 1.0% (w/v) 

0.5% (w/v) 
1.0% (w/v) 

Tryptone 
Yeast extract 
NaCl 

dYT-Medium 1.6% (w/v) 
1% (w/v)  

0.5% (w/v) 

Tryptone  
Yeast extract  
NaCl  

 à For agar plates: add 0.75% (w/v) agar-agar prior to autoclaving  

TYM-Medium 2% (w/v)  
0.5% (w/v) 

100 mM 
10 mM 

Trypton  
Yeast extract 
NaCl 
Magnesium chloride 

SOC-Medium 2% (w/v) 
0.5% (w/v) 

10 mM 
2.5 mM 

Trypton 
Yeast extract 
NaCl 
KCl  

 à Adjust to pH 7.0 using 5 M NaOH, autoclave and add sterile   
    filtered stock solution to the indicated final concentrations: 

 10 mM 
20 mM 

Magnesium chloride 
Glucose  

 
3.9. Cell culture media and reagents 

Name Supplier 

Dulbecco’s Modified Eagle’s Medium 
(DMEM)/Nutrient mixture F12 Ham 

Sigma-Aldrich 

Dulbecco’s Modified Eagle’s Medium (DMEM)- 
high glucose 

Sigma-Aldrich  

Expi293TM Expression Medium  Gibco Life technologies 

Fetal bovine serum Superior S06150708G Biochrom GmbH, Merck 

FreeStyle F17 Expression Medium Gibco, Life technologies 

G418 disulfate salt solution (50 mg/ml) Sigma-Aldrich 

L-Glutamine Sigma-Aldrich 

Polyethylenimine, 25 kDa, linear (PEI) Polysciences 

Penicillin/Streptomycine (100x) Sigma-Aldrich 

RPMI-1640 Medium Sigma-Aldrich 

Sodium pyruvate EMD Millipore 

Trypan blue solution, 0.4% Gibco, Life technologies 

Trypsin-EDTA solution Sigma-Aldrich 
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3.10. Stock solutions 

Unless otherwise stated, stock solutions were prepared in deionized water. 

Name Amount Chemicals 

1.25x Formamide loading dye: 90% (v/v) 
2.22% (v/v) 
2.65% (v/v) 

Formamide 
EDTA pH 8.0 
Orange G 7.5% 

5x Loading dye for SDS-PAGE: 250 mM 
7.5% (v/v) 
25% (v/v) 

0.25 mg/ml 
12.5% (v/v) 

Tris/HCl pH 8.0 
SDS 
Glycerol 
Bromphenol blue 
2-Mercaptoethanol (reducing 
buffer) 

6x Loading dye for agarose gel 
electrophoresis: 

60% (v/v) 
0.1% (w/v) 
0.1% (w/v) 

D-Saccharose 
Bromphenol blue 
Xylencyanol FF 

 In Tris-acetate-EDTA (TAE) buffer  

Ammonium acetate-Stock: 7 M NH4OAc 

Ampicillin-Stock: 100 mg/ml Ampicillin (Na-Salt), sterile-
filtered 

APS-Stock: 10% (w/v) APS 

BCA- Reagent B: 4% (w/v) Copper sulfate  

BCIP-Stock: 50 mg/ml BCIP in DMF 

Chloramphenicol-Stock: 25 mg/ml Chloramphenicol in ethanol 

Coomassie destaining solution 1: 25% (v/v) 
10% (v/v) 
65% (v/v) 

Isopropanol 
Acetic acid 
water 

Coomassie destaining solution 2: 10% (v/v) 
90% (v/v) 

Acetic acid 
water 

Coomassie-staining Solution (filtered): 0.2% (w/v) 
0.2% (w/v) 

30% (v/v) 
7.5% (v/v) 

Coomassie Brilliant blue R-250 
Coomassie Brilliant blue G-250 
Isopropanol 
Acetic acid 

Feeding stock: 20% (w/v) Trypton 

IPTG-Stock: 1 M IPTG 

Kanamycin-Stock: 75 mg/ml Kanamycin sulfate 

NBT-Stock: 75 mg/ml NBT in 70% (v/v) DMF 

Oligonucleotide-solutions: 10 µM Oligonucleotide  

PEI-Solution: 1 mg/ml PEI (pH 7.5 adjusted with HCl) 
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3.11. Buffers 

Name Amount Chemicals 

AEX, Binding buffer: 20 mM NaOAc pH 4.0 

AEX, Elution buffer: 20 mM 
1 M 

NaOAc pH 4.0 
NaCl 

Alkaline phosphatase buffer: 100 mM 
100 mM 

50 mM 

Tris/HCl pH 9.1 
NaCl 
MgCl2 

CEX, Binding buffer (K47APS): 25 mM Glycine-NaOH pH 10.6 

CEX, Elution buffer (K47APS): 25 mM 
1 M 

Glycine-NaOH pH 10.6 
NaCl 

CEX, Binding buffer (PASK6): 20 mM NaOAc pH 5.5 

CEX, Elution buffer (PASK6): 20 mM 
1 M 

NaOAc pH 5.5 
NaCl 

Chemical modification APE47S: 100 mM Sodium phosphate pH 7.4 

Chemical modification K47APS:  25 mM Sodium borate pH 8.6 

IMAC, Binding buffer: 50 mM 
600 mM 

20 mM 

Tris-HCl pH 7.5 
NaCl 
Imidazole 

IMAC, Elution buffer: 50 mM 
600 mM 
500 mM 

Tris-HCl pH 7.5 
NaCl 
Imidazole 

mTG, Reaction buffer: 25 mM 
150 mM 

Tris-HCl pH 8.0 
NaCl 

Oxidation buffer: 100 mM Ammonium carbonate pH 8.4 

PBS (Phosphate buffered saline), 1x: 140 mM 
10 mM 

6.4 mM 
2 mM 

NaCl 
KCl 
Na2HPO4 
KH2PO4 

PBST PBS with 0.05% Tween20 

Protein A, Binding Buffer: 20 mM Sodium phosphate pH 7.0 

Protein A, Elution Buffer: 100 mM Sodium citrate pH 3.0 

Protein A, Neutralization Buffer: 1 M Tris/HCl pH 9.0 

SDS-PAGE, 4x running gel buffer: 3 M 
4 g/l 

Tris/HCl pH 8.85 
SDS 

SDS-PAGE, 4x stacking gel 
buffer: 

500 mM 
4 g/l 

Tris/HCl pH 6.8 
SDS 



 

54 

 

SDS-PAGE, Electrophoresis running 
buffer: 

50 mM 
190 mM 

1 g/l 

Tris/HCl pH 8.85 
Glycine 
SDS 

SrtA, IMAC Binding buffer: 50 mM 
600 mM 

20 mM 
1 mM 

Tris/HCl pH 7.5 
NaCl 
Imidazole 
DTT (Add prior to use) 

SrtA, IMAC Elution buffer: 50 mM 
600 mM 
500 mM 

10% (v/v) 

Tris/HCl pH 7.5 
NaCl 
Imidazole 
Glycerol 

SrtA, Reaction buffer: 50 mM 
150 mM 

5 mM 

Tris/HCl pH 7.5 
NaCl 
CaCl2 

SrtA, Storage buffer: 50 mM 
150 mM 

10% (v/v) 

Tris/HCl pH 7.5 
NaCl 
Glycerol 

TAE 50x buffer (Tris-Acetat-EDTA-
buffer): 

2 M 
1 M 

100 mM 

Tris 
Acetic acid 
EDTA 

TBE (Tris-Borate-EDTA, 10x): 890 mM 
890 mM 

20 mM 

Tris 
Boric acid 
EDTA 

TEV protease, Binding buffer: 100 mM Sodium phosphate pH 8.0 

TEV protease, Elution buffer: 100 mM 
Up to 500 mM 

Sodium phosphate pH 8.0 
Imidazole 

TEV protease, Reaction buffer: 50 mM 
150 mM 

Tris/HCl pH 8.0 
NaCl 

TEV protease, Storage buffer: 50 mM 
1 mM 
1 mM 

20% (v/v) 

Tris/HCl pH 8.0 
EDTA 
DTT 
Glycerol 

TFB1-buffer pH 5.0-5.6 30 mM 
100 mM 

10 mM 
15% (v/v) 

50 mM 

Potassium acetate 
Potassium chloride 
Calcium chloride 
Glycerol 
Manganese chloride 

TFB2- buffer pH 7.9 10 mM 
75 mM 
10 mM 

15% (v/v) 

MOPS 
Calcium chloride 
Potassium chloride 
Glycerol 
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Western Blot transfer buffer (PVDF 
Membrane): 

48 mM 
39 mM 

1.3 mM 
20% (v/v) 

Tris/HCl pH 9.1 
Glycin 
SDS 
MeOH 

Western Blot-transfer buffer 
(Nitrocellulose membrane): 

25 mM 
192 mM 

20% (v/v) 

Tris/HCl pH 8.0 
Glycin 
MeOH 

 
3.12. Standards 

Name Supplier 

2-log DNA ladder New England Biolabs 

GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific 

Blue Prestained Protein Standard, Broad Range New England Biolabs 

PageRulerTM Prestained Protein Ladder Thermo Fisher Scientific 

 
3.13. Enzymes 

Enzyme Activity [U/ml] Supplier 

BamHI-HF 20 000 New England Biolabs 

NdeI 20 000 New England Biolabs 

NcoI-HF 20 000 New England Biolabs 

BglII 10 000 New England Biolabs 

EcoRI-HF 20 000 New England Biolabs 

EcoRV-HF 20 000 New England Biolabs 

EcoO109I 20 000 New England Biolabs 

KpnI-HF 20 000 New England Biolabs 

HindIII-HF 20 000 New England Biolabs 

XbaI 20 000 New England Biolabs 

XhoI 20 000 New England Biolabs 

DpnI 20 000 New England Biolabs 

Phusion HF DNA Polymerase 2 000 New England Biolabs 

T4 Polynucleotide Kinase 10 000 New England Biolabs 

Shrimp Alkaline Phosphatase 1 000 New England Biolabs 

Q5 High-Fidelity DNA Polymerase 2 000 New England Biolabs 

T4-DNA-Ligase 400 000 New England Biolabs 

T4-DNA-Ligase 1 000 Thermo Fisher Scientific 

TEV Recombinantly produced in E. coli Bl21(DE3) 

SrtA Mut5 Recombinantly produced in E. coli Bl21(DE3) 

mTG Hochschule Darmstadt, AG Fuchsbauer 
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3.14. Antibodies and dye conjugates 

Name Supplier 

Penta His Antibody, BSA-free (mouse) Qiagen 

Anti-Mouse IgG (whole molecule)-Alkaline Phosphatase 
antibody produced in goat 

Sigma-Aldrich 

Anti-His pAb (Rabbit) Carl Roth GmbH 

IRDye® 800CW Goat anti-Rabbit  LI-COR Biosciences 

Anti-human-IgG (Fab specific)-FITC antibody (goat) Sigma-Aldrich 

Streptavidin IRDye 800CW  LI-COR Biosciences 

Streptavidin-alkaline Phosphatase conjugate from 
Streptomyces avidinii 

Sigma-Aldrich 

 
3.15. Columns 

Column Manufacturer 

C18-HQ column (250 ×	21.2 mm, 5 μm, 100 Å) Interchim 

Eclipse Plus C18 column (4.6 × 100 mm, 3.5μm, 95 Å) Agilent Technologies 

HisTrap HP GE Healthcare 

HiTrap Q HP GE Healthcare 

HiTrap SP HP GE Healthcare 

Jupiter 5u C4 LC column (50 ×	1 mm, 5 μm, 300 Å) Phenomenex 

PD-10 Säulen mit SephadexTMG-25 Medium GE Healthcare 

Protein A HP GE Healthcare 

Protein Desalting Spin columns (Polyacrylamide) Thermo Fisher Scientific 

Superdex75 pg HiLoad 16/60 GE Healthcare 

TSKgel SuperSW3000 (4.6mm ID x 30.0 cm L)  TOSHO Bioscience 
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3.16. Consumables 

Beside commonly used laboratory equipment, following materials were ordered as indicated. 

 
3.17. Kits 

Name Manufacturer 

Pure YieldTM Plasmid Midiprep System Promega 

Wizard Plus SV Minipreps DNA Purification System Promega 

Wizard SV Gel and PCR Clean-up System Promega 

 
3.18. Instruments 

Material Supplier 

Amicon® Ultra-4 centrifugal Filters Ultracel- 10K Merck Millipore 

Corning® cell culture flasks (25 or 75 cm2) Sigma-Aldrich 

Corning® Erlenmeyer cell culture flasks Sigma-Aldrich 

Aluminum TLC plate, silica gel F254 Merck Millipore 

Electroporation cuvette BioRad 

FACS tubes 5 ml Sarstedt AG & Co. KG 

Greiner Cellstar 50 ml tubes Greiner Bio-One 

Immobilon®-FL PVDF Membrane Merck Millipore 

Microcon® centrifugal filters Merck Millipore 

Amersham Protran 0.45 NC GE Healthcare 

Instrument Supplier 

ÄKTA Purification System, Unicorn 5 software GE Healthcare 

ÄKTA Start, Unicorn start software GE Healthcare 

Arprege 110, TP100 Liquid nitrogen storage system Air Liquide 

BioPhotometer Eppendorf 

BioRad 96CFX RT-PCR detection system BioRad 

BioSpec-nano Micro-volume UV-Vis Spectrophotometer Shimadzu 

BIOWIZARD SilverLINE Kojair 

Centrifuge 6K15  Sigma 

Centrifuge Multifuge 3L-R  Heraeus 

Certomat BS-1 Sartorius 

Electrophoreses Power Supply EPS 301 und 601 Amersham Pharmacia Biotech 

FACS BD influx BD Bioscience 

PuriFlash 4250 Interchim 
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FPLC - 1260 Infinity II Agilent Technologies 

French Press Cell-disruptor Constant Systems Ltd. 

G25 New Brunswick Scientific Co. 

GelDoc-lt 2 Imaging System UVP 

Gene Pulser ® and Pulse Controller Bio-Rad 

Genios SpectraFLUOR plus Tecan 

HPLC -1260 Infinity Agilent Technologies 

INFINITE M-1000 Tecan 

J-1500 CD Spectrometer Jasco 

Liberty BlueTM Peptide Synthesizer CEM 

Magnetic stirrer-IKAMAK RCT IKA-Labortechnik 

MCO-19AICUV CO2 incubator Panasonic 

New BrunswickTM S41i  Eppendorf 

Odyssey® Sa Infrared Imaging System LI-COR Bioscience GmbH 

PCR-Maschine, Mastercycler personal Eppendorf 

PCR-Maschine, Mastercycler Standard Eppendorf 

Puranity PU 20 Basic Water purification system VWR 

Quartz cuvette (0.1 cm) for CD spectroscopy Starna GmbH 

Shimadzu LCMS-2020 Shimadzu 

WiseCube® WISD Laboratory Instruments 

VersaDoc 5000 Molecular Imager Bio-Rad 
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4. Methods 

4.1. Sterilization 

Steam sterilization at 121 °C for 20 min was used for heat-stable liquids, while heat-labile 

liquids were filtered by 0.2 µm filter. Heat-labile equipment was sterilized using 70% (v/v) 

ethanol or Meliseptol®. 

4.2. Cultivation and preservation of E. coli 
4.2.1. Cultivation of E. coli 

dYT containing 1.5% (w/v) agar was used for cultivation of E. coli on culture plates. Cells were 

fractionally spread out and incubated at 37 °C overnight. This procedure allows the isolation of 

single clones for recombinant protein production or enable identification of positive cloning 

results. Selected single clones were cultivated in submersion culture using sterile test tubes. 

In submersion culture, cells were incubated under aerobe condition using dYT medium at 37 °C 

and 180 rpm. For selection of plasmid carrying cells, the medium was supplied with the 

respective antibiotic additive.  

4.2.2. Storage of E. coli 

For short-term storage of selected E. coli cultures, cells were spread out on dYT agar plates 

incubated at 37 °C overnight and stored at 4 °C for up to three weeks. 

For long-term storage of E. coli cells, the cell suspension was supplemented with 10% (v/v) 

DMSO and stored at -80 °C.  

4.2.3. Cell density 

Photometrical determination of the cell density of E. coli submersion cultures was performed at 

600 nm (OD600nm) using BioPhotometer, Eppendorf. Sterile medium served as reference sample. 

4.2.4. Generation of electrocompetent E. coli 

E. coli cells were incubated in suspension cultures at 37 °C and 180 rpm. When the culture 

reached an OD600 of 0.5 to 0.6, cells were precipitated by centrifugation (4000 rpm, 12 min, 

4 °C). Removal of salts, that have disruptive effects on electroporation, was carried out by 

several washing steps using decreasing volumes of ice-cold sterile water (30 ml, 20 ml and 

10 ml) alternating with centrifugation steps (4000 rpm, 4 °C, 12 min). Finally, resuspended 

cells (in 0.5ml water) were used directly for electroporation. Alternatively, 10% (v/v) DMSO 

was added and the cell suspension stored at -80 °C until use. 
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4.2.5. Generation of chemical competent E. coli 

E. coli cells were incubated in submersion culture at 37 °C and 180 rpm in TYM. When the 

culture reaches an OD600 of 0.6 to 0.7, cells were precipitated via centrifugation (2000 g, 15 min, 

4 °C). The precipitate was carefully resuspended in 10 ml ice cold TFB1 buffer. Subsequently to 

another centrifugation step (2000 g, 15 min, 4 °C), cells were carefully resuspended in 3 ml ice 

cold TFB2 buffer and stored at -80 °C until use. 

4.3. Cultivation and preservation of mammalian cells 
4.3.1. Adherent cell lines  

Adherent cells were incubated in T75 or T25 cell culture flask at 37 °C in a humified 5% CO2 

atmosphere. The culture medium of each cell lines is depicted in 3.9.  

Passaging of adherent cells started with removal of the media. Subsequently, cells were washed 

with PBS pH 7.4 prior to the addition of 1 ml of trypsin-EDTA to detached cells from the surface 

of the T75 culture flask. Cells were incubated for 5 min at 37 °C until the cells were detached. 

To block further trypsin-mediated proteolysis, 5 ml of the respective culturing medium was 

added and the cell suspension was transferred to a new flask. Thereby, the cell suspension was 

diluted depending on the cell line-specific growth rate. The final volume of 5 ml (T25) and 

15 ml (T75) was filled up with fresh, pre-warmed medium. Routinely, cell passaging was 

performed every 3-4 days. 

4.3.2. Suspension cell cultures 

Non-adherent mammalian cells (Expi293FTM and HEK293-6E) were cultivated in the respective 

serum-free medium at 37 °C in humified 8% CO2 atmosphere on an orbital shaker at 110 rpm 

(New Brunswick S41i). Cell passaging was performed every 3-4 days. Therefore, the density of 

viable cells was determined using a Neubauer improved cell counting chamber (0.05 mm × 

0.0025 mm2; Factor = 2 × 104 vc/ml). Therefore, 5-10 µl of the cell suspension were mixed 

with trypan blue solution and added to the counting chamber. Cells were diluted to 

5-7 × 105 vc/ml and seeded in fresh, pre-warmed medium. 

4.3.3. Cryopreservation of cell lines 

For cryopreservation of mammalian cells, the cell viability and density of suspension cells or 

detached adherent cell lines was determined using Neubauer improved cell counting chamber. 

Cell suspensions with a viability of >95% were centrifuged (800 rpm, 5 min) and resuspended 

in the respective growth medium containing 10% (v/v) DMSO. Thereby, the cell suspension 

was adjusted to a concentration of at least 5 x 106 vc/ml. 1ml aliquots were prepared in 

cryogenic storage vials. The vials were transferred into an isopropanol freezing container and 

stored at -80 °C overnight. Finally, cryovials containing mammalian cells were stored in the 

vapor phase of liquid nitrogen.  
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4.3.4. Recovery of frozen cell lines 

Cryopreserved cells were quickly warmed in a 37 °C water bath and immediately transferred 

into 5 ml of pre-warmed growth medium. Subsequently, the medium was exchanged by 

centrifugation (800 rpm, 5 min) and resuspension to remove the remaining DMSO. Finally, the 

cell suspension was transferred to a culture flask. Suspension cells were incubated for 2 days in 

a T75 culture flask at 37 °C in humified 5% CO2 atmosphere before being transferred to an 

Erlenmeyer flask. 

4.4. Molecular biological techniques 
4.4.1. Plasmid Isolation 

According to the manufacture’s protocol, minimum scales of plasmid-DNA was isolated using 

Wizard® Plus SV Minipreps DNA Purification System (Promega), while larger scales were 

obtained via PureYield TM Plasmid Midiprep System (Promega). Isolated DNA samples were 

stored at -20 °C. 

4.4.2. Polymerase chain reaction (PCR) 

Since its introduction in 1986 by Mullis et al.,248 polymerase chain reaction (PCR) became a 

standard method in molecular biology, as it allows the reproduction and detection of rare 

amounts of DNA. Beside classical cloning strategies, this method was used to screen different 

single clones for the desired insert. Therefore, a single colony was picked and resuspended in 

15 µl sterile water. Cells were lysed by heating the cell suspension to 98 °C for 5 min. Finally, 

1 µl of the lysed cell suspension was added to the remaining components (Table 1). 

The typical process for gene amplification contains the denaturation of the DNA at 96-98 °C, 

annealing of specific oligonucleotides at a primer-specific temperature and the elongation at 

72 °C. Repeating the mentioned steps results in enzymatic reproduction of a selected gene 

fragment (Table 2). The GC-content as well as the length of the hybridizing oligonucleotide 

mainly effects the annealing temperature, that was calculated as follows: 

Tm= 4 x (number of G and C) + 2 x (number of A and T) 
 

Table 1: Composition of a PCR reaction.  

 Component Final concentration 
Template < 250 ng 
dNTPs (10 mM each) 200 µM 
Oligonucleotide forward (10 µM) 0.2 µM 
Oligonucleotide reverse (10 µM) 0.2 µM 
5 x Phusion HF Buffer/ 10 x ThermoPol Buffer 1x 
DNA Polymerase* 0.5 
ddH2O  to 50 µl 

*Taq DNA polymerase for colony PCR and Phusion® High Fidelity DNA Polymerase for amplification of genes 
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Table 2: Thermocycling conditions for a routine PCR. 

 
Step 

 
Name 

 
Temperature 

Time  
colony PCR 

Time Gene 
Amplification 

 

1 Initial denaturation 98 °C 120 sec -  
2 Denaturation 98 °C 30 sec 30 sec  

 3 Annealing variable 30 sec 30 sec 
4 Elongation 72 °C 1.5 min 20 sec/1 kb 
5 Final Elongation 72 °C 5 min 5 min  
6 Hold 4 °C ∞ ∞  

 
4.4.3. Size overlap extension (SOE)-PCR 

Fusion of two DNA fragments or the introduction of mutations occurred by SOE-PCR. For fusion 

of different molecules, the primer design at the end to be joined includes a 5’- overhang 

complementary to the sequence of the other molecule. In a first PCR reaction, two individual 

molecules were amplified using the far end binding primers as well as the respective 

oligonucleotide that introduce either a mutation or complementary sequence. After purification 

of the resulting amplicons, PCR products as well as dNTPs and the Phusion® High Fidelity 

Polymerase were mixed and PCR was performed for 10 cycles. Subsequently, the primers for 

the far ends were added and the PCR was carried out for another 30 cycles. 

4.4.4. Enzymatic hydrolysis of DNA 

Site-specific hydrolyzation of DNA is performed by restriction endonucleases. Often used 

restriction endonuclease type II recognize a palindromic sequence containing four to six base 

pairs and hydrolysis results in the formation of either blunt or sticky ends of double stranded 

DNA. Generation of sticky ends is the favorable cloning strategy that prevent the uncontrollable 

ligation of formed DNA fragments.  

Enzymatic digestion of purified PCR products or plasmid DNA was performed using 1 µg DNA 

in a final volume of 30 µl at the recommended temperature for at least 1 h (Table 3). Purification 

of hydrolyzed DNA was performed as described in 4.4.6. 

Table 3: Typical composition of DNA restriction digest. 

Component Amount 
10x buffer (CutSmart) 3 µl 
DNA 1 µg 
Restriction enzymes 1 µl each 
ddH2O Add to 30 µl 

 
 
 
 
 

29 cycles 
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4.4.5. Agarose gel electrophoresis 

Analysis and purification of DNA samples were performed via 1% (w/v) TAE agarose gel 

electrophoresis. For visualization of double- and single-stranded DNA, the 20 ml liquid agarose 

solution was supplemented with 5 µl HDGreen as intercalating dye. Samples were mixed with 

6-fold gel loading dye and applied to the polymerized gel layered with TAE buffer. 

Electrophoretic separation was started by application of 120 V over 30 min. Within this time, 

negatively charges DNA moved from cathode to anode, while smaller molecules move faster 

through gel pores than larger ones. A size standard containing fragments of a defined length 

was applied to allow identification of the desired DNA fragments. In-gel visualization and 

documentation of DNA pattern was done using GelDoc-lt 2 Imaging System (UVP) at a 

wavelength of 302 nm. 

4.4.6. DNA purification 

PCR-amplicons as well as hydrolyzed DNA-fragments were purified via Wizard SV Gel and PCR 

Clean-up System (Promega) according to the manufacture’s protocol. For gel extraction of 

hydrolyzed plasmid-DNA, the sample was separated by 1% (w/v) TAE agarose gel (4.4.5). 

4.4.7. Purification of oligonucleotides using denaturing urea polyacrylamide gel 
electrophoresis (Urea PAGE) 

Urea polyacrylamide gel electrophoresis was used to separate DNA and RNA oligonucleotides 

by their molecular weight with high resolution using polyacrylamide gel matrix. Urea is used to 

denature secondary structure of DNA and RNA, thus allowing purification of unstructured 

molecules. The separation capabilities are determined by the amount of acrylamide within the 

gel: Higher acrylamide concentrations resolve lower molecular weight fragments. 

Samples were prepared by the addition of 4/5 volume of 1.25 x formamide loading dye. 

Samples were heated to 98 °C for 2 min and immediately chilled on ice to avoid dimerization 

or formation of secondary structures. Finally, the samples were loaded onto the polyacrylamide 

gel that had been placed into its electrophoresis chamber and covered with TBE buffer. The 

exact composition of a 15% (w/v) urea-polyacrylamide gel is described in Table 4. The gel was 

run for 1.5 -2 h at 200 V. 

Table 4: Composition of a 15% Urea polyacrylamide gel. 

Stock solution Amount 
40 % (w/v) acrylamid, 19:1 37.5 ml 
10 x TBE 10.0 ml 
Urea 48.0 g 
Water 51.5 ml 
APS-Stock 10 % (w/v) 997 µl 
TEMED 40.0 µl 
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4.4.8. Gel extraction of oligonucleotides from urea polyacrylamide gels 

Samples were separated by urea PAGE (4.4.7) and visualized using fluorescence quenching 

properties of DNA. The gel was placed on fluorescent thin layer chromatography plate silica 

gel 60 F254 and exposed to UV light. After cutting the desired band from urea polyacrylamide 

gels, the gel slice was chopped into fine particles and covered with 1 ml ddH2O. The reaction 

tube was incubated overnight on a rotating wheel at room temperature. The gel was removed 

via centrifugation using 15000 g for 20 min at 4 °C. Purified DNA samples were precipitated 

using ammonium acetate-ethanol precipitation as described in 4.4.12. 

4.4.9. Enzymatic phosphorylation and hybridization of complementary oligonucleotides 

For enzymatic phosphorylation, 200 pmol of both oligonucleotides were mixed in 

T4-DNA-ligase buffer and incubated in presence of 1 µl T4-PNK for 30 min at 37 °C in a total 

volume of 100 µl. After denaturation at 80 °C for 10 min, the mixture was cooled slowly to 

room temperature. 

4.4.10. Dephosphorylation of DNA  

Linear DNA was incubated in 1 x CutSmart buffer in the presence of recombinant shrimp 

alkaline phosphatase (rSAP) at 37 °C for 30 min. Thereby, 1 unit of the enzyme was used per 

pmol of DNA ends. 

4.4.11.  Ligation of DNA fragments 

Hydrolyzed DNA-fragments were ligated using T4-DNA-Ligase in 1 x T4 DNA ligase buffer at 

room temperature for 60 min using a total volume of 20 µl. Alternatively, the reaction was 

carried out overnight at 4 °C. For a typical ligation reaction, the insert-DNA had a five-time 

excess over the used backbone. The amounts used for ligation were estimated via semi 

quantitative agarose gel. Inactivation of the enzyme occurred at 75 °C for 20 min. Ligated DNA 

was purified using ammonium acetate-ethanol precipitation as described 4.4.12. 

4.4.12. Ammonium acetate-ethanol precipitation of DNA 

Concentration and purification of DNA samples from aqueous solutions was performed by 

precipitation using 1/10 volume of 7 M ammonium acetate and 3 volumes of ice-cold 99% (v/v) 

ethanol. The negatively charged phosphodiester backbone of double-stranded DNA are 

neutralized by positively charged ammonium ions, resulting in a less hydrophilic molecule that 

precipitate upon addition of ethanol. Precipitation occurred at -20 °C for 1 h or overnight. 

Subsequently, samples were centrifugated (13 000 rpm, 30 °C), the supernatant was carefully 

removed, and the DNA-precipitate was dried at 55 °C. Finally, isolated DNA was dissolved in 

water. 



 

65 

 

4.4.13. Transformation of E. coli 

4.4.13.1. Transformation using electrocompetent E. coli 

For transformation of electrocompetent E. coli via electroporation, 50 µl of a cell suspension 

were mixed with 1-5 µl of the respective DNA (100-1000 ng). The mixture was transferred in 

an electroporation cuvette (distance between the capacitor plates: 2 mm) and a voltage pulse 

(2 500 V, 25 µF, 200 Ω) using a BioRad Gene Pulser was applied. Subsequently, 1 ml of 

dYT-medium was added to the transformed cells and the cell suspension was incubated at 37 °C 

for 1 h in a 1.5 ml reaction vessel. Finally, transformed cells were spread onto dYT-agar 

containing 0.1% (v/v) antibiotic additive and incubated at 37 °C overnight. 

4.4.13.2. Transformation using chemical competent E. coli 

For transformation of chemically competent E. coli, DNA samples were added to 50 µl cell 

suspension and mixed well. The competent cell-DNA mixture was incubated for 30 min on ice. 

For heat shock, each transformation tube was placed into 42 °C water bath for 30 sec. 

Afterwards the tube was placed on ice for another 2 min. For regeneration, 250 µl SOC medium 

was added and cells were incubated for 60 min at 37 °C prior to spreading onto agar plates 

containing 0.1 % (v/v) antibiotic additive. 

4.4.14. Determination of the DNA concentration  

The absorbance at 260 nm of DNA samples were measured using BioSpec NanoTM Microvolume 

UV-Vis Spectrophotometer (Shimadzu). A concentration of 50 µg/ml dsDNA generate an 

absorbance of 1. The A260/280 ratio was used to determine the purity of the DNA sample. A ratio 

of 1.7-2.0 indicated samples with negligible impurities of protein. 

4.4.15. DNA sequencing 

Cloned plasmid DNA was verified by sequencing performed by Microsynth SEQLAB 

(Göttingen). Therefore, 12 µl plasmid DNA (600 ng-1.2 µg) were mixed with 3 µl of the 

respective oligonucleotide (Stock 10 µM). 

4.5. Recombinant protein expression 
4.5.1. Recombinant protein expression using bacterial host 

A single clone of freshly transformed E. coli BL21(DE3) was used to inoculate 50 ml dYT 

medium containing the respective antibiotic additive. After overnight incubation at 37 °C and 

180 rpm, the preculture was used to inoculate 1l of dYT supplemented with 0.1% (v/v) of the 

respective antibiotic additive to an OD600 of 0.05. When the suspension culture reached an OD600 

of 0.5 - 0.6, recombinant protein expression was induced by the addition of 1 mM 

isopropyl-beta-D-1-thiogalactopyranoside (IPTG), a non-hydrolysable synthetic allolactose 
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mimic that is able to trigger the lac operon. Induced E. coli suspension was incubated at 30 °C 

overnight. 

4.5.2. Recombinant protein expression using mammalian host 

48 h before transfection, a 30-ml cell suspension containing 1.0 x106 vc/ml (HEK293-6E) or 

0.7 x 106 vc/ml (Expi293-F) was prepared in medium without antibiotic additions resulting in 

a cell concentration of 1.4-2.0 x 106 vc/ml (HEK293-6E) or 2.0-3.0 x 106 vc/ml (Expi293-F). 

Cells were transiently transfected with corresponding pTT5 plasmids using polyethylenimine 

(PEI). 40 µg of plasmid DNA were mixed with 120 µg PEI in expression medium and incubated 

for 15 min at room temperature. Finally, the pre-complexed mixture was added dropwise to 

30 ml of cell suspension and cells were incubated at 37 °C, 8.0% CO2 and 110 rpm for 120 h. 

The day after, cells were fed by the addition of 0.5% (w/v) tryptone. 

120 h later, cells were removed via centrifugation (1000 rpm, 10 min, 4 °C) and the supernatant 

was filtrated (0.45 µm). Finally, the supernatant was separated by Protein A affinity 

chromatography 4.6.2.2. 

4.6. Biochemical methods 
4.6.1. Cell disruption 

Constant System Ltd was used for mechanical lysis of E. coli cells. 1 l cell suspension were 

precipitated by centrifugation (4 000 rpm, 30 min, 4 °C) and resuspended in 30 ml of the 

respective lysis buffer. Mechanical lysis was performed at 2.0 kbar in three cycles to ensure 

sufficient cell disruption. During homogenization using the cell disruptor, the cell suspension is 

pushed through a narrow slit with high pressure that is promptly relaxed. Thereby, shearing 

forces destroy the cell membrane. 

Alternative, sonication is used to disrupt cell membranes. Therefore, the cell suspension was 

chilled on ice and treated with 30% amplitude, 0.5 cycle for 3 min. Cell disruption is performed 

in three cycles alternating with 3 min incubation on ice. 

To separate cell debris from soluble proteins in the supernatant, lysed cell suspension was 

centrifuged (13 000 rpm, 30 min, 4 °C). Filtered supernatant (0.45 µm) was applied to further 

purification steps. 

4.6.2. Protein purification 
4.6.2.1. Immobilized metal ion affinity chromatography (IMAC) 

Recombinantly fused hexa-His-tag can be used for efficient purification of proteins by 

immobilized metal ion affinity chromatography (IMAC). The metal chelating agent 

nitrilotriacetic acid (NTA), coupled to the column matrix, form stable complexes with Ni2+ ions. 

Simultaneously, these Ni2+ ions were complexed by the imidazole rings of histidine residues, 

resulting in immobilization of the fused protein to the column matrix. IMAC was performed 
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using HisTrapTM 1 ml HP column (GE Healthcare) using ÄKTA Purification System (GE 

Healthcare) or gravity-flow chromatography.  

After cell disruption and removal of cell debris, the filtered supernatant was loaded onto the 

column. Unbound material was removed by washing with lysis buffer. The protein of interest 

was eluted by applying a linear or step gradient of imidazole (20 mM to 500 mM). Purity of 

the collected fractions was analyzed using reducing SDS-PAGE (4.6.14). 

4.6.2.2. Protein A chromatography 

The high binding affinity of Staphylococcus aureus protein A to the Fc fragment of IgGs allows 

efficient purification of antibodies, when immobilized on column matrix. Binding between 

protein A and an antibody occurs at physiological pH and is disrupted at low pH. The protein 

sample is loaded onto equilibrated HiTrapTM 1 ml Protein A HP column (GE Healthcare) using 

ÄKTA Purification System (GE Healthcare). Unbound material was removed by washing with 

binding buffer. Afterwards, bound antibody is eluted by a one-step using citrate buffer pH 3.0 

over 5 column volumes. Antibodies were eluted in 1 ml fractions onto 200 µl neutralizing buffer 

into 1.5 ml reaction tubes. Collected fractions were analyzed using reducing SDS-PAGE 

(4.6.14). Fractions containing the respective antibody were pooled, concentrated and the buffer 

was exchanged by centrifugation units (4.6.3). 

4.6.2.3. Size exclusion chromatography (SEC) 
4.6.2.3.1. Preparative SEC 
Purification of different proteins by size exclusion chromatography was conducted using ÄKTA 

Purification System (GE Healthcare). Instead of interactions with the stationary phase, SEC uses 

the size of molecules to separate them. As larger molecules are unable to penetrate the small 

cavities of the porous column matrix, they possess smaller elution volumes then smaller 

molecules. Superdex75 column with a total volume of 120 ml was used at a flowrate of 

1.0 ml/min. Samples were concentrated prior to loading onto preequilibrated the column using 

1 ml loop. Protein elution was monitored by the absorption of the flow-through at 280 nm. 

4.6.2.3.2. Analytical SEC 

To investigate the aggregation profile of antibodies and to determine the hydrodynamic volume 

of disordered polypeptides or antibody-polypeptide fusions, analytical SEC was performed 

using TSKgel SuperSW3000 (TOSHO Bioscience) and Agilent Infinity 1200. 7 µg of the 

respective protein were loaded onto the column using a flow rate of 0.2 ml/min. PBS pH 7.4 

was used as mobile phase and the elution of proteins was observed at 220 nm. 
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4.6.2.4. Ion exchange chromatography 

Ion exchange chromatography provides the possibility to purify a wide range of biomolecules 

due to their specific charge at a defined pH. A distinction is made for Anion Exchange 

Chromatography (AEX) and Cation Exchange Chromatography (CEX). While AEX provides 

positively charged column material to purify mainly negatively charged proteins, the charge 

properties of the column material and the proteins are interchanged in CEX.  

4.6.2.4.1. Anion Exchange Chromatography 

Positively charged column material in AEX was used to purify negatively charged G3-W-APE47S, 

that possess a calculated pI of 2.78. The pH of the binding buffer should be at least 0.5 - 1 pH 

unit above the pI of the target protein. Therefore, the protein solution was mixed with doubled 

volume of 20 mM NaOAc pH 4.0. Subsequently, the protein sample was loaded onto HiTrapTM 

Capto Q ImpRes column (5 ml) by using ÄKTA Purification System (GE Healthcare) with a 4 ml 

loop. Afterwards, the column was washed with 5 column volumes of 20 mM NaOAc pH 4.0. 

Elution occurred using a linear gradient of NaCl (0 M - 1 M) over 10 CV. Afterwards, 100% 

elution buffer was used for complete removal of bound biomolecules from the column. Eluted 

G3-W-APE47S was collected in 1.5 ml fractions and analyzed using reducing SDS-PAGE (4.6.14). 

4.6.2.4.2. Cation exchange chromatography 

To enable protein binding to the negatively charged column material, the pH of the binding 

buffer should be at least 0.5-1 pH unit below the pI of the target protein. The pI of 

G3-W-K47APS was calculated to pH 11.66, hence 25 mM Glycine-NaOH pH 10.6 was used as 

binding buffer for the chromatography. 

The protein solution was mixed with doubled volume of the binding buffer. Subsequently, the 

protein sample was loaded onto HiTrap Capto SP ImpRes column (1 ml) via ÄKTA Purification 

System (GE Healthcare) with a 4 ml loop. After the column was washed with 5 to 10 CV with 

binding buffer, elution was performed by a linear gradient of NaCl (0 M to 1 M) over 10 CV. 

Finally, 2 CV of 100% elution buffer was used for complete removal of bound biomolecules. 

Eluted protein was collected in 1.5 ml fractions and analyzed using reducing SDS-PAGE 

(4.6.14). 

4.6.3. Concentration and buffer exchange using Amicon® Ultra 

Concentration and buffer exchange of protein solutions was performed using Amicon® Ultra-4 

centrifugal Filters Ultracel with an appropriate molecular weight cut off (MWCO). The 

membrane holds back molecules with a molecular weight above the MWCO, while smaller 

molecules will pass the membrane and therefore be located within the filtrate. The centrifugal 

device was washed with buffer prior to sample loading. Concentration of a protein solution was 
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performed by centrifugation (4 000 rpm, 4 °C) until reaching the desired volume. For buffer 

exchange, the desired storage buffer was added multiple times alternating with centrifugal 

concentration of the protein solution. Finally, protein samples were concentrated to 0.5 ml.  

4.6.4. Buffer exchange using PD10 column 

Buffer exchange or removal of small molecules of up to 2.5 ml sample volume was performed 

using PD-10 column (GE Healthcare) using the gravity protocol (Table 5). 

Table 5: Desalting of protein samples using PD-10 column and the gravity protocol. 

Step Reagent  Volume [ml] 
Column equilibration  Buffer 25 ml 
Sample Load sample 

Discard flow through 
2.5 ml 
2.5 ml 

Elution Buffer 3.5 ml 
 
4.6.5. Buffer exchange using desalting spin columns 

Protein Desalting Spin columns were used for buffer exchange of small sample volumes 

according to the manufacturer’s protocol. 

4.6.6. Ethanol precipitation of proteins 

Ethanol precipitation was used for concentration or buffer exchange of polypeptide solutions. 

Thus, ice cold ethanol was added to a final concentration of 90% (v/v). Afterwards, the mixture 

was incubated at -20 °C for at least 30 min to allow precipitation of the protein. Finally, the 

protein suspension was centrifuged (10 000 g, 10 min, 4 °C). The supernatant was discarded, 

while the pellet was dried and resuspended in the selected buffer and/or stored at -80 °C. 

4.6.7. Chemical Modification of polypeptides 
4.6.7.1. Chemical modification of G3-W-APE47S 

G3-W-APE47S was dissolved in 100 mM sodium phosphate pH 7.4 and 100 eq. 

1-hydroxybenzotriazole (HOBT) were successively added. Subsequently, 20 eq. 

1-ethyl-3-N,N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) as well as 100 eq. 

of fluorescent-labeled amine were added. The reaction mixture was vortexed and incubated on 

a shaker at room temperature. After 6 h, additional 20 eq. EDC were added. Third and final 

20 eq. of EDC were added after 18 h. After 24 h, excess of small molecules was removed via 

PD-10 column (4.6.4). 
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4.6.7.2. Chemical modification of amine-bearing polypeptides 

Chemical modification of primary amines within unstructured polypeptides was performed 

using NHS-activated compounds. For that purpose, polypeptides were dissolved in 25 mM 

sodium borate pH 8.6 and mixed with up to 40 eq. of NHS-activated labeling compound per 

primary amine. The reaction mixture was incubated for 30 min at 22 °C. 

4.6.8. mTG-mediated modification of engineered antibodies 

mTG-mediated modification of engineered antibodies was performed using mTG isolated from 

S. mobaraensis (kindly provided by Norbert Jüttner, University of Applied Sciences Darmstadt). 

The respective engineered antibody was incubated with 60 mol equivalents of aliphatic 

amine-bearing compound per enzyme recognition site in the presence of 1/15 mol equivalents 

of mTG at 37 °C for 16 h. The conjugation reaction was performed in 50 mM Tris/HCl pH 8.0 

containing 150 mM NaCl. 

4.6.9. mTG-mediated biotinylation of peptides 

Peptides were dissolved in PBS pH 7.4. 400 µM of the peptide was mixed with 5 mol equivalents 

of N-(biotinyl)-cadaverine and incubated in the presence of 1/5000 mTG at 37 °C. Aliquots 

were collected after 0, 15, 30, 60, 120 and 180 min. After heat inactivation of the enzyme at 

95 °C for 10 min, the protein was removed using Microcon-10 (10 000 NMWL, Merck Millipore) 

according to the manufacturer’s protocol. Finally, aliquots were analyzed using RP-HPLC. 

4.6.10. SrtA-mediated bioconjugation 

SrtA-mediated bioconjugation was performed using recombinant produced eSrtA Mut5. For 

that purpose, proteins bearing C-terminal LPETGS-tag were mixed with 5-times excess of 

N-terminal triple-glycine bearing protein or G3-bearing small molecule in 50 mM Tris/HCl 

pH 7.5 containing 150 mM NaCl and 5 mM CaCl2. 1/4 eq. eSrtA Mut5 was used for 

bioconjugation reaction that was incubated for 1 h at 22 °C. Analytical reactions were aborted 

by the addition of reducing SDS-loading dye. For preparative bioconjugation approaches, the 

enzyme was removed by chromatographic purification.  

4.6.11. TEV-protease mediated cleavage of fusion proteins 

The 27 kDa catalytic active domain of the Nuclear Inclusion a, naturally encoded by the tobacco 

etch virus (TEV), is recombinantly produced und used for cleavage of fusion proteins. The 

so-called TEV protease possess stringent sequence specificity. Fusion proteins were equipped 

with the most commonly used sequence ENLYFQG for TEV cleavage. The cleavage reaction was 

performed in 50 mM Tris/HCl pH 7.5 containing 150 mM NaCl at 22 °C overnight, alternatively 

for 1 h at 34 °C. For an overnight reaction 1 OD280 of TEV protease was used per 100 OD280 of 

the fusion protein. 
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4.6.12. Determination of the protein concentration 
4.6.12.1. Absorption at 280nm 

The concentration of a protein solution can be determined by the specific absorption at 280 nm 

of the aromatic amino acids tryptophan, tyrosine and phenylalanine. The molar extinction 

coefficient of a protein can be calculated by its primary sequence. Calculations were performed 

using Expasy Protparam 249. Subsequently, the protein concentration can be calculated using 

Lambert-Beer-law. Photometrical determination of the protein concentration was performed 

using BioSpec NanoTM Microvolume UV-Vis Spectrophotometer (Shimadzu). 

4.6.12.2.  BCA assay 

Pierce® BCA Protein Assay Reagent A (Thermo scientific) 

BCA Protein Assay Reagent B 

4% (w/v) CuSO4 in water 

Testing solution 

2.5 ml Reagent A containing 50 µl Reagent B (pre-warmed to 37 °C) 

The BCA assay based on the reduction of copper (II) salts by different reducing agents like 

cysteine, tyrosine, tryptophan as well as the peptide bond. The copper ions are chelated by 

bicinchoninic acid (BCA). Thus, forming intensive purple color which absorbance at 562 nm is 

linear to the concentration of the reducing agents and consequently to the protein 

concentration. 25 µl of the sample were mixed with 200 µl of pre-warmed the testing solution. 

After incubation at 37 °C for 30 min, absorbance at 560 nm was determined. Bovine serum 

albumin serves as standard. Therefore, several dilutions from 0 mg/ml to 1 mg/ml were used. 

4.6.13. Determination of accessible primary amines - TNBS assay 

A rapid and sensitive method to determine the number of accessible amines within a protein is 

based on the reaction of primary amines with 2,4,6-trinitrobenzene sulfonic acid (TNBS), thus 

forming a derivative that possess specific absorbance at 335 nm. TNBS assay was performed in 

microtiter plates. Therefore, protein samples were diluted in PBS pH 7.4 to a final concentration 

of 10-70 µM, depending on the maximal calculated number of accessible primary amines. Serial 

dilutions of glycine (500 µM, 250 µM, 125 µM, 62.5 µM, 0 µM) served as standard curve.  

25 µl of 0.01% (w/v) solution of TNBS were added to 50 µl of the respective protein solution, 

mixed well and incubated at 37 °C. After 15 min of incubation, 25 µl of 10% (w/v) SDS and 

12.5 µl of 1 N HCl were added. The absorbance at 335 nm was measured using Genios 

SpectraFLUOR plus (Tecan).  
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4.6.14. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)  

SDS-PAGE allows the molecular weight-depended separation of proteins in an electric field. 

Protein unfolding, linearization and binding by the anionic detergent SDS results in negatively 

charged molecules that allows separation solely influenced by their molecular weight. The 

amount of acrylamide within the gel influences the separation capabilities. Thereby, higher 

concentrations enhance the cross-linking density, thus improve the resolution in the lower 

molecular weight range. SDS-PAGE was used to estimate the purity of protein samples and to 

evaluate the formation of reaction products. To determine the apparent molecular weight of 

different protein samples, one lane of the SDS gel was loaded with a prestained protein 

standard, a mixture of proteins with known molecular weight. Samples were prepared by the 

addition of 5 x loading dye containing β-mercaptoethanol to reduce disulfide bonds of proteins. 

To improve the denaturing process, samples were heated to 98 °C for 5-10 min. Samples were 

loaded onto SDS-PA gel (Composition Table 6) in an electrophoresis chamber and covered with 

running buffer. Electrophoresis was performed at 40 mA for 1 h.  

Table 6: Composition of 15% separation and stacking gel. Volumes are calculated for 5 gels. 

Stock solution Separation gel Stacking gel 
30 % (w/v) acrylamid, 0,8 % bisacrylamid 13 ml 2,4 ml 
4x separation gel buffer 6.5 ml - 
4x stacking gel buffer - 3,6 
water 6.5 ml 8,4 ml 
APS-Stock 10 % (w/v) 195 µl 129,6 µl 
TEMED 9,75 µl 10,8 µl 

 
4.6.15. Coomassie-staining of SDS-PA gels 

SDS-PAGE gels were stained by heating in Coomassie staining solution containing Coomassie 

Brilliant Blue R-250 and G-250 using a microwave. Destaining of the gel was performed using 

10% (v/v) acetic acid in distilled water until background staining was sufficiently removed. 

4.6.16. Silver-staining of SDS-PA gels 

A far more sensitive technique to stain protein bands within SDS-PA gels is represented by silver 

staining method. Silver staining of SDS-PA gels was performed as described in Table 7: 

Table 7: Silver staining of SDS-PA gels. 

Step Solution Time 
Fixing ethanol:acetic acid:water (50:12:38) At least 1 h 
Wash (3x) ethanol:water (50:50) 20 min 
Pretreatment 0.1 g Na2S2O3 in 250 ml water 1 min 
Wash (3x) water 2 min 
Staining 0.2 g AgNO3, 50 µl 37% CH2O in 100 ml water 20 min 
Wash (3x) water 2 min 
Develop 6 g Na2CO3, 50 µl 37% CH2O in 100 ml water Until the desired 

intensity of band 
Stop ethanol:acetic acid:water (50:12:38) 2 min 
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4.6.17. Western blot 

Western blot allows the specific identification of proteins even in complex samples like cell 

extracts. Samples undergo denaturation and separation by SDS-PAGE before the proteins were 

transferred to a nitrocellulose or PVFD membrane using an electric field.  

After SDS-PAGE (4.6.14), the separations gel as well as the membrane and filter paper were 

equilibrated in western blot transfer buffer. Assembly of the semi-dry blot occurs as described 

in Figure 10. Protein transfer was performed using 12 V for 45 – 60 min. Subsequent 

immunochemical staining was performed as described in 4.6.18. 

Cathode (-) 
Filter paper 

SDS-PA separation gel 
Membrane 
Filter paper 
Anode (+) 

Figure 10: Assembly of typical western blot. 

4.6.18. Staining of western blot membranes 

After successful transfer of proteins from the SDS-PA gel onto western blot membrane, a 

blocking step was performed to prevent unspecific binding of detection proteins to the 

membrane. Nitrocellulose membranes were blocked using 3% milk powder in PBS pH 7.4, while 

PVDF membranes were blocked using Odysee® Blocking buffer (PBS). Both membranes were 

incubated in the blocking solution for 1 h at room temperature. Subsequent staining steps are 

described in Table 8. 
Table 8: General protocol for immunochemical staining of western blot membranes. 

Step Reagent Volume Time 
Wash PBS pH 7.4, 0.05% Tween20 30 ml 5 min 

  1. Antibody In PBS pH 7.4, 0.05% Tween20 30 ml 1 h 
Wash (3x) PBS pH 7.4, 0.05% Tween20 30 ml 5 min 
2. Antibody In PBS pH 7.4, 0.05% Tween20 30 ml 1 h 
Wash (3x) PBS pH 7.4 30 ml 5 min 

Fluorecent IRDye® 800CW labeled secondary antibody in combination with PVDF membrane 

were visualized using Odyssey® Sa Infrared Imaging System (LI-COR Bioscience) that allows 

relative quantification of appearing protein bands. Furthermore, fluorescent IRDye® 800CW 

streptavidin conjugate was used for visualization of biotinylated protein bands on PVDF 

membrane.  

Alkaline-phosphatase conjugates were used for staining of specific protein bands blotted onto 

nitrocellulose membrane. For that purpose, the membrane was equilibrated with AP-buffer 

pH 9.1 for 5 min. When the substrate mixture of 24 µl NBT and 75 µl BCIP in 30 ml AP-buffer 

pH 9.1 was added, the enzyme cleaves off a phosphate group of BCIP. The resulting indoxyl 
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reacts with NBT forming indigo and formazan, insoluble blue- and purple dyes that precipitate 

on the membrane. 

4.6.19. Thermal stability assay 

Thermal stability of proteins was determined using 100 µg/ml protein in the selected buffer 

and SYPRO Orange was added in 1:1000 dilution. A total volume of 40 µl was used. A 

protein-free sample served as negative control. BioRad 96 CFX RT-PCR detection system was 

used to measure the shift in fluorescence during the heating process from 25 °C to 100 °C using 

a heating rate of 0.5 °C/30 s. 

4.6.20. Stability evaluation in human serum 

Antibodies and antibody conjugates in PBS pH 7.4 were mixed with an equal volume of human 

serum on ice, prior to incubation of the mixtures at 37 °C for 72 h. Aliquots were collected at 

0 h, 24 h, 48 h and 72 h, denatured in hot loading dye and stored at -80 °C until SDS-PAGE 

(4.6.14) and western blot analysis (4.6.17). 

4.6.21. CD spectroscopy 

Circular dichroism spectroscopy was performed to analyze the secondary structure of purified 

polypeptide using J-1500 spectropolarimeter (JASCO) equipped with a quartz cuvette (0.1 cm). 

Spectra were recorded at room temperature from 280 nm – 190 nm by accumulating 10 runs 

(bandwidth 4 nm, scanning speed 100 nm/min) using 10-28 µM protein solutions in PBS 

pH 7.4. Spectra were corrected for the buffer blank and smoothed using the instruments 

software. 

4.7. Cell-based assays 
4.7.1. Flow cytometry 

The binding characteristics of different analytes on cell surface was evaluated by flow 

cytometry. Detection of cell surface-bound material was performed using a fluorescently labeled 

detection antibody. Adherent cells were detached using trypsin-EDTA and 1-2 × 105 vc/well 

and sample were used. All washing and incubation steps are depicted in Table 9. 
 

Table 9: General protocol to investigate target specific binding of an analyte on mammalian cells. 

Step Substances Amount Volume Time 
Seeding cells  2 × 105 vc/well   
Wash (2-3x) PBS pH 7.4, 1% BSA - 100 µl  

Analyte In PBS pH 7.4, 1% BSA 0.5-250 nM 50 µl 60 min, 4 °C 
Wash (2-3x) PBS pH 7.4, 1% BSA - 100 µl  

Detection antibody In PBS pH 7.4, 1% BSA 1:20 dilution 50 µl 15 min 
Wash (2x) PBS pH 7.4, 1% BSA - 100 µl  
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4.8. Chemical methods 
4.8.1. Solid-phase peptide synthesis 

Peptide synthesis was performed on solid support manually or by automated 

microwave-assisted Solid Phase Peptide Synthesis (SPPS) using Liberty Blue platform. The 

repetitive steps of manual peptide synthesis are depicted in Table 10. Prior to peptide synthesis, 

AmphiSphere RAM resin was allowed to swell in DCM for 60 min. 

Table 10: Repetitive coupling steps during manual peptide synthesis on solid support. 

Step Compound Amount Time 
1. Amino acid activation DIEA 

HBTU 
Fmoc-amino acid 

9.0 eq. 
2.85 eq. 
3.0 eq. 

5 min, rt 

2. Coupling to resin/peptide (2x) Activated amino acid  60 min, rt 

3. Removal of Fmoc protecting group (2x) Piperidine in DMF 20% (v/v) 
 

5 min, rt 
10 min, rt 

After final deprotection using 20% piperidine in DMF, the resin-bound peptides were washed 

with DMF, DCM and MTBE before they were dried overnight in the desiccator. Peptides were 

cleaved off the resin by incubation in 94% TFA, 2% TES, 2% H2O and 2% anisole for 2 h at 

room temperature. Subsequently, the peptide was precipitated in ice-cold MTBE. After several 

washing steps using ice-cold MTBE, the precipitate was dried overnight in a desiccator. Peptides 

were analyzed using HPLC and LC-MS analysis. 

Synthesized peptides: Ac-DIPIGQKMTG-CONH2 

   Ac-DIPIGQGMTG-CONH2 

   Ac-DIPIGQRMTG-CONH2 

   Ac-TGTLQSVSY-CONH2 

   Ac-LLQG-CONH2 

   Ac-GENTYFQAYGNTE-CONH2 

   Ac-GECTYFQAYGCTE-CONH2 

   Ac-SASQTPS-CONH2 

   Ac-DGVQLPP-CONH2 

4.8.2. Acetylation  

Peptides were acetylated at the N-terminus on solid support by using 10 ml of 50 % (v/v) 

dichloromethane, 30% (v/v) acetic anhydride and 20% (v/v) N,N-diisopropylethylamine for 

30 min at room temperature. 
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4.8.3. Oxidation/ Forming a disulfide bond 

Peptides were dissolved at 1 mg/ml in 100 mM ammonium carbonate pH 8.4 containing 5% 

DMSO. Air was conducted through the solution, while stirring for 48 h. Analysis was performed 

using HPLC and LC-MS. 

4.8.4. HPLC 

Peptides were analyzed by analytical RP-HPLC using Infinity 1200 (Agilent) and Agilent Eclipse 

Plus C18 column (4.6 × 100 mm, 3.5μm, 95 Å). Peptides were isolated by preparative RP-HPLC 

(PuriFlash 4250) using Interchim C18-HQ column (250 ×	21.2 mm, 5 μm, 100 Å). Eluent A 

(water, 0.1% TFA) and eluent B (90% aq. MeCN, 0.1% TFA). 

4.8.5. LC-MS 

Electrospray ionization mass spectrometry (ESI-MS) of peptides was performed using a 

Shimandzu LCMS-2020 mass spectrometer containing a Phenomenex Jupiter 5u C4 LC column 

(50 ×	1 mm, 5 μm, 300 Å). Eluent A consisted of 0.1% aq. formic acid (LC-MS grade) and 

eluent B was composed of 100% acetonitrile containing 0.1% formic acid (LC-MS grade). 

ESI-MS analysis of reduced antibody fusions was kindly performed by Jennifer Schanz (Merck 

KGaA, Darmstadt). 10 µg of each sample were separated by RP-HPLC using Dionex U3000 

equipped with a Proteomix RP-1000 (100 ×	4.6 mm, 3.5µm, 1000 Å) and analyzed using 

Synapt G2 (Waters). Eluent A consisted of 0.1% aq. formic acid and eluent B was composed of 

85% aq. acetonitrile containing 0.1% formic acid. 

4.9. Recombinant production and purification of eSrtA (Mut5) 

E. coli BL21(DE3) were transformed with pET29b-eSrtA(Mut5) via electroporation (4.4.13.1). 

A 50 ml overnight culture inoculated with freshly transformed E. coli single clone was used to 

inoculate 1 L LB medium containing 0.1% kanamycin to an OD600nm of 0.2. The cell suspension 

was incubated at 37 °C until it reached an OD600nm of 0.5-0.6. By the addition of 1 mM IPTG, 

protein expression was induced and carried out for 3 h at 30 °C. Subsequently, the supernatant 

was removed by centrifugation (5 000 rpm, 4 °C, 20 min). Mechanical lysis of resuspended cells 

was performed using Constant System Ltd (2.0 kbar, three cycles). Cell debris was removed by 

centrifugation (13 000 rpm, 30 min, 4 °C). Subsequently, filtrated (0.45 µm) supernatant was 

applied to preequilibrated HisTrapTM 1 ml HP column using ÄKTA Purification System (GE 

Healthcare; 4.6.2.1). Collected fractions were analyzed by SDS-PAGE (Figure 11). For storage 

of the enzyme, buffer exchange of pooled fractions was performed by PD10 column (4.6.4), 

prior to freezing in liquid nitrogen and storage at -80 °C. 
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Figure 11: Chromatogram of IMAC purification (A) and SDS-PAGE of purified recombinant eSrtA (Mut5) (B). 
(A) solid line: Absorption at 280nm. Dashed line: Imidazole gradient. (B) M: Blue Prestained Protein Standard 
(11-190 kDa).FT: Flow through. W: Wash.  

4.10. Recombinant production and purification of TEV protease 

E. coli BL21(DE3)-pRIL/pRK793 cells were inoculated in 50 ml dYT containing 0.1% (v/v) amp 

and 0.1% cm and incubated overnight at 37 °C. The preculture was used for inoculation of 1 L 

dYT containing both antibiotics to an OD600nm of 0.05. When the culture reached an OD600nm of 

0.3, protein production was induced by the addition of 1 mM IPTG. After protein expression 

carried out for 3 h at 30 °C, cells were precipitated via centrifugation (5 000 rpm, 20 min, 4 °C). 

After resuspension of the cells in 100 mM Sodium phosphate buffer pH 8.0 containing 300 mM 

NaCl, mechanical lysis was performed using Constant System Ltd (2.0 kbar, three cycles). After 

removal of the cell debris (13 000 rpm, 30 min, 4 °C), the filtrated supernatant (0.45 µm) was 

applied to gravity flow IMAC column using stepped gradient between 20 mM and 1 M imidazole 

(each fraction: 6 ml). Immediately, each collected fraction was dialyzed against the storage 

buffer and analyzed by reducing SDS-PAGE (Figure 12). Identified fractions (eluted at 200 mM 

and 500 mM imidazole) were aliquoted and frozen in liquid nitrogen prior to storage at -80 °C. 

14.4 mg protein was isolated per liter submersion culture. 

 
Figure 12: Analysis of the collected fractions from gravity flow IMAC purification of TEV protease. M: Blue 
Prestained Protein Standard (11-190 kDa).FT: Flow through. W: Wash. 
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5. Results and Discussion 

5.1. Determination of the preferred mTG recognition tag 

For the purpose of enzyme-mediated site-specific modification of engineered monoclonal 

antibodies using mTG from S. mobaraensis, the favorable enzyme-recognition site needed to be 

identified. To date, little is known about the enzyme’s specificity, but investigations concerning 

the reactivity of the glutamine sites within natural substrate proteins as well as screening of 

peptide libraries brought light into darkness.98-100, 103, 250 Herein, different sequences based on 

natural substrates were compared with previously published recognition tags, like the LLQG tag 

from Rinat-Pfizer.73 Two well characterized natural substrates of the enzyme are the Dispase 

Autolysis Inducing Protein (DAIP) and the Streptomyces Papain Inhibitor (SPI). Both were 

previously characterized according to their mTG-reactivity of surface exposed glutamine 

residues.97, 103, 250 In the natural protein context of DAIP, reactivity of Gln39 was identified to be 

3-fold higher than for Gln298.103 The latter has been successfully applied for site-specific 

labeling of engineered antibodies, which has the potential to be used for the generation of 

ADCs.101, 103 Herein, this so-called GEN/GEC-tag (based on Gln298) and the 9mer sequence 

based on Gln39 of DAIP were compared with potential tags derived from the only recognition 

site of SPIP. In the natural protein context of SPIP, substitution of the lysine residue in +1 

position of the reactive glutamine residue by glycine dramatically improved the labeling 

efficiency by factor 13.66.250 Thus, the wildtype sequence as well as the improved SPI7G and 

an additional SPI7R variant were compared with the commonly used tetrapeptide LLQG, both 

in a peptide-based assay as well as in the context of a C-terminal antibody tag (Figure 13 C). 

The arginine residue in the +1 position was chosen due to the previously described positive 

impact of an arginine residue on the mTG turnover during screening of different peptide 

libraries.98-99  

Peptides were synthesized on AmphiSpheres 40 RAM resin by microwave-assisted 

Fmoc-Solid-phase peptide synthesis at a scale of 0.1 mmol using Liberty blue peptide synthesizer 

(4.8.1). To hide the charges of the N-terminus, peptides were acetylated (4.8.2) prior to 

cleavage from resin. The peptides were purified via preparative HPLC and analyzed via LC-MS 

(Appendix Figure-S 1-Figure-S 14). 

The mTG-reactivity of each sequence was investigated by incubation of the respective peptide 

with N-(biotinyl)-cadaverine in the presence of mTG (4.6.9). Aliquots from different reaction 

times were analyzed by reverse phase HPLC and the percentage of the product was plotted 

against the time. The fastest reaction kinetic was observed for SPI7G, which revealed over 90% 

conversion after 60 min, while the LLQG motif reached comparable results after doubled time. 

The 9mer peptide showed fast and efficient labeling within 60 min with 80% conversion, but 

almost no further product formation was observed during the remaining reaction time. Previous 
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findings of differences in the reactivity for GEN and GEC were confirmed.101 Interestingly, the 

wildtype SPI as well as the SPI7R variant showed poor product formation. Hence, substitution 

of Lys7 by arginine had only marginal effects on mTG reactivity (Figure 13 A). Due to the lysine 

residue in +1 position of the reactive glutamine residue within wtSPI, dimer- and 

multimerization of the peptide was considered as reason for slow product formation. However, 

dimer- and multimerization of the wildtype sequence was not confirmed using LC-MS (data not 

shown). Exchange of the amine donor substrate by NH2-PEG2-BCN resulted in an overall slower 

reaction kinetic. Even though SPI7G still showed the fastest conversion (>95% after 180 min), 

mTG reactivity of a defined sequence depends on both, the glutamine donor sequence and the 

structure of the acyl acceptor (Appendix, Figure-S 15).  

 
Figure 13: Comparison of mTG reaction kinetics using different nature derived recognition tags (C) in a 
peptide-based assay (A) and as engineered conjugation tag on antibodies, either on the C-terminus of the 
heavy (B) or light chain (D). Data were adapted by Ebenig, Juettner, Deweid et al. 2019.251 

Subsequently, the respective sequences were fused with the C-terminus of the heavy chain of 

trastuzumab using standard PCR and cloning techniques (4.4.2 and 4.4.11). The resulting 

trastuzumab fusions were expressed in Expi293F cells (4.5.2) and purified via protein A 

chromatography using ÄKTA Purification System (4.6.2.2). The mTG-reactivity of each antibody 

variant was studied by incubation of the antibody in presence of N-(biotinyl)-cadaverine and 

mTG (4.6.8). Aliquots were taken after different incubation times. The reaction was aborted by 

the addition of hot loading dye and aliquots were analyzed by SDS-PAGE (4.6.14) and protein 

blot using PVDF membrane (4.6.17 and 4.6.18). Biotinylated protein bands were visualized by 
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staining with fluorescent IRDye® 800CW streptavidin conjugate. Relative product formation 

was calculated by the fluorescence intensity normalized to the overnight reaction of 

trastuzumab-LLQG.  

Fast and efficient product formation was observed for trastuzumab-SPI7G reaching almost 

1.2-times higher biotinylation after 12 min compared to the overnight reaction of 

trastuzumab-LLQG. Highly efficient mTG catalysis of the SPI7G motif, in which the reactive 

glutamine is flanked by two glycine residues, supports the assumption that small amino acids 

in close proximity of the reactive glutamine residues improves the mTG reactivity.103 Unlike the 

peptide-based assay, trastuzumab-SPI7R showed slightly slower but highly efficient reaction, 

reaching a comparable conversion after 30 min. Trastuzumab-wtSPI showed satisfactory 

biotinylation levels within 30 min and subsequent decreasing levels were observed due to 

enzyme-mediated homo-dimer- and multimerization (Figure 13 B; Appendix Figure-S 16). In 

general, comparison of SPI- and DAIP-derived sequences revealed lower product formation for 

DAIP-derived sequences. Trastuzumab-9mer revealed a relative conversion of almost 0.9 after 

6 min, but its final biotinylation was equally to the control. Unlike the peptide-based assay, no 

difference in kinetics was observed for trastuzumab-GEN and trastuzumab-GEC, which reached 

a terminal relative biotinylation of 0.8 (Figure 13 B). This observation indicated that proper 

loop formation within the GEC-tag did not occur during protein expression or that the 

influences of the protein environment have a deeper impact on the reactivity than the structure 

of the recognition site. 

Slightly increased labeling efficiency was observed for fusion of the most promising SPI7G tag 

to the C-terminus of the light chain of trastuzumab and usage of a (G3S)3-linker sequence to 

ensure accessibility of the engineered tag. This light chain construct reached a maximum 

relative biotinylation of 1.25 (Figure 13 D). The presented data were published by Ebenig, 

Juettner, Deweid et al. 2019.251 

5.2. Artificial sequence derived from SPIP for the generation of ADC with high DARs 
5.2.1. Production and purification 

Finally, the modified SPI7G was iteratively fused with the C-terminus of the heavy chain of 

trastuzumab using standard PCR techniques (4.4.2). Each mTG-recognition site was separated 

by a (GS)3-linker to avoid secondary structure formation. The obtained PCR products were 

hydrolyzed using EcoRV and BamHI and ligated with similarly hydrolyzed 

pTT5-HCTrastuzumab backbone to achieve pTT5-HCTrastuzumab-(SPI7G)n (n=1-3). 

Furthermore, iterative SPI7G sequences were fused with the C-terminus of the light chain. To 

avoid steric hindrance, a (G3S)3-linker was introduced in between the light chain and the first 

conjugation site (Figure 14). Obtained vectors were confirmed via sequencing (Seqlab, 

Göttingen).  
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Figure 14: Schematic representation of heavy chain fusions of trastuzumab-(SPI7G)n and light chain fusion 
of trastuzumab-LC-(SPI7G)n variants (n=1-3). 

For recombinant protein expression, Expi293F cells were transiently co-transfected with the 

respective wildtype heavy or light chain-bearing plasmid via PEI method (4.5.2). After 120 h at 

37 °C in humified 8% CO2 atmosphere, secreted antibodies were isolated from the supernatant 

via protein A chromatography (4.6.2.2). Antibodies containing one to three SPI7G tags either 

on the light or heavy chain were producible in comparable yields, corresponding to 60% of the 

yield observed for the wildtype protein (Figure 15 A-F).  

 
Figure 15: Chromatographic purification of trastuzumab-SPI7G variants via protein A chromatography (A-F) 
and analysis by reducing SDS-PAGE (G). Chromatograms of trastuzumab-SPI7G (A), -(SPI7G)2 (B), -(SPI7G)3 (C) 
as well as trastuzumab-LC(SPIG) (D), -LC(SPI7G)2 (E) and -LC(SPI7G)3 (F). The black line represents the absorption 
at 280 nm, whereas the dashed line depicts the gradient. The SDS gel showed the purified and concentrated antibody 
variants. M: Blue Prestained Protein Standard (11-190 kDa). Line 1: trastuzumab-LC(SPI7G). Line 2: trastuzumab-
LC(SPI7G)2. Line 3: trastuzumab-LC(SPI7G)3. Line 4: trastuzumab-(SPI7G). Line 5: trastuzumab-(SPI7G)2. Line 6: 
trastuzumab-(SPI7G)3.  
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Successful production of each antibody was confirmed by reducing SDS-PAGE (4.6.14). The 

apparent molecular weight of each band observed in the SDS-PA gel matched the respective 

calculated mass for each chain (Figure 15 G).  

5.2.2. mTG-mediated functionalization 

For mTG-mediated biotinylation of trastuzumab-(SPI7G)n variants, 0.5 µM of the respective 

antibody variant was incubated with N-(biotinyl)-cadaverine in the presence of 1/60 mol 

equivalents of mTG at 37 °C (4.6.8). Different reaction times were analyzed using reducing 

SDS-PAGE (4.6.14) and protein blot (4.6.17 and 4.6.18). Biotinylated protein bands were 

visualized using fluorescently IRDye® 800CW streptavidin conjugate in combination with the 

Odyssey® Sa Infrared Imaging System. Fluorescence intensities were analyzed using LI-COR 

software and plotted against the reaction time. Obtained fluorescence intensities were 

normalized to the overnight reaction of trastuzumab-SPI7G, that was defined as a biotinylation 

grade of 1.0. Broaden bands and increasing fluorescence intensities were observed with 

increasing number of mTG-recognition sites (Figure 16 A). Interestingly, heavy chain constructs 

possessed lower biotinylation grades than light chain variants. Trastuzumab-SPI7G and 

trastuzumab-(SPI7G)2 showed comparable reaction kinetics reaching their maximal 

biotinylation after 30 min, whereas trastuzumab-(SPI7G)3 reaches comparable results within 

6 min and 1.5-fold increased biotinylation after 60 min. As previously observed, 

trastuzumab-LC-SPI7G possessed slightly increased mTG catalysis compared to the heavy chain 

construct, reaching 1.5-fold higher number of biotin-label after 120 min. Increasing number of 

mTG-recognition sites in trastuzumab-LC-(SPI7G)2 and trastuzumab-LC-(SPI7G)3 resulted in a 

final relative biotinylation of 2.0 and 2.4, respectively (Figure 16 B). In general, increasing 

number of mTG-recognition sites led to higher observed biotinylation of the respective antibody. 

Higher reactivity of the light chain variants could be explained by reduced steric hindrance due 

to the used (G3S)3-linker. Due to limited time constraints, neither the maximum value obtained 

for one of the constructs was confirmed by LC-MS analysis, nor the reaction conditions were 

optimized. Nevertheless, SPI7G multimers fused with the heavy or light chain of trastuzumab 

are promising approaches for the generation of site-specifically conjugated ADCs allowing high 

payload densities. 
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Figure 16: Kinetic studies of mTG-mediated biotinylation of trastuzumab-(SPI7G)n and 
trastuzumab-LC-(SPI7G)n. Antibodies were incubated in the presence of N-(biotinyl)-cadaverine and mTG at 37 °C. 
Aliquots were analyzed after different incubation times via reducing SDS-PAGE and western blot analysis. 
Biotinylated protein bands were visualized using fluorescent IRDye® 800CW streptavidin conjugate in combination 
with the Odyssey® Sa Infrared Imaging System. The fluorescence intensities were normalized to the overnight 
reaction of trastuzumab-SPI7G and plotted against the time (B). Western blot of the conjugation reaction of 
trastuzumab-(SPI7G)n and trastuzumab-LC-(SPI7G)n (A). M: PageRulerTM Prestained Protein Ladder. 

5.2.3. Serum stability 

Biotinylated trastuzumab-(SPI7G)n heavy and light chain variants were incubated in human 

serum for 72 h at 37 °C (4.6.20). Aliquots taken after different incubation times were analyzed 

via reducing SDS-PAGE (4.6.14) and protein blot using PVDF membrane (4.6.17). Biotinylated 

protein bands were visualized using fluorescent IRDye® 800CW streptavidin and Odyssey® Sa 

Infrared Imaging System. At least >50% the antibodies were recovered after 72 h at 37 °C, 

which was comparable to 47% recovery of LLQG-bearing trastuzumab (Figure 17, Appendix 

Figure-S 17).  

 
Figure 17: In vitro stability of trastuzumab-(SPI7G)n and trastuzumab-LC-(SPI7G)n in human serum. 
Antibodies were incubated in human serum for 72 h at 37 °C. Aliquots were analyzed after 0 h, 24 h, 48 h and 72 h 
using reducing SDS-PAGE (lower picture) and protein blot. Biotinylated protein bands were visualized using 
fluorescent IRDye® 800CW streptavidin conjugate and Odyssey® Sa Infrared Imaging System (upper picture)(A). 
Fluorescent bands were normalized to the first aliquot at 0 h of the respective antibody (B).  
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However, the LLQG tag is characterized as highly stable in human plasma,73, 252 thus potential 

loss of the biotin-label could explain low recovery of the antibodies. Due to the observed low 

recovery of LLQG-tagged trastuzumab, comparable stability of the SPI7G-tag was considered. 

5.3. Trastuzumab-PAS(9mer)n fusions 

Fusion of a scaffold enabling enzyme-mediated, site-specific conjugation of payloads is 

beneficial, since it simplifies manufacturing process by eliminating an additional conjugation 

step. Reducing manufacturing steps is always connected with higher achievable yields, as every 

purification step takes some of material. However, due to their composition only peptide-based 

scaffolds allow the direct fusion with an antibody. Recently published PAS sequence seemed to 

be a perfect starting point for the development of a scaffold containing different numbers of 

enzyme-recognition sites. The hydrophilicity and disordered structure of the polypeptide are 

beneficial, as it could shield the hydrophobic properties of conjugated toxic payloads, thus e.g. 

avoiding aggregation and having beneficial impact on the pharmacokinetics of ADCs with high 

payload density. The sequence’s property to compensate hydrophobic behavior of fused proteins 

has been shown for fusion partners that tend to aggregate, or during thermal unfolding 

process.241, 246 

5.3.1. Production and purification 

Initially, two different trastuzumab-PAS(9mer)n fusions were cloned using splicing by overlap 

extension PCR (4.4.3). Both constructs differ in the number of mTG recognition tags and 

therefore in the length of the fused PAS sequence. As PAS-derived scaffold served a random 

sequence consisting of the three amino acids proline, alanine and serine. Four or six copies of 

the mTG-recognition motif, based on the DAIP-derived 9mer, were placed in equal distance to 

each other (Figure 18; Sequences: Appendix Figure-S 18 and Figure-S 19).  

 
Figure 18: Schematic representation of heavy chain fusion of trastuzumab-PAS(9mer)n (n=4 or 6). 

The modified PAS polypeptide was ordered as gene in a standard vector. Subsequently to the 

amplification of the inserts using the desired oligonucleotides, the DNA fragments were cleaved 

by the respective restriction enzymes (4.4.4) and  hydrolyzed DNA fragments were ligated with 

a pTT5 backbone carrying the heavy or light chain of trastuzumab. The obtained vectors 

(pTT5-HC-Trastu-PAS(9mer)6, pTT5-HC-Trastu-PAS(9mer)4, pTT5-LC-Trastu-PAS(9mer)6 and 

pTT5-LC-Trastu-PAS(9mer)4) were confirmed by sequencing (Seqlab, Göttingen).  

For recombinant protein expression, plasmids coding for the desired protein were mixed with 

an equal amount of the plasmid coding for either the wildtype light or heavy chain of 

trastuzumab, respectively, and HEK-6E cells were transiently transfected using the PEI 
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transfection method (4.5.2). After 120 h expression in humified atmosphere at 37 °C and 

8% CO2, cells were removed by centrifugation. The supernatant was filtered through a 0.45 µm 

filter and mixed with an equal volume protein A binding buffer prior to chromatographic 

purification using HiTrap Protein A HP column and ÄKTA Purification system (4.6.2.2; 

Figure 19 A, B).  For unknown reasons, constructs carrying a C-terminal fusion of trastuzumab 

light chain and PAS-derived polypeptides revealed no protein upon protein A purification. In 

contrast, fusions of both PAS-derived sequences to the C-terminus of the heavy chain resulted 

in acceptable yields of up to 63% of trastuzumab carrying eight and twelve mTG-recognition 

tags, compared to the wildtype antibody. Reduced yields could be explained by extreme 

enlargement of molecular weight and a large portion of unstructured amino acids, 302 aa 

and 214 aa per heavy chain respectively. Interactions of the unstructured domain with naturally 

folded sequence areas during the folding process were considered as potential reason for 

reduced yields.  

Reducing 15% SDS-PAGE (4.6.14) showed the wildtype light chain of trastuzumab with an 

apparent molecular weight of 25 kDa, whereas the heavy chain was shifted from about 50 kDa 

of the wildtype protein (data not shown) towards higher apparent molecular weights. Apparent 

molecular weights of 190 kDa for the heavy chain fusion with six mTG sites (calc. 

MW: 67.27 kDa) and 135 kDa for the variant bearing four mTG recognition tags (calc. 

MW: 74.75 kDa) were observed (Figure 19 C). The slower electrophoretic mobility of PASylated 

proteins has been observed previously and was mainly attributed to low SDS-binding 

capabilities of the PAS polypeptide, as the resulting reduced negative charge leads to slower 

mobility in SDS-PAGE.241, 244  

 
Figure 19: Chromatographic purification and analysis of trastuzumab-PAS(9mer)12 (A) and 
trastuzumab-PAS(9mer)8 (B). Purified antibody fusions were analyzed by reducing SDS-PAGE (C). M: Blue 
Prestained Protein Standard. Lane 1: Trastuzumab-PAS(9mer)12. Lane 2: Trastuzumab-PAS(9mer)8. 

5.3.2. Characterization of producible trastuzumab-PAS(9mer)n fusions 
5.3.2.1. Determination of the hydrodynamic volume of trastuzumab-PAS(9mer)n fusions 

The effect of the PAS-derived sequence on the hydrodynamic volume of the antibody was 

analyzed via SEC using the HPLC system Agilent 1260 Infinity II equipped with a TSKgel 

SuperSW3000 column (TOSHO Bioscience). The monomeric portion of both proteins elute in 

an almost uniform peak. Interpolation of SEC retention times versus a set of protein standards 
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indicated an apparent molecular weight of 217 kDa for wildtype trastuzumab 

(calc. MW: 146.5 kDa) and a larger size of 1386 kDa for trastuzumab-PAS(9mer)12 (calc. 

MW: 196.4 kDa) and 1269 kDa for trastuzumab-PAS(9mer)8 (calc. MW: 181.1 kDa; Figure 20; 

Appendix Figure-S 20). Thus, the fused PAS polypeptide seemed to be random coil, as this 

calculated 6-fold increase in the apparent molecular weight relative to the unconjugated 

antibody typically results from an unstructured conformation of the PAS sequence, which 

dramatically increases the hydrodynamic volume of a protein. Even if the observed effect was 

definitely not as strong as previously described, the herein observed higher apparent molecular 

weight is still in agreement with previously published data for PASylated proteins.241, 244 

However, determined retention times of the antibody-PAS fusions are close to the observed 

retention time of blue dextran (9.8 min) and therefore close to the upper separation limit of the 

column. In order to calculate the apparent molecular weight of the antibody variants more 

precisely, a different column would be mandatory.  

Previously reported SEC analysis of PAS-derived sequences with increasing proline (Pro) 

content revealed enlarged hydrodynamic volume with increasing number of Pro.242 Poly-L-Pro 

were shown to adapt helical structures depending on the solvent polarity: the right- and 

left-handed helix.253 While the ideal random coil conformation is achieved with a Pro content 

of 25-35%, the PAS-derived polypeptides, fused with trastuzumab, consisted of 12.6% and 

12.9% Pro. This may also explain the smaller hydrodynamic volume. Low Pro, but high Ala and 

Ser content of both polypeptides further provide the possibility of an a-helical conformation, as 

poly-L-Ala were known to form a-helices.254  

 
Figure 20: Influence of the fused PAS polypeptide on the hydrodynamic volume of trastuzumab investigated 
by SEC. 7 µg of the wildtype antibody (black), trastuzumab-PAS(9mer)12 (Blue) and trastuzumab-PAS(9mer)8 
(orange) were applied onto a TSKgel SW3000 Superdex column (TOSHO Bioscience) using a flow rate of 
0.2 ml/min. 
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5.3.2.2. Thermal stability of trastuzumab-PAS(9mer)n fusions 

Thermal stability of trastuzumab-PAS(9mer)n constructs was determined in thermal stability 

assay using SYPRO Orange® in PBS pH 7.4 and a heating rate of 0.5 °C/min (4.6.19). In 

comparison to the wildtype antibody, fusion of the PAS(9mer)n sequence did not alter the 

thermal stability of the antibody. Determined melting temperatures (Tm) of all tested proteins 

confirmed high stability at physiological pH. In contrast to the observed transitions at 69.0 °C 

(Fab) and 79.5 °C (Fc) for all trastuzumab variants (Figure 21), the literature reported 61 °C 

(Fab) and 71°C (Fc) for IgGs.255 The higher observed temperatures for transition, compared to 

the reported transitions of an IgG measured with differential scanning calorimetry (DSC), could 

be explained by different experimental methods. Notably, thermal stability depends on the 

isotype of the antibody, mostly influenced by the flexibility of the hinge region. Furthermore, 

varying heating rates influence the thermal transition of an IgG, and different methods or 

varying solution conditions may also explain the difference.255 Nevertheless, unaltered thermal 

stability of an antibody upon PAS(9mer)n fusion indicates these sequences as suitable tool for 

the generation of ADCs. 

 
Figure 21: Thermal stability of trastuzumab-PAS(9mer)n fusions. 100 µg/ml of the respective antibody were 
heated in PBS pH 7.4 with a heating rate of 0.5 °C/min. The melting temperature (Tm) of wildtype trastuzumab was 
determined to be 69.0 °C (black) and 69.5 °C for trastuzumab-PAS(9mer)12 (blue) and trastuzumab-PAS(9mer)8 
(orange). 

5.3.2.3. Target-specific binding and binding affinity 

The most important property of an ADC is the binding specificity of the conjugated antibody, 

as it defines the targeted cells. Thereby, exclusion of altered binding properties due to fusion of 

the modified PAS sequences with the antibody was inevitable and binding specificity was 

investigated using flow cytometry (4.7.1). Detached HER2-positive SK-BR-3 as well as 

HER2-negative MDA-MB-468 cells were incubated with 250 nM of the respective analyte for 

1 h on ice to prevent internalization of the antibodies. After several washing steps to remove 
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unbound material, bound antibodies on the cell surface were fluorescently labeled using 

anti-human-IgG (Fab specific)-FITC antibody (goat). As for the wildtype protein, selective 

binding of both fusion proteins was confirmed by strong increase in the fluorescence intensity 

for HER2-positive SK-BR-3 cells, whereas no binding on the HER2-negative cell line was 

detected (Figure 22 A). 

 
Figure 22: Comparison of binding characteristics of trastuzumab-PAS(9mer)n fusion with the wildtype 
antibody on cells using flow cytometry. Target specific binding was investigated using 250 nM of the analyte and 
HER2-positive SK-BR-3 and HER2-negative MDA-MB-468 cells (A). Determination of the dissociation constant was 
performed by titration of SK-BR-3 cells with varying concentrations of the antibody. The mean fluorescence was 
plotted against the concentration and KD values were calculated using GraphPad Prism 5 (B).  

The binding affinity of an antibody is further characterized by its dissociation constant (KD), as 

it defines the intensity of interactions between the antibody and its ligand. The lower the 

KD-values, the stronger are the interactions between both proteins. Therefore, target binding 

was further investigated by titration of HER2-positive SK-BR-3 cells using 0.5 nM to 125 nM of 

the respective antibody fusion prior to labeling with an anti-human-IgG (Fab specific)-FITC 

antibody (goat) and analysis using flow cytometry (4.7.1). To prevent internalization of the 

antibodies, all steps were performed on ice. Subsequently, the mean fluorescence intensities 

were plotted against the antibody concentration. Trastuzumab wildtype served as control. With 

KD-values of 23 nM and 26 nM, trastuzumab-PAS(9mer)n fusions displayed slightly impaired 

target binding compared to trastuzumab wildtype (KD = 6.8 nM). A KD of 5 nM on SK-BR-3 cells 

is reported for trastuzumab, which is in agreement with the obtained results.256 Impaired 
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binding effect could be explained by a shielding effect of the fused PAS sequence representing 

a disordered, unstructured polymer with enormous hydrodynamic volume. This shielding effect, 

which normally prevents the fused protein from enzymatic degradation, has been previously 

described for half-life extending polymers, such as PEG and XTEN.183, 185 Nevertheless, both 

constructs still possess high affinity binding to HER2-positive cells sufficient for ADCs 

(Figure 22 B). 

5.3.2.4. Enzyme-mediated functionalization 

Site-specific functionalization of the trastuzumab-PAS(9mer)n fusions was performed using 

mTG from S. mobaraensis, kindly provided by Norbert Jüttner (AG Fuchsbauer, University of 

applied science Darmstadt). N-(biotinyl)-cadaverine served as model payload. 2 µM of the 

trastuzumab-PAS(9mer)n fusions were mixed with 0.3 µM mTG and 60 mol equivalents per 

mTG recognition site of N-(biotinyl)-cadaverine. The reaction mixture was incubated for 16 h 

at 37 °C prior to stopping of the reaction by the addition of SDS-loading dye (4.6.8). The 

samples were separated by reducing SDS-PAGE (4.6.14) and blotted onto PVDF membrane for 

detection of biotin signaling (4.6.17 and 4.6.18). Biotinylated protein bands were visualized 

using fluorescent IRDye® 800CW streptavidin conjugate and the Odyssey® Sa Infrared Imaging 

System. Protein blot analysis showed the expected signals for the heavy chain-PAS(9mer)n 

fusion, whereas the light chain remained unlabeled (Figure 23). Since trastuzumab wildtype is 

not a substrate for microbial transglutaminase (as previously shown, Figure 13 B), it can be 

assumed that mTG-mediated labeling reaction occurs solely on the engineered mTG-recognition 

tags within the PAS sequence at the C-terminus of the heavy chain. 

 
Figure 23: mTG-mediated biotinylation of trastuzumab-PAS(9mer)n variants. Antibodies were incubated in the 
presence of N-(biotinyl)-cadaverine and mTG at 37 °C for 16 h. The reaction was analyzed by reducing SDS-PAGE 
(A) and western blot (B). Biotinylated protein bands were visualized using IRDye® 800CW streptavidin conjugate 
and the Odyssey® Sa Infrared Imaging System M: Blue Prestained Protein Standard. Lane 1: mTG-mediated 
biotinylation of Trastuzumab-PAS(9mer)12. Lane 2: mTG-mediated modification of Trastuzumab-PAS(9mer)8. 

Mass spectrometry of trastuzumab-PAS(9mer)n fusions to determine the achievable 

compound-to-antibody ratio (CAR) was kindly performed at Merck KGaA Darmstadt by Jennifer 

Schanz. Measurements of the intact mass of reduced antibodies confirmed the light chains, 

whereas the heavy chains were not detectable. Heavy chains of both fusion proteins were 
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confirmed after tryptic cleavage by peptide map. However, none of the two samples nor the 

used methods allowed the identification of the fused PAS sequence (Appendix 

Figure-S 21 - Figure-S 26). This could be explained by degradation of the antibody-PAS(9mer)n 

fusions or impurities that interfere with the used method. 

5.3.2.5. Stability of trastuzumab-PAS(9mer)n fusions 

To avoid premature release of cytotoxic compounds during circulation of an ADC, the stability 

of the construct represents an essential factor during the construction process. Indeed, the 

stability of trastuzumab-PAS(9mer)n fusions were the biggest issues to deal with. Degradation 

of engineered antibodies was observed during a single freeze-and-thaw-cycle using liquid 

nitrogen (Appendix Figure-S 27) as well as for storage at 4 °C in PBS pH 7.4 with and without 

protease inhibitor cocktail (Roche). The period of time in which trastuzumab-PAS(9mer)n 

fusions are stable differ from preparation to preparation. Exemplarily, the degradation process 

of the trastuzumab-PAS(9mer)12 was monitored by analytical SEC (4.6.2.3.2) and both proteins 

were analyzed by reducing SDS-PAGE (4.6.14). Whereas intact heavy chain-PAS(9mer)n fusion 

showed a broaden band with an apparent molecular weight of 100 kDa to 190 kDa 

(Figure 19 C), partially degraded constructs showed an additional shift toward lower molecular 

weight, corresponding to the molecular weight of the heavy chain of the wildtype antibody 

(50 kDa) in 15 % SDS-PA gels. Degradation occurred within three days in PBS pH 7.4 at 4 °C 

(Figure 24 A). SEC analysis of the degradation process of trastuzumab-PAS(9mer)12 was 

performed using TSKgel-SuperSW3000 column (TOSHO Bioscience) and the HPLC system 

Agilent 1260 Infinity II. Sodium phosphate pH 6.7 containing NaSO4 and 0.05% NaN3 served 

as mobile phase. Directly after production and purification of the trastuzumab-PAS(9mer)12, 

the protein had a retention time of 10.3 min which shifted towards 13.9 min during the 

degradation process. The latter corresponded to the retention time of the wildtype antibody. 

This time, degradation occurs within 49 days (Figure 24 B). 

 
Figure 24: Investigation of the stability of trastuzumab-PAS(9mer)n by reducing SDS-PAGE (A) and 
trastuzumab-PAS(9mer)12 SEC (B). (A) Partially degraded trastuzumab-PAS(9mer)12 (lane 1), partially degraded 
trastuzumab-PAS(9mer)8 (lane 2) and wildtype trastuzumab (lane 3).M: Broad Range Prestained Protein Standard. 
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Results from SDS-PAGE and SEC analysis indicated that degradation is predominantly specific 

for the fused PAS(9mer)n sequence. Thus, stability issues of the trastuzumab-PAS(9mer)n 

fusions could base on sequence selection and/or enzymatic impurities that possess PAS specific 

proteolytic activities. The lack of secondary structure of the fused PAS scaffold makes it 

vulnerable for protease-mediated degradation, as it has been reported for various unstructured 

proteins.210-213 However, Zvonova et al. showed that fusion of the PAS sequence to a protein has 

a stabilizing effect on the protein. Furthermore, they reported that storage of PASylated proteins 

at -20 °C for 22 months in PBS pH 7.4 is possible without detectable loss of activity or altered 

SEC profiles.246 Thus, sequence specific instability was considered and a published PAS sequence 

was used for further experiments. 

5.4. Trastuzumab-PAS(mTG)20 fusions 
5.4.1. Production and purification 

In support of the hypothesis, stability problems of the trastuzumab-PAS(9mer)n fusions could 

derive from the initially used random PAS(9mer)n sequence, the published and patented PAS 

polypeptide (International publication no. WO 2008/155134)257 was used for further studies. 

To incorporate mTG recognition sequences for ADC generation, most promising 

mTG-recognition sites derived from natural mTG substrates, namely SPI7G and 9mer, were 

introduced into the PAS polypeptide (Figure 26 A). Both constructs contain ten iterations of the 

respective PAS sequence (Figure 25; Appendix Figure-S 28 – Figure-S 30). To exclude the 

possibility of protease cleavage within the mTG-recognition sites leading to previous mentioned 

stability problems, the original PAS sequence lacking any mTG recognition site served as 

control. 

 
Figure 25: Schematic representation of heavy chain fusion of trastuzumab-PASOrg and 
trastuzumab-PAS(mTG)20. 

Recombinant, repetitive PAS sequences were obtained by hybridization and ligation of the 

respective complementary oligonucleotides as previously reported.238 Therefore, 

oligonucleotides were purified by polyacrylamide gel electrophoresis (4.4.7 and 4.4.8), mixed 

with the complementary counterpart, enzymatically phosphorylated and hybridized (4.4.9). 

The DNA-fragments were ligated by the addition of 1 U T4-DNA-ligase (Thermo Fisher) for 

15 min on ice to receive incomplete ligation products. Subsequently, the ligated products were 

separated by 1.5 % (w/v) agarose gel in TAE and the desired base pair length was purified by 

gel extraction (Figure 26 B). As a first step for the generation of the two 

trastuzumab-heavy chain-PAS(mTG)10 fusions and the PASOrg control, cloning of a vector 
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containing a single EcoO109I site was mandatory. Therefore, DNA coding for parts of 

C-terminal constant domain of trastuzumab was amplified via SOE PCR (4.4.3) while removing 

the existing EcoO109I site and addition of DNA sequences for a factor Xa site, EcoO109I site 

and His6-tag at the 3’-end of the coding DNA-strand. Subsequently, the DNA-fragment was 

hydrolyzed by HindIII and BamHI-HF and ligated with pBAD vector that originally did not 

contain an EcoO109I site. The resulting plasmid pBAD-HCTrastu-FactorXa-EcoO190I-H6 was 

hydrolyzed by EcoO109I, enzymatically dephosphorylated (4.4.10) and ligated with the 

respective PAS sequence (4.4.11). All constructs were confirmed by sequencing (Seqlab, 

Göttingen). To generate the final expression vector, pBAD vectors carrying the correct PAS 

variants were hydrolyzed by EcoRV, BamHI-HF and AgeI. Hydrolyzation products were 

separated by 1 % (w/v) agarose gel in TAE and the band with the appropriate size was purified 

via gel extraction (4.4.6). Finally, the DNA-fragments were ligated with the 

pTT5-HCTrastuzumab backbone (Figure 26 C). Sequencing (Seqlab, Göttingen) of the resulting 

plasmids (pTT5-HCTrastuzumab-FXa-PASOrg-H6, pTT5-HCTrastuzumab-FXa-PAS(SPI7G)10-H6 

and pTT5-HCTrastuzumab-FXa-PAS(9mer)10-H6) confirmed the respective DNA sequence. 

 
Figure 26: Oligonucleotide design (A), agarose gel electrophoretic analysis of incomplete ligation reaction 
(B) and cloning strategy for the generation of trastuzumab-PAS(mTG)20 fusions (C). B: GeneRuler 1 kbp DNA 
ladder (M), ligation reaction of PAS(SPI7G) (Lane 1).  

For recombinant protein expression in mammalian hosts, the respective expression vector was 

mixed with the pTT5-LCTrastuzumab-wt and HEK-6E cells were transiently transfected using 
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PEI transfection (4.5.2). After incubation for 120 h at 37 °C in humified 8% CO2 atmosphere, 

cells were removed by centrifugation and soluble proteins of interest in the filtrated supernatant 

were isolated by protein A chromatography using ÄKTA Purification system (4.6.2.2). Produced 

yields varying between 30% and 70% of the wildtype antibody, depending on sequence length 

and composition (PASOrg: 212 aa; PAS(9mer)10: 302 aa; PAS(SPI7G): 312 aa). Reducing 

SDS-PAGE showed an expected band at 25 kDa representing the light chain. Bands representing 

the heavy chain fusions were shifted to molecular weights between 100 kDa to 190 kDa (calc. 

MW: HC-PASOrg 67.2 kDa, HC-PAS(SPI7G)10 76.9 kDa, HC-PAS(9mer)10 76.5 kDa). Again, 

previously mentioned slower electrophoretic mobility of PASylated proteins, resulting from 

reduced SDS binding, was observed (Figure 27 A-D).  

 
Figure 27: Protein affinity chromatography of trastuzumab-PASOrg (A), trastuzumab-PAS(9mer)20 (B), 
trastuzumab-PAS(SPI7G)20 (C) as well as their analysis by reducing SDS-PAGE (D) and western blot to proof 
full-length expression (E). (A-C) Dashed line represents the gradient, whereas the solid line depicts the absorption 
at 280 nm. (D+E) trastuzumab-PASOrg (Lane 1), trastuzumab-PAS(SPI7G)20 (Lane 2), trastuzumab-PAS(9mer)20 
(Lane 3). 

Full-length expression of the trastuzumab-PAS(mTG)20 variants as well as for fusion with the 

PASOrg sequence was investigated by western blot using the C-terminal His6-tag of the fused 

PAS motif. Therefore, samples were separated by a 15% reducing SDS gel and blotted on a 

nitrocellulose membrane (4.6.17 and 4.6.18). Penta His antibody produced in mice (Qiagen) 

was used as primary antibody. An anti-mouse-IgG (whole molecule)-

alkaline phosphatase conjugate (Sigma-Aldrich) served as secondary antibody. Due to 

trastuzumab being a humanized mAb,258 cross reactivity of the anti-mouse antibody was 

excluded by western blot using the wildtype antibody. No signal was achieved for trastuzumab, 

whereas a clear signal was observed for the mouse antibody control (Appendix Figure-S 31). 
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Signals from western blot confirmed the predictions from SDS-PAGE and approved full-length 

expression of each produced antibody-PAS variant (Figure 27 E).  

5.4.2. Characterization of trastuzumab-PAS(mTG)20 variants 
5.4.2.1. Determination of the hydrodynamic volume of trastuzumab-PAS(mTG)20 

The HPLC system Agilent 1260 Infinity II equipped with a TSKgel SuperSW3000 column 

(TOSHO Bioscience) was used to investigate the effect of the PAS-derived and the PASOrg 

sequences on the hydrodynamic volume of the antibody. All fusion proteins elute in a single 

uniform peak with retention times between 10.4 min and 10.6 min. The wildtype antibody 

possessed a retention time of 14.3 min. Interpolation of SEC retention times versus a set of 

proteins standards indicate a 6.5 to 7.6-fold increase in the hydrodynamic volume relative to 

wildtype trastuzumab (Figure 28). The massive increase in the hydrodynamic volume indicated 

that the fused PAS sequences possessed a random coil conformation, as it has been previously 

described.241, 244 

 
Figure 28: Determination of the apparent molecular weight of trastuzumab-PAS(mTG)20 and 
trastuzumab-PASOrg via size exclusion chromatography. Apparent molecular weights are calculated by 
comparison with a set of standard proteins. 

5.4.2.2. Thermal stability of trastuzumab-PASOrg and trastuzumab-PAS(mTG)20 

Thermal stability assay using SYPRO Orange® (4.6.19) was performed in PBS pH 7.4 to exclude 

altered characteristics of the antibody. Melting temperature of trastuzumab-PAS(mTG)20 

variants was determined to be about 69.0 °C to 69.5 °C (Fab) and 79.5 °C (Fc), corresponding 

to the previously measured melting temperature of the parental antibody (Figure 29 and 

Figure 21). None of the fused PAS-derived polypeptides influenced the thermal stability of 

trastuzumab, neither positively nor negatively. Thus, all constructs possessed high thermal 

stability at physiological conditions. The lack of additional transitions further indicated the 

disordered structure of the fused polypeptide.  
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Figure 29: Thermal stability assay using SYPRO Orange® of trastuzumab-PAS(mTG)20 and 
trastuzumab-PASOrg. 100 µg/ml of the respective antibody fusion in PBS pH 7.4 were heated with 0.5 °C/min in 
the presence of SYPRO Orange®. Fluorescence intensity was measured using BioRad 96CFX RT-PCR detection 
system. 

5.4.2.3. Target-specific binding and binding affinity 

The binding properties of the trastuzumab-PASOrg and trastuzumab-PAS(mTG)20 were 

investigated using flow cytometry (4.7.1) and compared to the wildtype trastuzumab. 

Therefore, detached HER2-positive SK-BR-3 cell as well as HER2-negative MDA-MB-468 and 

CHO-K1 cell were treated with 125 nM of the respective antibody variant for 1 h on ice. After 

removal of unbound material, cell surface bound constructs were stained using anti-human-IgG 

(Fab specific)-FITC antibody (goat). As for the parental antibody, strong increase in the 

fluorescence intensity on HER2-positive SK-BR-3 cells was observed for all trastuzumab 

variants, whereas no binding on HER2-negative CHO-K1 or MDA-MB-468 cells was detected 

(Figure 30 A, Appendix Figure-S 32).  

The binding properties were further characterized by determination of the dissociation constant 

(KD) on HER2-positive SK-BR-3 cells and compared to trastuzumab. Therefore, cells were 

titrated with varying concentrations (0.5 nM – 250 nM) of the respective analyte at 4 °C. 

Detection of bound material was performed using an anti-human-IgG (Fab specific)-FITC 

antibody (goat) and flow cytometry (4.7.1). Mean fluorescence was plotted against the 

antibody concentration (Figure 30 B). Determined KD values of the different trastuzumab-PAS 

variants varying between 6.8 nM and 8.8 nM, whereas the KD of the wildtype antibody was 

calculated to be 3.5 nM. In contrast to previously described trastuzumab-PAS(9mer)n variants, 

antibody fusions based on the patented PAS polypeptide showed almost the same binding 

properties as the parental antibody and the KD values are in compliance with published data for 

trastuzumab.256  
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Figure 30: Determination of the binding characteristics of trastuzumab-PAS(mTG)20 and trastuzumab-PASOrg 
using flow cytometry. Target specific binding was investigated using 250 nM of the analyte and HER2-positive 
SK-BR-3 and HER2-negative MDA-MB-468 cells (A). The dissociation constant was determined by titration of 
SK-BR-3 cells with varying concentrations of the respective antibody. The mean fluorescence was plotted against the 
concentration and GraphPad Prism was used to calculate KD values (B).  

5.4.2.4. mTG-mediated modification of trastuzumab-PAS(mTG)20 

The labeling efficacy of mTG-catalysis using trastuzumab-PAS(mTG)20 fusions as acyl donor 

substrates, was tested with N-(biotinyl)-cadaverine as model payload. 1 µM of the antibody 

fusions were mixed with the payload and 0.15 µM mTG (S. mobaraensis). Samples were 

incubated at 37 °C for 16 h and analyzed using 15% SDS-PAGE and protein blot onto 

nitrocellulose membrane (4.6.17 and 4.6.18). Biotinylated protein bands were visualized using 

streptavidin-alkaline phosphatase conjugate (Sigma Aldrich).  

As expected, mTG-mediated modification did not occur for trastuzumab-PASOrg and both 

trastuzumab-PAS(mTG)20 were labeled solely on the heavy chain-PAS(mTG)20 fusion. The 

antibody-PASOrg control confirmed that trastuzumab is not a transglutaminase substrate as 

well as that fusion of the PAS sequence itself did not alter the structure of the antibody, which 

could lead to exposure of additional glutamine and lysine residues. Furthermore, it was 

concluded that site-specific conjugation occurred within the introduced mTG-recognition 

motifs. Multiple bands with lower apparent molecular weight were labeled and assigned to 

degradation products (Figure 31 A). 
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Figure 31: mTG-mediated functionalization of trastuzumab-PAS(mTG)20. (A) Analysis of the reaction product 
by SDS-PAGE and western blot using nitrocellulose membrane. M: Blue Prestained Protein Standard. mTG-mediated 
biotinylation of trastuzumab-PASOrg (Lane 1), trastuzumab-PAS(SPI7G)20 (Lane 2) and trastuzumab-PAS(9mer)20 
(Lane 3). (B) Quantitative comparison of the mTG-reactivity with trastuzumab-SPI7G via western blot using PVDF 
membrane. mTG-mediated biotinylation of trastuzumab-PAS(9mer)20 (left), trastuzumab-PASOrg and 
trastuzumab-PAS(SPI7G)20 (right). M: Blue Prestained Protein Standard. Enzyme-mediated biotinylation of 
trastuzumab-PAS(9mer)20 after storage over 37 days (Lane 1), 17 days (Lane 2) and 3 days (Lane 3) at 4 °C. 
Biotinylation of trastuzumab-SPI7G (Lane 4). (Right) mTG-mediated labeling of trastuzumab-PASOrg stored for 37 
days (Lane 5), 17 days (Lane 6) and 3 days (Lane 7) at 4 °C. mTG-mediated modification of 
trastuzumab-PAS(SPI7G)20 after storing at 37 days (Lane 8), 17 days (Lane 9) and 3 days (Lane 10). Biotinylation 
of trastuzumab-SPI7G (Lane 11). 

Reaction efficacy for both mTG-substrates was further investigated by comparison with 

trastuzumab-SPI7G, providing a single mTG-motif per heavy chain. Therefore, mTG-mediated 

biotinylation was performed as described using different preparations of each fusion protein. 

Samples were separated by 15% reducing SDS-PAGE and blotted onto PVDF membrane (4.6.17 

and 4.6.18). Fluorescent IRDye® 800CW streptavidin conjugate in combination with Odyssey® 

Sa Infrared Imaging System was used for visualization and quantification of biotinylated protein 

bands. Signals resulting from biotinylation of trastuzumab-SPI7G were defined as 100% 

conversion, representing value one. Signals measured for trastuzumab-PAS(9mer)20 correspond 

to a relative biotinylation of 0.8 to 1.2. A relative biotinylation of 0.7 to 1.3 was observed for 

trastuzumab-PAS(SPI7G)20. Furthermore, storage time prior to mTG-mediated conjugation 

seemed to influence the achievable biotinylation grade (Figure 31 B). Both constructs were far 

from the expected value of 10. This could be either explained by the detection limit of the used 

method, observed degradation products that decreases the detected product or steric hindrance 

of mTG that lead to poor formation of the desired reaction product. 

Substrate properties of both trastuzumab-PAS(mTG)20 were further investigated by kinetic 

studies. Therefore, 0.5 µM of the respective antibody was mixed with N-(biotinyl)-cadaverine 
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and 1/60 mol equivalents per conjugation site of mTG. Reduced enzyme concentration was 

necessary for precise monitoring of the reaction. Samples were incubated at 37 °C. Aliquots 

were collected after different time intervals and separated by 15% reducing SDS-PAGE and 

blotted onto PVDF membrane (4.6.17 and 4.6.18). Analysis of biotinylated protein bands was 

performed using fluorescent IRDye® 800CW streptavidin conjugate in combination with the 

Odyssey® Sa Infrared Imaging System. The overnight reaction of trastuzumab-SPI7G was 

defined as 100% biotinylation. Under the described conditions, trastuzumab-SPI7G reached 

93% conversion after 30 min and 100% after 60 min. Notably, both trastuzumab-PAS(mTG)20 

possessed more than the doubled value after 6 min. Biotinylation of both constructs stagnated 

by almost 2.9-fold higher relative biotinylation compared to the control. Again, 

enzyme-mediated biotinylation of trastuzumab-PAS(mTG)20 constructs with subsequent 

analysis via western blot revealed degradation of both antibody fusions, that slightly increases 

during incubation time at 37 °C (Figure 32). As faster reaction kinetics were shown for both 

constructs, degradation seemed to be a reason for unexpected low reaction yields after 

overnight incubation at 37 °C. Furthermore, a shielding effect of the unstructured polypeptide 

could prevent mTG-mediated conjugation reaction. Shielding effects of unstructured polymers 

has been previously described in the context of proteolytic degradation.183, 185 As mTG is 

considered to behave similar to a protease,102 this shielding effect could prevent some 

introduced mTG-recognition sites from modification.  

 
Figure 32: Kinetics of mTG-mediated biotinylation of trastuzumab-SPI7G and trastuzumab-PAS(mTG)20. 
Antibodies were incubated in the presence of N-(biotinyl)-cadaverine and mTG at 37 °C. Aliquots of different 
incubation times were visualized via reducing SDS-PAGE and blotted onto PVDF membrane. Biotinylated protein 
bands were visualized using fluorescent IRDye® 800CW streptavidin conjugate in combination with the Odyssey® Sa 
Infrared Imaging System (A). The biotinylation degree was normalized to the overnight reaction of 
trastuzumab-SPI7G and plotted against the time (B).  

Attempts to determine the CAR using mass spectrometry failed (executing person: Jennifer 

Schanz, Merck KGaA Darmstadt). Whereas the light chain of each construct was confirmed by 
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LC-MS, peaks appearing in the reverse-phase HPLC diagram assigned to the respective heavy 

chain fusion did not possess the desired masses (Appendix Figure-S 33 – Figure-S 35). To 

exclude the possibility of altered glycosylation pattern that would hamper the analysis, 

aglycosylated trastuzumab-PASOrg and trastuzumab-PAS(mTG)20 were cloned and produced, 

but detection of the desired masses of heavy chain-PAS fusions by LC-MS analysis was still not 

possible (data not shown). Notably, incapability to detect the calculated mass can also result 

from degradation of the proteins, that was observed in western blot analysis (Figure 31 and 

Figure 32 A). 

5.4.2.5. Stability of trastuzumab-PAS(mTG)20 

As previously observed for the random PAS(9mer)n sequence, stability of PAS-derived fusions 

was one of the major issues to deal with. Western blot analysis after mTG-mediated conjugation 

showed multiple bands appearing between 55 kDa and 100 kDa, whereas coomassie stained 

SDS-PA gel showed no degradation products (Figure 31 A). Silver stained SDS-PA gel also 

showed multiple appearing bands below 100 kDa, confirming the observed degradation of the 

fusion proteins. However, trastuzumab-PAS(9mer)20 appeared to be the most vulnerable 

construct, followed by trastuzumab-PAS(SPI7G)20 and trastuzumab-PASOrg (Figure 33 A). 

Again, this is explainable by instability of the constructs themselves or protease impurities 

within the preparation. Furthermore, varying impurities of PAS-specific proteases could explain 

preparation-depended stability of trastuzumab-PAS constructs.  

 
Figure 33: Investigation of the stability of trastuzumab-PASOrg and trastuzumab-PAS(mTG)20 using 
SDS-PAGE. (A) Silver staining of purified trastuzumab-PAS fusions. M: Blue Prestained Protein Standard 
(11-190 kDa). Lane 1: Trastuzumab-PASOrg. Lane 2: Trastuzumab-PAS(SPI7G)20. Lane 3: 
Trastuzumab-PAS(9mer)20. (B) Coomassie stained SDS gels after storage of 0 to 8 days of purified 
trastuzumab-PASOrg (1), trastuzumab-PAS(SPI7G)20 (2) and trastuzumab-PAS(SPI7G)20 (3) at 4 °C in PBS pH 7.4 
containing 0.02% sodium azid. M: Blue Prestained Protein Standard (11-190 kDa). 



 

100 

 

Instability of the PAS sequence has been previously observed and was associated with protease 

activity. The working group around Prof. Dr. Skerra found water germs, like pseudomonas 

species, within their preparation. They hypothesized that these water germs secrete proteases 

that were responsible for PAS-specific degradation. Even if the responsible enzyme remains 

unclear, they were able to solve the problem by using sodium azide, EDTA and aldrithiol 

(personal communication). 

Indeed, cleaning of the ÄKTA Purification System and storage of the system in 0.02% sodium 

azide as well as the usage of new HiTrap protein A columns (GE Healthcare) and modified 

buffer system seemed to solve stability problems for the original, patented PAS sequence. 

Nevertheless, trastuzumab-PAS(mTG)20 still suffered from instability, as degradation of 

trastuzumab-PAS(9mer)20 was observed within three days during storage at 4 °C in PBS pH 7.4 

and trastuzumab-PAS(SPI7G)20 degrades within eight days under the same conditions 

(Figure 33 B). Hence, degradation of the desired PAS polypeptides was mainly attributed to 

proteases that cleaves within the introduced mTG-recognition sequences. Within all antibody 

preparations, fastest degradation was observed for trastuzumab-PAS(9mer)20 compared to the 

SPI7G-bearing construct (data not shown). 

Since insufficient mTG-mediated conjugation of trastuzumab-PAS(mTG)20 as well as instability 

of the fusion proteins were observed, the usage of an alternative conjugation strategy (e.g. 

unnatural amino acids76) could enable higher conversion and replace the sequence potentially 

responsible for proteolytic degradation.  

5.4.2.6. Serum stability of trastuzumab-PAS(mTG)20 

Serum stability of an ADC is essential to prevent premature release of the cytotoxic cargo. Even 

if labeling efficacy of engineered trastuzumab fusions was not sufficient and therefore needed 

to be optimized, serum stability of the constructs was investigated. Hence, 3 µM of the 

respective antibody was incubated in human serum at 37 °C for three days. Samples were 

collected after 0 h, 24 h, 48 h and 72 h. Protein bands were separated by 15% reducing 

SDS-PAGE and blotted onto PVDF membrane (4.6.17 and 4.6.18). The C-terminal His6-tag was 

detected using anti-His pAb (Rabbit, Carl Roth GmbH) and fluorescent IRDye® 800CW Goat 

anti-Rabbit in combination with the Odyssey® Sa Infrared Imaging System. After 72 h at 37 °C, 

trastuzumab-PAS variants showed sufficient recovery of at least > 65%, that is comparable to 

characterized-as-stable LLQG-bearing trastuzumab (Figure 34; Appendix Figure-S 17). 

Interestingly, degradation of trastuzumab-PAS(SPI7G)20 was not observed. Sufficient serum 

stability of the generally-characterized-as-relatively-unstable trastuzumab-PAS(mTG)20 could 

be explained by the high amount of serum albumin and other proteins within the serum, hence 

stabilizing the protein of interest by blocking proteases. 
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Figure 34: In vitro serum stability of trastuzumab-PASOrg and trastuzumab-PAS(mTG)20. Samples were diluted 
in human serum and incubated at 37 °C over three days. Aliquots were collected after 0 h, 24 h, 48 h and 72 h, 
separated by 15% reducing SDS-PAGE and blotted onto PVDF membrane. Biotinylated protein bands were visualized 
using fluorescently labelled streptavidin (A). The fluorescence intensity of each line was normalized to the signal of 
the sample at day 0, which was defined as 100% of the respective antibody (B). M: Blue Prestained Protein Standard. 

5.5. Trastuzumab-IUP fusions 
5.5.1. Sequence selection 

Many proteins in nature show disordered structures, ranging from unstructured areas to fully 

disordered proteins.208-209 These sequences can fulfill the conditions for scaffolds mandatory for 

site-specific, enzyme-mediated toxin ligation in the ADC development. Especially for the usage 

of mTG, unstructured scaffolds provide the flexibility that has a positive impact on 

mTG-catalysis.102 In order to find stable disordered sequences for fusion with an antibody that 

allows site-specific toxin ligation via mTG, different proteins were chosen from DisProt 

(Database of protein disorder)259 and their disordered sequences were graded by the isoelectric 

point and the number of potential mTG-recognition sites, namely the number of glutamine and 

lysine residues. Furthermore, cysteine was excluded or substituted by alanine to prevent 

incorrect disulfide bridging during the folding process of the antibody. Sequences with a 

calculated pI < 5.0 were rejected, due to mTG is unlikely to accept highly negatively charged 

substrates.91, 103 Moreover, mTG-mediated cross-linking was avoided by rejecting sequences 

containing both lysine as well as glutamine residues, unless one of the substrate amino acids 

can be removed by sequence shortening. Under these assumptions four sequences were selected 

as potential scaffolds containing two to five putative mTG-recognition motifs and a calculated 

pI between 6.6 and 10.9 (Table 11; amino acid sequences are depicted in the appendix, 

Figure-S 36 – Figure-S 39). Human-derived sequences were chosen to avoid immunogenic 

reactions after repeated treatment. 
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Table 11: Disordered sequences with human origin selected from DisProt. Name, DisProt number as well as the 
chosen region of the respective protein, its calculated pI and the number of relevant amino acids are indicated. 

 

5.5.2. Production und purification 

Selected sequences were ordered as synthetic GeneStrand (Eurofins Genomics, Ebersberg) 

optimized for the expression in mammalian host. To simplify cloning of the antibody fusions, 

sequences were elongated with the DNA sequence coding for parts of the C-terminal constant 

domain of trastuzumab at the 5’-end and His6-coding sequence at the 3’-end of the coding 

DNA-strand (Figure 35). 

 
Figure 35: Simplified scheme of the ordered IUP sequences.  

Codon optimized gene fragments were amplified using standard PCR techniques (4.4.2). 

Subsequently, the products were hydrolyzed using EcoRV-HF and BamHI-HF and ligated with 

pTT5-HCTrastuzumab (4.4.4 and 4.4.11). All obtained plasmids were confirmed by sequencing 

(Seqlab, Göttingen). For recombinant protein expression, the respective plasmid was mixed 

with pTT5-LC-Trastuzumab-wt and Expi293F cells were transiently transfected using PEI 

transfection method (4.5.2). After 120 h at 37 °C in humified 8% CO2 atmosphere, cells were 

removed via centrifugation and the filtrated supernatant was loaded onto HiTrap Protein A 

column using ÄKTA Purification System (4.6.2.2). Except of trastuzumab-Neurogenin, each 

trastuzumab-IUP was producible in varying yields between 26% and 73% of the wildtype 

antibody. Obtained product yields correlated with the sequence length: the longer the 

unstructured sequence, the lower the yield obtained. Bands appearing in SDS-PAGE at 25 kDa 

represented the light chain, bands at higher molecular weight were assigned to the heavy 

chain-IUP fusions. The protein band of heavy chain-Neurogenin ran faster than expected from 

the calculated molecular weight (Figure 36 A-E).  

C-terminal His6-tag was used to check full-length expression of trastuzumab-IUPs. Therefore, 

samples were separated by 15% reducing SDS-PAGE (4.6.14) and blotted onto nitrocellulose 

membrane (4.6.17 and 4.6.18). His6-bearing protein bands were visualized using penta-His 

antibody (Qiagen) and anti-Mouse IgG (whole molecule)-alkaline phosphatase antibody 

produced in goat (Sigma Aldrich). Strong signals were obtained for heavy chains of 

trastuzumab-EIF4EBP1, -RXR and -Neuroligin (Figure 36 F). 
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Low to no protein expression of trastuzumab-Neurogenin was not surprising, as recombinant 

overexpression of Neurogenin-1 (90-150) in several E. coli strains were shown to be impossible, 

even in the presence of protease inhibitors. Aguado-Llera et al. observed lower apparent 

molecular weight in SDS-PAGE and were not able to identify the calculated mass using mass 

spectrometry.212 Hence, optimization of the production conditions was not performed and 

trastuzumab-Neurogenin was rejected for further studies. 

 
Figure 36: Chromatographic purification of trastuzumab-EIF4EBP1 (A), -RXR (B), -Neurogenin (C) 
and -Neuroligin (D). Dashed lines represent the utilized gradient, whereas solid lines represent the absorption at 
280 nm. Full-length expression was analyzed by 15% reducing SDS-PAGE (E) and western blot using anti-His 
antibody (F). (E+F) Lane 1: Trastuzumab-EIF4EBP1. Lane 2: Trastuzumab-RXR. Lane 3: Trastuzumab-Neurogenin. 
Line 4: Trastuzumab-Neuroligin. 

5.5.3. Characterization of trastuzumab-IUP fusions 
5.5.3.1. Determination of the hydrodynamic volume of trastuzumab-IUP constructs 

SEC analysis using TSKgel SuperSW3000 column (TOSHO Bioscience) and Agilent 1260 

Infinity II was performed to investigate the impact of the fused IUP sequence on the 

hydrodynamic volume of the antibody and to exclude aggregation of the proteins (4.6.2.3.2). 

Each trastuzumab-IUP eluted in a single peak, but in contrast to the wildtype antibody peak 

tailing of the trastuzumab-IUPs was observable, which can indicate degradation. Aggregation 
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of the antibody fusions was not detected. Elution volumes of 11.3 min were observed for 

trastuzumab-RXR and -Neuroligin, whereas trastuzumab-EIF4EBP1 bearing the smallest fused 

sequence eluted after 12.2 min. The parental antibody showed a retention time of 14.3 min. 

Comparison of the apparent molecular weights that are calculated from interpolation of SEC 

retention times versus a set of standard proteins, showed a 3- to 4.6-fold increase in the 

hydrodynamic volume compared to trastuzumab (Figure 37). The increase in the hydrodynamic 

volume indicates disordered structure of the fused IUP sequences. 

 
Figure 37: Calculation of the apparent molecular weight of trastuzumab-IUPs using SEC. Apparent molecular 
weights are calculated by comparison with a set of standard proteins. 

5.5.3.2. Thermal stability of trastuzumab-IUP fusions 

Thermal stability of the antibody-IUP fusions was determined using SYPRO Orange® (4.6.19). 

The melting temperature (Tm) of all trastuzumab-IUP fusions was found to be 69.0 °C (Fab) and 

79 °C (Fc) corresponding to the parental antibody itself. As expected, thermal stability of the 

antibody was not influenced by the unstructured sequence of IUPs. Hence, their high thermal 

stability is beneficial for the development of ADCs possessing high DARs (Figure 38). 
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Figure 38: Thermal stability assay of trastuzumab-IUPs using SYPRO Orange®. 100 µg/ml of the respective 
antibody fusion in PBS pH 7.4 were heated with 0.5 °C/min in the presence of SYPRO Orange®. Fluorescence 
intensity was measured using BioRad 96CFX RT-PCR detection system. 

5.5.3.3. Serum stability of trastuzumab-EIF4EBP1 and trastuzumab-Neuroligin 

Stability of trastuzumab-EI4EBP1 and trastuzumab-Neuroligin in human serum was determined 

using 3 µM of the respective antibody (4.6.20). Samples were analyzed via 15% reducing 

SDS-PAGE (4.6.14) and western blot using PVDF membrane (4.6.17 and 4.6.18). The 

C-terminal His6-tag was detected by anti-His pAb (Rabbit, Carl Roth GmbH) and a fluorescent 

IRDye® 800CW Goat anti-Rabbit. Visualization and quantification of His6-bearing protein bands 

were performed using Odyssey® Sa Infrared Imaging System. At least 69% of 

trastuzumab-EIF4EBP1 remained intact after 72 h at 37 °C in human serum. Notably, 

degradation of trastuzumab-Neuroligin was not observed (Figure 39). 

 
Figure 39: In vitro serum stability of trastuzumab-PASOrg and trastuzumab-PAS(mTG)20. Samples were diluted 
in human serum and incubated at 37 °C over three days. Aliquots were collected after 0 h, 24 h, 48 h and 72 h, 
separated by 15% reducing SDS-PAGE and blotted onto PVDF membrane. His6-bearing protein bands were visualized 
using anti-His pAb (Rabbit, Carl Roth GmbH) and a fluorescent IRDye® 800CW Goat anti-Rabbit (A). The 
fluorescence intensity of each line was normalized to the signal of the sample at day 0, which was defined as 100% 
of the respective antibody (B). M: Blue Prestained Protein Standard (11-190 kDa). 
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5.5.3.4. Enzyme-mediated modification 

The linchpin of the entire project was sufficient mTG-mediated conjugation of 

trastuzumab-IUPs. Nebulous substrate specificity of the enzyme complicates precise prediction 

of glutamine or lysine residues within varying sequences as substrates. Hence, substrate 

properties of trastuzumab-IUPs were tested in an overnight reaction. 1 µM of the respective 

antibody fusion was mixed with 60 mol equivalents N-(biotinyl)-cadaverine and 0.15 µM mTG 

(S. mobaraensis). After incubation at 37 °C for 16 h, samples were analyzed by SDS-PAGE 

(4.6.14) and protein blot (4.6.17 and 4.6.18). Selective biotinylation of the heavy chain-IUP 

fusions was observed, whereas the wildtype antibody remained unlabeled. Interestingly, 

trastuzumab-RXR, containing three potential mTG recognition sites per heavy chain fusion, 

showed almost no labeling signal. Poor labeling of trastuzumab-RXR led to the assumption that 

the three glutamine residues within the sequence were no or poor mTG-substrates, making this 

construct useless for the chosen approach. As expected, trastuzumab-Neuroligin, containing ten 

putative reactive glutamine residues per antibody fusion, showed the highest signal. 

Interestingly, a smaller band appearing with an apparent molecular weight of 58 kDa was also 

labeled. This labeled band possibly represented the heavy chain bearing partly degraded IUP 

sequence, that still possessed reactive glutamine residues (Figure 40 A).  

To further characterize the mTG-reactivity of trastuzumab-IUPs, kinetic studies were performed 

as previously described (4.6.8). In brief, 0.5 µM of the respective antibody was incubated at 

37 °C in the presence of 60 mol equivalents N-(biotinyl)-cadaverine and 1/60 mol equivalents 

per conjugation site of mTG. After different time intervals, aliquots were collected, separated 

by 15% reducing SDS-PAGE (4.6.14) and blotted onto PVDF membrane (4.6.17 and 4.6.18). 

Analysis was performed using fluorescent IRDye® 800CW streptavidin conjugate in combination 

with the Odyssey® Sa Infrared Imaging System. Signals obtained from the overnight reaction of 

trastuzumab-SPI7G were defined as 100% conversion. Relative to the control, 

trastuzumab-Neuroligin showed slightly improved mTG-reactivity with almost 1.5-fold increase 

in the final product formation, whereas for trastuzumab-EIF4EBP1 slower reaction kinetic was 

observed. After 16 h, almost half of the signal was obtained for trastuzumab-EIF4EBP1 

compared with the control antibody, indicating conjugation of a single payload per antibody 

(Figure 40 B). 1.5-fold increased product formation of trastuzumab-Neuroligin correspond to a 

DAR of 3, thus significantly lower than the expected maximum DAR of 10.  
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Figure 40: Investigation of the mTG-reactivity of trastuzumab-EIF4EBP1, -RXR and -Neuroligin. (A) 
mTG-mediated labelling reaction of trastuzumab-IUP variants in an overnight reaction, SDS-PAGE (left) and western 
blot (right). M: Blue Prestained Protein Standard (11-190 kDa). Lane 1: Trastuzumab-EIF4EBP1. Lane 2: 
Trastuzumab-RXR. Lane 3: Trastuzumab-Neuroligin. (B) Kinetic studies of mTG-mediated biotinylation of 
trastuzumab-EIF4EBP1 and trastuzumab-Neuroligin compared to trastuzumab-SPI7G. The antibodies were 
incubated in the presence of N-(biotinyl)-cadaverine and mTG at 37 °C. Aliquots were visualized after different 
incubation times via reducing SDS-PAGE and western blot analysis using fluorescent IRDye® 800CW streptavidin 
conjugate in combination with the Odyssey® Sa Infrared Imaging System (left). The biotinylation degree was 
normalized to the overnight reaction of trastuzumab-SPI7G and plotted against the time (right). 

Affirmation of these data by mass spectrometry was not possible. Again, the light chain of each 

construct was confirmed, whereas the calculated mass of the respective heavy chain fusion was 

not detected (executing person: Jennifer Schanz, Merck KGaA Darmstadt, data not shown). 

 
Figure 41: Purification of trastuzumab-EIF4EBP1 via IMAC. (A) Chromatogram of the IMAC purification. Dashed 
line shows the gradient. The solid line represents the absorption at 280 nm. (B) Analysis of collected fractions by 
15% reducing SDS gel. M: Blue Prestained Protein Standard. L: Load onto HisTrap HP column. 
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This was assigned to impurities of the protein solution after protein A affinity chromatography. 

Indeed, lower protein load on SDS-PAGE led the band, previously identified as heavy chain-IUP 

fusion, appeared as a double band. The lower band was assigned to a degradation product. 

Using the C-terminal His6-tag of the fusion protein, these putative shortened species should be 

removable by IMAC using HisTrap HP column and ÄKTA Purification System (GE Healthcare) 

(4.6.2.1). IMAC separation was performed for trastuzumab-EIF4EBP1 which was achievable in 

highest yields. The obtained separation of both species resulted rather from size exclusion effect 

of the used column than from different binding affinity on resin (Figure 41). Nevertheless, 

fractions 7 and 12 were analyzed using mass spectrometry, showing the highest purity of each 

species. Identification of the heavy chain fusion using LC-MS was only possible for fraction 12 

containing the smaller species. Interestingly, the identified heavy chain fusion was 

aglycosylated (Appendix; Figure-S 41 and Figure-S 42). Thus, it was concluded that fused 

sequences could have significant impact on the glycosylation pattern. Hence, aglycosylated 

antibody-IUP fusions were cloned and purified via protein A chromatography (data not shown). 

However, detection of the calculated masses by LC-MS analysis was also not possible for 

aglycosylated trastuzumab-IUPs. Alternatively, posttranslational modification of the IUP 

sequence could interfere with LC-MS analysis. For example, these IUPs are naturally regulated 

by phosphorylation, that occurs within the used sequence area.260-261 Nevertheless, the 

calculated masses of posttranslational modified trastuzumab-IUPs were not observed either. 

5.5.3.5. Target-specific and binding affinity of trastuzumab-IUPs 

Flow cytometry was used to characterize the binding characteristics of trastuzumab-IUPs. In 

brief, detached HER2-positive and -negative cells were incubated with 250 nM of the respective 

analyte for 1 h on ice. After removing the unbound material by several washing steps, 

surface-bound material was stained using anti-human-IgG (Fab specific)-FITC antibody (goat) 

(4.7.1). Strong binding to HER2-positive SK-BR-3 cells was observed for all fusion proteins. No 

change in the fluorescence intensity of HER2-negative MDA-MB-468 or CHO-K1 cells was 

observed after treatment with trastuzumab-EIF4EBP1 or trastuzumab-RXR, but slight increased 

fluorescence intensity for cells treated with trastuzumab-Neuroligin was detected (Figure 42 A; 

Appendix Figure-S 40). Minor binding of trastuzumab-Neuroligin to both HER2-negative cell 

lines was assigned to the fused unstructured sequence, since none of the other constructs nor 

the wildtype antibody showed unspecific binding. However, minor off-target binding did not 

necessarily lead to direct exclusion of the construct, but should be kept in mind during 

potentially following experiments.  

Due to poor labeling efficacy of trastuzumab-RXR (shown in Figure 40 B), the dissociation 

constant on HER2-positive SK-BR3 was determined solely for trastuzumab-EIF4EBP1 and 
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trastuzumab-Neuroligin. SK-BR-3 cells were incubated with the two different antibody fusions 

(0.5 nM-250 nM), bound material was stained as before and analyzed by flow cytometry 

(4.7.1). Finally, the mean fluorescence intensities were plotted against the antibody 

concentrations (Figure 42 B). Fitting the curve resulted in KD-values of 2.5 nM and 4.1 nM for 

trastuzumab-EIF4EBP1 and trastuzumab-Neuroligin, respectively, all within the same range 

published for trastuzumab.256 

 
Figure 42: Determination of the binding properties of trastuzumab-IUPs using flow cytometry. Target specific 
binding was investigated using 250 nM of the analyte and HER2-positive SK-BR-3 and HER2-negative MDA-MB-468 
cells (A). The dissociation constant was determined by titration of SK-BR-3 cells with varying concentrations of the 
respective antibody. The mean fluorescence was plotted against the concentration and GraphPad Prism was used to 
calculate KD values (B).  

5.6. Trastuzumab-LC-EIF4EBP1 
5.6.1. Production and purification 

Since heavy chain fusions with sequence areas from IUPs ruled out some constructs, EIF4EBP1 

sequence, even if possessing poor mTG-reactivity, should be further investigated as light chain 

fusion. Beside the smallest size of the sequence, mass spectrometry has been successfully 

performed and unspecific binding mediated by the EIF4EBP1 sequence was not observed. Two 

versions of light chain fusions were cloned using SOE PCR (4.4.3). In the first construct, 

EIF4EBP1 sequence was fused directly with the C-terminus of the light chain (LCwt-EIF4EBP1), 

whereas a second variant contained a (G3S)3-spacer between both sequences 
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(LC(GS)-EIF4EBP1). Both constructs were ligated into pTT5 expression vector and the correct 

sequences were confirmed by sequencing (Seqlab, Göttingen). 

Mammalian Expi293F cells were transiently transfected using PEI transfection method (4.5.2). 

After 120 h at 37 °C in humified 8% CO2 atmosphere, cells were removed and the proteins were 

isolated from the supernatant by protein A affinity chromatography (4.6.2.2). Both antibody 

fusions were producible in comparable yields of 50% of the wildtype antibody (Figure 43 A-C). 

Reducing SDS-PAGE (4.6.14) revealed two major bands with apparent molecular weights of 

30 kDa and 40-46 kDa that were assigned to the respective light chain-EIF4EBP1 fusion and 

full-length expression was confirmed by western blot using C-terminal His6-tag (4.6.17 and 

4.6.18; Figure 43 C, D). 

 
Figure 43: Analysis of chromatographic purification of trastuzumab-LCwt-EIF4EBP1 (A) and 
trastuzumab-LC(GS)-EIF4EPB1 (B). Solid line: Absorption at 280 nm. Dashed line: Gradient. 15% reducing 
SDS-PAGE of purified antibodies (C) and anti-His western blot (D). M: Blue Prestained Protein Standard. Lane 1: 
Trastuzumab-LCwt-EIF4EBP1. Lane 2: Trastuzumab-LC(GS)-EIF4EBP1. 

LC-MS analysis of both samples under reducing conditions confirmed both, the glycosylated 

heavy chain and the light chain-EIF4EBP1 fusions (Table 12; executing person: Jennifer Schanz, 

Merck KGaA Darmstadt; raw data: Appendix Figure-S 43 - Figure-S 46).  

Table 12: Comparison of calculated and measured molecular weight of trastuzumab-LCwt-EIF4EBP1 and 
trastuzumab-LC(GS)-EIF4EBP1. Antibodies were reduced prior to LC-MS analysis. 
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5.6.2. Characterization of the light chain variants 
5.6.2.1. Target-specific binding and binding characteristics 

Fused sequences, that possess high hydrodynamic volume, on the C-terminus of the light chain 

of an antibody create the risk of impaired binding properties provoked by a shielding effect of 

the fused sequence. Binding characteristics of both light chain fusions were investigated using 

detached HER2-positive SK-BR-3 cells and HER2-negative CHO-K1 cells in combination with 

flow cytometry as previously described for heavy chain fusions (4.7.1). Strong increase in the 

fluorescence intensity was observed for HER2-positive cells treated with any light chain fusion, 

whereas for HER2-negative cells no change in the fluorescence intensity was detected 

(Figure 44 A). Hence, both constructs showed target-specific binding on cells. To determine the 

dissociation constant, SK-BR-3 cells were treated with varying concentrations of the respective 

analyte prior to staining with anti-human-IgG (Fab specific)-FITC antibody (goat) and analysis 

by flow cytometry (4.7.1). Mean fluorescence intensities were plotted against the antibody 

concentration. Wildtype trastuzumab served as control. KD-values of 3.7 nM and 3.9 nM were 

determined for trastuzumab-LCwt-EIF4EBP1 and trastuzumab-LC(GS)-EIF4EBP1, respectively. 

These KD-values are indistinguishable from the wildtype antibody, for which a KD of 3.4 nM was 

determined (Figure 44 B). 

 
Figure 44: Binding characteristics of trastuzumab-LCwt-EIF4EBP1 and trastuzumab-LC(GS)-EIF4EBP1 
determined by flow cytometry. Target specific binding was investigated using 250 nM of the analyte and HER2-
positive SK-BR-3 and HER2-negative CHO-K1 cells (A). The dissociation constant was determined by titration of 
SK-BR-3 cells with varying concentrations of the respective antibody. The mean fluorescence was plotted against the 
concentration and GraphPad Prism 5 was used to calculate KD values (B). 
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5.6.2.2. mTG-mediated labeling of trastuzumab-LC-EIF4EBP1 fusions 

As the heavy chain equivalent, trastuzumab-EIF4EBP1, possessed poor labeling efficacy with a 

single payload per antibody after 16 h reaction at 37 °C, trastuzumab-LCwt-EIF4EBP1 and 

trastuzumab-LC(GS)-EIF4EBP1 were also investigated according to their mTG-reactivity. 

Therefore, 1 µM of the respective antibody was mixed with N-(biotinyl)-cadaverine and mTG 

(4.6.8). Samples were analyzed after 16 h at 37 °C via reducing 15% SDS-PAGE (4.6.14) and 

western blot analysis (4.6.17 and 4.6.18). Biotinylated protein bands were visualized using 

fluorescently IRDye® 800CW streptavidin conjugate and Odyssey® Sa Infrared Imaging System.  

 
Figure 45: Comparison of mTG-substrate properties of trastuzumab-LCwt-EIF4EBP1 and 
trastuzumab-LC(GS)-EIF4EBP1 with trastuzumab-SPI7G. Antibodies were incubated in the presence of 
N-(biotinyl)-cadaverine and mTG at 37 °C for 16 h. Aliquots were separated by 15% reducing SDS-PAGE and 
analyzed by western blot using fluorescent IRDye® 800CW streptavidin conjugate and the Odyssey® Sa Infrared 
Imaging System. The final biotinylation was normalized to the overnight reaction of trastuzumab-SPI7G. M: Blue 
Prestained Protein Standard. mTG-mediated biotinylation of trastuzumab-LCwt-EIF4EBP1 (Lane 1), 
trastuzumab-LC(GS)-EIF4EBP1 (Lane 2) and trastuzumab-SPI7G (Lane 3). 

Relative to trastuzumab-SPI7G, comparable signals were obtained for 

trastuzumab-LC(GS)-EIF4EBP1, whereas trastuzumab-LCwt-EIF4EBP1 showed half of the 

signal intensity (Figure 45). LC-MS analysis of the reaction products confirmed low CARs of 

0.59 and 1.27 for trastuzumab-LCwt-EIF4EBP1 and trastuzumab-LC(GS)-EIF4EBP1, 

respectively (Table 13, raw data: Appendix Figure-S 47 – Figure-S 50). Hence, steric hindrance 

seemed to be one problem, but furthermore, one of the two glutamine residues within the fused 

sequence appeared to be no mTG substrate.  
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Table 13: Comparison of calculated and observed molecular weight by LC-MS analysis of biotinylated 
trastuzumab-LCwt-EIF4EBP1 and trastuzumab-LC(GS)-EIF4EBP1. Antibodies were reduced prior to LC-MS 
analysis.  

 

5.6.2.3. Peptide-based assay 

To further investigate the substrate properties of the used EIF4EBP1 sequence, two 

heptapeptides containing the respective glutamine residue were synthesized by 

microwave-assisted solid phase peptide synthesis (4.8.1). Prior to cleavage from resin, the 

peptides were acetylated (4.8.2) to shield the charge of the N-terminus. Peptides were analyzed 

by PR-HPLC (4.8.4) and the calculated masses were confirmed using LC-MS (4.8.5, Appendix 

Figure-S 51 – Figure-S 54). 

Subsequently, acetylated peptides were incubated in the presence of mTG and 

N-(biotinyl)-cadaverine at 37 °C (4.6.9). Samples were analyzed after different incubation times 

by RP-HPLC and the percentage of conversion was plotted against the reaction time. This 

peptide-based assay was performed in triplicates. Slow conversion was observed for peptide 

AcSASQTPS reaching almost 60% after 180 min at 37 °C. In contrast, peptide AcDGVQLPP 

showed almost no product formation over the whole reaction time (Figure 46).  

 
Figure 46: Comparison of the kinetics of mTG-mediated biotinylation for peptides AcSASQTPS and 
AcDGVQLPP. Peptides were incubated in the presence of N-(biotinyl)-cadaverine and mTG at 37 °C. Samples were 
analyzed after different incubation times by RP-HPLC. Relative conversion for each peptide was plotted against the 
reaction time (A). RP-HPLC analysis of mTG-promoted modification of AcSASQTPS with N-(biotinyl)-cadaverine at 
different time points. AcSASQTPS is colored red, N-(biotinyl)-cadaverine is labeled in yellow and the reaction 
product is labeled in green (B).  
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These results confirmed the assumption of a glutamine residue within the sequence being 

unreactive and once again demonstrated that substrate specificity of the promiscuous mTG is 

more than a surface exposed glutamine residue and an amine donor molecule. Furthermore, it 

underlines the need to carefully examine every glutamine residue within desired sequences for 

its mTG reactivity. 

5.7. Trastuzumab-DAIP(F297A) 
5.7.1. Production and purification 

Since disordered sequences showed instability, most likely due to proteases copurified from cell 

culture, and complicated analysis, fusion of an ordered protein was considered. As 

proof-of-concept, the well-characterized mTG-substrate DAIP was chosen that possesses five 

reactive glutamine residues within its sequence and mTG preferences for each position has been 

already investigated.103  

 
Figure 47: Graphical (A) and schematic (B) illustration of trastuzumab-DAIP(F297A). (A) DAIP(F297A) is 
shown in cyan. It is fused to the C-terminus of the heavy chain of an antibody. 

pET21a-rDAIP-F297A-CPD coding for an inactive variant of the protein (Sequence: Appendix 

Figure-S 55) was kindly provided by David Fiebig (University of applied sciences Darmstadt, 

AG Fuchsbauer). Trastuzumab-DAIP fusion was cloned by SOE PCR (4.4.3). A sequence coding 

for a His6-tag was added at the 3’-end of the coding DNA-strand. The obtained PCR product was 

hydrolyzed using EcoRV-HF and BamHI-HF and ligated with pTT5 backbone (4.4.4 and 4.4.11). 

Furthermore, glycosylation was removed by the N297A substitution within the heavy chain of 

trastuzumab (Figure 47). The resulting plasmid was confirmed by sequencing (Seqlab, 

Göttingen). 

For recombinant protein expression, the plasmid was mixed with an equal amount of 

pTT5-LCTrastuzumab-wt for transient transfection of Expi293F cells using PEI transfection 

method (4.5.2). After 120 h at 37 °C in humified 8% CO2 atmosphere, cells were removed via 
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centrifugation and filtration. The soluble protein was isolated from the supernatant by protein 

A chromatography (4.6.2.2; Figure 48). Fusion of DAIP and the C-terminus of the heavy chain 

did not significantly affect the obtained yield compared to aglycosylated trastuzumab. Reducing 

SDS-PAGE revealed two bands that were assigned to the light chain (25 kDa) and the heavy 

chain-DAIP(F297A) fusion (75 kDa). Full-length expression of the construct was analyzed and 

confirmed by staining the C-terminal His6-tag by western blot (4.6.17 and 4.6.18; Figure 48 B). 

SEC analysis (4.6.2.3.2) and comparison with a set of standard proteins revealed an apparent 

molecular weight of 316.7 kDa (calc. MW: 219.4 kDa; Appendix Figure-S 56). 

 
Figure 48: Chromatographic purification and analysis of trastuzumab-DAIP(F297A). (A) Chromatogram of 
trastuzumab-DAIP(F297A). Solid line: Absorption at 280 nm. Dashed line: Gradient. (B) SDS-PAGE analysis and 
anti-His western blot. M: Blue Prestained Protein Standard. Lane 1: Trastuzumab-DAIP(F297A). 

5.7.2. Characterization of trastuzumab-DAIP(F297A) 
5.7.2.1. Target-specific binding and binding affinity 

To exclude altered binding characteristics compared to parental molecule, HER2-positive 

and -negative cells were incubated with 250 nM of aglycosylated trastuzumab-DAIP(F297A) for 

1 h on ice. Unbound material was removed by several washing steps and the remaining surface 

bound antibody was stained with anti-human-IgG (Fab specific)-FITC antibody (goat). The 

increase in the fluorescence intensity of cells was measured using flow cytometry (4.7.1). 

Trastuzumab(N297A) served as control. Significantly increased fluorescence intensity was 

detected for SK-BR-3 cells incubated with trastuzumab-DAIP(F297A) or the control, whereas 

for CHO-K1 cells no change in the fluorescence intensity was detected (Figure 49 A). Hence, 

target-specific binding of trastuzumab-DAIP(F297A) was confirmed. The binding properties of 

trastuzumab-DAIP(F297A) was further characterized by its dissociation constant on 

HER2-positive SK-BR-3 cells. In brief, cells were incubated with varying concentrations of the 

analyte (0.5 nM – 250 nM) for 1 h on ice. Unbound material was removed prior to staining with 

anti-human-IgG (Fab specific)-FITC antibody (goat). The mean fluorescence intensity was 

measured using flow cytometry (4.7.1) and plotted against the analyte concentration. In 

comparison to the control, no difference in the binding affinity was observed, as fitted curves 

for both antibodies revealed almost identical KD-values of 7.4 nM and 8.8 nM (Figure 49 B). 
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Figure 49: Binding properties of trastuzumab-DAIP(F297A) determined by flow cytometry. 250 nM of the 
analyte were incubated with HER2-positive SK-BR-3 and HER2-negative CHO-K1 cells to confirm target specific 
binding (A). KD value was determined by titration of SK-BR-3 cells with varying concentrations of the antibody. The 
mean fluorescence was plotted against the concentration and the KD value was calculated by GraphPad Prism 5 (B). 

5.7.2.2. mTG-mediated functionalization of trastuzumab-DAIP(F297A) 

Even if substrate properties of the parental DAIP are well characterized, careful evaluation 

within the newly produced fusion protein was mandatory. As the fused antibody possessed the 

N297A substitution, Gln295 is exposed for mTG-mediated labeling.115 Hence, 

trastuzumab-DAIP(F297A) possess twelve putative coupling sites. 2 µM of the antibody was 

mixed with N-(biotinyl)-cadaverine in the presence of mTG and incubated for 16 h at 37 °C. 

Different concentrations of N-lauroylsarcosine were added, trying to optimize product 

formation. Samples were separated by 15% reducing SDS-PAGE (4.6.14) and blotted onto PVDF 

membrane (4.6.17 and 4.6.18). Biotinylated bands were visualized using fluorescently IRDye® 

800CW streptavidin conjugate and Odyssey® Sa Infrared Imaging System. 

Trastuzumab(N297A) served as control and the obtained signal in absence of 

N-lauroylsarcosine was defined as 100% product formation. Increasing N-lauroylsarcosine 

concentrations resulted in improved mTG-turnover, thus leading to multimerization of 

trastuzumab-DAIP(F297A) and unspecific labeling of various glutamine residues within the 

parental antibody (heavy and light chain) as well as within mTG itself. Unspecific conjugation 

lead to heterogenous product formation and impaired antibody structure with serious impact 
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on its binding properties. In the absence of the detergent, trastuzumab-DAIP(F297A) possessed 

comparable signals to the aglycosylated trastuzumab, leading to the assumption that Gln295 

within the heavy chain of the antibody is the only substrate residue (Figure 50). Fiebig et al. 

has shown that Gln39, Gln298 and Gln345 are the preferred mTG-cross-linking sites of DAIP. 

Of the three mentioned glutamine residues, Gln39 showed by far the fastest increase in the 

fluorescence intensity reaching about 57% of the wildtype protein. Gln298 and Gln345 showed 

17.5% and 12% of fluorescence increase of the wildtype protein, respectively.103 Hence, 

mTG-mediated biotinylation of DAIP occurs mainly at Gln39 which is located at the N-terminus 

of the protein. However, DAIP(F297A) is fused to the C-terminus of the heavy chain of 

trastuzumab via its N-terminus, possibly leading to steric hindrance that prevent mTG-mediated 

labeling. 

 
Figure 50: Comparison of mTG-substrate properties of aglycosylated trastuzumab-DAIP(F297A) with 
trastuzumab(N297A). The antibodies were incubated with N-(biotinyl)-cadaverine and mTG at 37 °C for 16 h in 
the presence of different concentrations of N-lauroylsarcosine. Samples were separated by 15% reducing SDS-PAGE 
(A) and protein blot analysis using fluorescent IRDye® 800CW streptavidin (B). M: Blue Prestained Protein Standard. 
The biotinylation degree was normalized to the overnight reaction of trastuzumab(N297A) and plotted against the 
concentration of the detergent (C).  
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5.8. Antibody conjugates 

Conjugation approaches offer the possibility of chemical modification of the scaffold prior to 

coupling with the targeting molecule, thus avoid modification of the latter. Traditionally used 

chemical conjugation strategies offer rapid and quantitative reactions that ensure high payload 

densities, among them the acylation of primary amines using NHS-activated payloads. Beside 

the fusion approach, the PAS polypeptide offers the possibility to utilize it in a conjugation 

approach, including chemical modification of a modified PAS sequence with subsequent 

enzyme mediated conjugation of the scaffold with an antibody. Therefore, a random sequence 

consisting of proline, alanine and serine was exceeded by several lysine residues or glutamic 

acid that allow chemical toxin conjugation. According to the introduced amino acid as well as 

the number of residues added, these sequences were named APE47S, K47APS and PASK6 

(Sequences are depicted in Figure-S 57 – Figure-S 59). Furthermore, all sequences contain 

N-terminal triple glycine residues for SrtA-mediated conjugation with an antibody and a single 

tryptophan residue that allows the detection at 280 nm during chromatographic purification. 

5.8.1. G3-W-APE47S 
5.8.1.1. Scaffold production and purification 

A synthetic gene was ordered from GeneArt (Thermo Scientific) and amplified using the 

respective oligonucleotides in a standard PCR (4.4.2). Different plasmids were cloned to test 

various fusion partners as well as the production without a fused protein, among them 

pET14b-SUMO, pET22b(+) and pET32a-Trx. A TEV-site was introduced to allow removal of 

the fusion partner or tag used for purification and to expose the N-terminal triple glycine. 

Received plasmids were confirmed by sequencing (Seqlab, Göttingen). The production of the 

APE47S sequence as SUMO fusion as well as solitary production using E. coli BL21(DE3) were 

possible (data not shown), but the highest yields of recombinantly produced APE47S was 

obtained using the thioredoxin fusion.  

E. coli BL21(DE3) were transformed via electroporation using the plasmid 

pET32a-Trx-TEV-G3-W-APE47S (4.4.13.1) and recombinant protein expression was performed 

as described in 4.5.1. After mechanical cell disruption (4.6.1) and removal of the cell debris via 

centrifugation (13 000 rpm, 30 min, 4 °C), soluble proteins within the supernatant were 

separated by IMAC using ÄKTA Purification System (4.6.2.1). Isolated fractions were analyzed 

using SDS-PAGE (4.6.14). Fraction 6 to 9 showing a predominant protein band with an 

apparent molecular weight of 58 kDa were assigned to Trx-TEV-G3-W-APE47S and pooled prior 

to ethanol precipitation (4.6.6). Since the produced scaffold should be disordered, heat 

precipitation of host proteins by heating the supernatant to 80 °C can substitute IMAC 

purification and this method was also successfully used (Appendix Figure-S 60). Precipitated 

protein was resolved in 50 mM Tris/HCl pH 7.5, 150 mM NaCl and applied to TEV cleavage 
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(4.6.11). Calculated pI of 2.7 allows further purification of G3-W-APE47S via anion exchange 

chromatography. Therefore, cleavage reaction was mixed with doubled volume of 20 mM 

sodium acetate pH 4.0 prior to chromatographic purification using HiTrap Q HP column (GE 

Healthcare) and ÄKTA Purification system (GE Healthcare; 4.6.2.4.1). Due to the lack of basic 

amino acids, G3-W-APE47S was not coomassie stainable and fractions were pooled according to 

the absorption at 280 nm. Ethanol precipitate (4.6.6) was analyzed by LC-MS (4.8.5). 13- to 

34-times positively charged species of the protein were observed (calc. MW: 22.6 kDa). A final 

yield of 11.5 mg/L submersion culture was obtained for G3-W-APE47S (Figure 51). To achieve 

cheap and effective cleavage of the fusion protein, a single arginine residue in between was also 

used for trypsin-mediated removal of the fusion partner or purification tags (data not shown). 

 
Figure 51: Analysis of the purification process of G3-W-APE47S. Chromatogram of IMAC purification of 
Trx-TEV-G3-W-APE47S using a gradient from 0 mM to 500 mM Imidazole (A) and analysis of collected fractions by 
15% reducing SDS gel (B). M: Blue Prestained Protein Standard. L: Load onto HisTrap HP column. FT: Flow through. 
W: Wash. Fractions 6 to 9 were pooled, cleaved by TEV protease and applied onto anion exchange chromatography 
(C). Analysis of the TEV-mediated cleavage of Trx-TEV-G3-APE47S via 15% reducing SDS-PAGE (D). M: Blue 
Prestained Protein Standard. Lane 1: TEV protease. Lane 2: Trx-TEV-G3-APE47S. Lane 3: TEV cleavage reaction 
incubated for 1h at 33 °C. Lane 4: TEV cleavage reaction incubated overnight at 33 °C. Lane 5: Precipitated proteins. 
Lane 6: Supernatant loaded onto anion exchange chromatography. LC-MS analysis of purified G3-W-APE47S (E). 
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5.8.1.2. SrtA-mediated conjugation with a Fc-fragment 

Reaction conditions for SrtA-mediated conjugation were investigated by coupling of 

G3-W-APE47S with Fc-LPETGG. Therefore, different mol equivalents of both proteins were tested 

with constant reaction time of 60 min. Subsequently, reaction time was varied from 60 min to 

240 min using the best molar ratio (4.6.10). The reaction was analyzed by 15% reducing 

SDS-PAGE (4.6.14). Newly appearing band at 75 kDa was assigned to the conjugation product. 

Highest product yield was observed for five molar excess of G3-W-APE47S, a quarter of SrtA and 

a reaction time of 60 min. However, semiquantitative analysis of the reaction yield using 

reducing SDS-PAGE revealed only about 50% conversion (Figure 52). 

 
Figure 52: SrtA-mediated conjugation of G3-W-APE47S and Fc-LPETGG. Varying equivalents of G3-W-APE47S were 
incubated with Fc-LPETGG and SrtA for 60 min at 22 °C (A). Fc-LPETGG was incubated with 5 mol equivalents or 
G3-W-APE47S and 1/4 mol equivalents SrtA at 22 °C for different reaction times (B). 

5.8.1.3. Chemical modification of G3-W-APE47S 

Payload conjugation was performed using standard peptide coupling reaction, creating an 

amide bond under aqueous conditions. In brief, G3-W-APE47S was solved in 100 mM sodium 

phosphate pH 7.4 and mixed with each 100 mol equivalents of ethylene diamine-linked 

fluorescein and HOBT. 20 mol equivalents of EDC were repeatedly added at the beginning of 

the reaction, after 6 h and 18 h (4.6.7.1). After 24 h at room temperature, the excess of the 

fluorescent probe was removed via PD10 column (4.6.4) and the reaction was analyzed using 

15% reducing SDS-PAGE (4.6.14). The appearing fluorescent band at approximately 33 kDa 

was assigned to the reaction product (Figure 53). Comparing the absorption at 485 nm of the 

purified reaction product with a standard curve of the fluorescent probe revealed a single 

payload for 76.1% of G3-W-APE47S polypeptides (Appendix Figure-S 61). Improvement of the 
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reaction was not considered as conjugation efficacy and chemical conjugation of G3-W-K47APS 

seemed to be more promising. 

 
Figure 53: Chemical modification of G3-W-APE47S using peptide coupling reaction. The protein was dissolved 
in 100 mM sodium phosphate pH 7.4 and mixed with ethylene diamine-linked fluorescein and HOBT. EDC was 
repeatedly added at the beginning of the reaction, after 6 h and 18 h. Lane 1: Unconjugated polypeptide. Lane 2: 
Conjugated G3-W-APE47S. 

5.8.2. G3-W-K47APS 
5.8.2.1. Scaffold production and purification 

The synthetic gene fragment for K47APS bearing 47 lysine residues equipped with N-terminal 

TEV cleavage site and triple glycine was ordered from Eurofins Genomics (Ebersberg) and 

amplified using the respective oligonucleotides (4.4.2). Subsequently, the fragment was 

hydrolyzed using EcoRI and BglII and ligated with the pET32a-Trx-His6 backbone to achieve 

pET32a-Trx-His6-TEV-G3-W-K47APS (4.4.4 and 4.4.11). The obtained vector sequence was 

confirmed by sequencing (Seqlab, Göttingen). 

Recombinant protein expression was performed in E. coli BL21(DE3) over night at 30 °C in 

dYT-medium containing 0.1% (v/v) ampicillin (4.5.1). After cell disruption (4.6.1) and removal 

of the cell debris via centrifugation (13 000 rpm, 30 min, 4 °C), soluble proteins within the 

filtrated supernatant were separated using HisTrap HP 1ml column and ÄKTA Purification 

system (GE Healthcare) with a linear gradient of imidazole from 20 mM to 500 mM (4.6.2.1). 

Each elution fraction was analyzed by SDS-PAGE (4.6.14) and pooled if containing a 

predominant protein band with an apparent molecular weight of 46 kDa representing the 

Trx-TEV-G3-W-K47APS (Figure 54 A, B). Ethanol precipitated (4.6.6) fractions 12 to 14 were 

resolved in 50 mM Tris/HCl pH 7.5 containing 150 mM NaCl prior to TEV cleavage reaction 

(4.6.11). G3-W-K47APS possess a calculated pI of 11.7 that enable subsequent purification by 

cation exchange chromatography using HiTrap SP Impres and ÄKTA Purification System (GE 

Healthcare) with a linear gradient to 1 M NaCl in 25 mM Glycine-NaOH pH 10.6 (4.6.2.4.2). 

SDS-PAGE analysis of collected fraction showed reduced coomassie staining of G3-W-K47APS 

(Figure 54 C, D). However, this phenomenon was not visible when using fresh staining solution 

(compare Figure 56). Slightly visible band at 25 kDa resulted from a shortened variant of the 

polypeptide. Whereas the apparent molecular weight of 30 kDa was observed in 

coomassie-stained SDS-PA gel, the calculated mass of 22 565 Da was confirmed using ESI-MS 

(Figure 54 E). Finally, obtained yields of the purified G3-W-K47APS were up to 9.3 mg/L 

submerse culture.  
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Figure 54: Analysis of the purification process of G3-W-K47APS. Chromatogram of IMAC purification of 
Trx-TEV-G3-W-K47APS using a gradient from 0 mM to 500 mM Imidazole (A) and analysis of collected fractions by 
15% reducing SDS gel (B). M: Blue Prestained Protein Standard. L: Load onto HisTrap HP column. FT: Flow through. 
W1: Wash 1. W2: Wash 1. Fractions 12 to 14 were pooled, cleaved by TEV protease and applied onto cation exchange 
chromatography (C). TEV-mediated cleavage of Trx-TEV-G3-K47APS as well as collected fractions from CEX analyzed 
via 15% reducing SDS-PAGE (D). M: Blue Prestained Protein Standard. Lane 1: TEV protease. Lane 2: 
Trx-TEV-G3-K47APS. Lane 3: TEV cleavage reaction incubated overnight at 33 °C. L: Load into CEX. FT: Flow through. 
W: Wash. LC-MS analysis of purified G3-W-K47APS (E).  

5.8.2.2. Investigation of the polypeptide fold 

The hydrodynamic volume of Trx-TEV-G3-W-K47APS and G3-W-K47APS was investigated by SEC 

analysis using TSKgel SuperSW3000 (TOSHO Bioscience) and Agilent 1260 Infinity II 

(4.6.2.3.2). PBS pH 7.4 was used as mobile phase. The SEC profile of both samples showed a 

double peak assigned to the full-length and the shortened polypeptide. Comparison of the 

retention times of samples with those of standard proteins allows the calculation of the apparent 

molecular weight before and after TEV cleavage. The apparent molecular weight of 

Trx-TEV-G3-W-K47APS was determined to be 328 kDa (calc. MW: 39.9 kDa), that was reduced 

to 264.2 kDa after TEV-mediated removal of the fusion partner (calc. MW: 22.7 kDa). Almost 

11.6-fold higher apparent molecular weight of G3-W-K47APS indicated disordered structure of 

the produced polypeptide (Figure 55 A).  
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The conformational properties of the polypeptide were further investigated by circular 

dichroism spectroscopy. Therefore, the polypeptide was dissolved to 28 µM in water. CD-spectra 

were measured from 280 nm - 190 nm using J-1500 spectropolarimeter (JASCO) as described 

in 4.6.21. The CD spectrum of Trx-TEV-G3-W-K47APS exhibited minima at 206 nm and 230 nm. 

After TEV cleavage and purification of G3-W-K47APS, the CD-spectrum exhibited a strong 

negative band at 198 nm, clearly indicating the random coil structure of the polypeptide 

(Figure 55 B).253 In contrast to the pure G3-W-K47APS, the CD-spectrum of Trx-TEV-G3-W-K47APS 

is influenced by both, the secondary structure of thioredoxin containing a central b-sheet 

surrounded by a-helices262 and the disordered structure of fused G3-W-K47APS. 

 
Figure 55: Investigation of the secondary structure of the artificial K47APS polypeptide. (A) SEC analysis of 
Trx-TEV-G3-W-K47APS (on top) and G3-W-K47APS (at the bottom) using a flow rate of 0.2 ml/min. (B) CD spectra of 
Trx-TEV-G3-W-K47APS (on top) and G3-W-K47APS (at the bottom) measured by J-1500 spectropolarimeter (JASCO). 

5.8.2.3. Chemical scaffold modification and enzyme-mediated conjugation 

Chemical modification of the lysine residues within the unstructured biopolymer was performed 

using NHS-activated payloads under aqueous buffered conditions. G3-W-K47APS was diluted in 

25 mM sodium borate buffer pH 8.6 and incubated for 30 min at 22 °C in the presence of 2 mol 

equivalents of the NHS-activated payload per primary amine (4.6.7.2). TAMRA-NHS or EZ-Link 

Sulfo-NHS-LC-Biotin were used as model payloads to optimize the reaction conditions. 

Reducing 15% SDS-PAGE (4.6.14) revealed a clear shift from apparent molecular weight of 

30 kDa towards higher molecular weight. Moreover, biotinylation of G3-W-K47APS led to 

precipitation of the reaction product during purification, thus preventing further analysis and 
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conjugation approaches (Figure 56). Noteworthy, the broader band representing 

TAMRA-labeled polypeptide in comparison to biotinylated G3-W-K47APS led to the assumption 

of incomplete modification using TAMRA-NHS as payload. However, since LC-MS analysis 

failed, the number of loaded payloads remains unclear to that point (data not shown). 

 
Figure 56: Chemical modification of G3-W-K47APS using NHS-activated compounds. The protein was dissolved 
in 25 mM sodium borate buffer pH 8.4 and mixed with NHS-activated TAMRA (A). M: Blue Prestained Protein 
Standard. Lane 1: G3-W-K47APS. Lane 2: TAMRA-labeled G3-W-K47APS. Biotinylation of G3-W-K47APS using 
NHS-activated biotin (B). M: Blue Prestained Protein Standard. Lane 1: G3-W-K47APS. Lane 2: Biotin-labeled 
G3-W-K47APS. Lane 3: Purification of biotinylated G3-W-K47APS via desalting spin column. 

SrtA-mediated conjugation of chemically modified G3-W-K47APS with trastuzumab-LPETGS was 

tested with TAMRA-labeled polypeptide. Therefore, the excess of TAMRA-NHS was removed 

via desalting spin column (4.6.4) prior to SrtA-mediated conjugation reaction (4.6.10). The 

reaction was analyzed via reducing SDS-PAGE (4.6.14). Conjugation of G3-W-K47APS with the 

heavy chain resulted in an appearing double band at approx. 75 kDa. These bands were 

assigned to the reaction products of the heavy chain with the full length and shortened 

polypeptide. Unlabeled G3-W-K47APS showed nearly 50% conversion to the heavy chain-K47APS 

conjugate, whereas SrtA-mediated bioconjugation using the chemically modified polypeptide 

resulted in low yields of the conjugation product (Figure 57). Low reaction yields using the 

chemically modified G3-W-K47APS could be explained by chemical labeling of the N-terminal 

amine, thus preventing SrtA-mediated conjugation reaction. High reactivity of the 

amino-terminus can be explained by its pKa value of 8.0, thus at pH 8.6 used in the labeling 

reaction the amino group is deprotonated and highly reactive, whereas the e-amino group of 

lysine possessing a pKa value of 10.8 remains protonated. Deprotonated amines are 

nucleophiles, whereas protonated amines are not, thus explaining the preferred labeling 

reaction at the N-terminus of the polypeptide. Using a buffer system with higher pH would not 

exclude the reaction with the N-terminus, as the a-amine remains deprotonated. Furthermore, 

hydrolysis-rate of the NHS-ester increases with the buffer pH and therefore would further 

reduce the efficacy of the NHS-activated labeling reaction. Chemical protection groups could 

counter N-terminal labeling, but selective installation at the N-terminal amine, while the 

e-amino group of the lysine residues remain unprotected, is impossible.  
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Figure 57: SrtA-mediated conjugation of trastuzumab-LPETGS with unmodified (A) and chemically modified 
G3-W-K47APS (B). To ensure SrtA-reactivity of the enzyme and the antibody, G3-TAMRA was used as model payload. 

However, N-terminus protection could be achieved by using the N-terminal fusion partner to 

prevent the amine labeling reaction. Therefore, the fusion protein was chemically modified 

prior to cleaving off the thioredoxin fusion partner.  

To this end, Trx-His6-TEV-G3-W-K47APS was produced in E. coli BL21(DE3) as previously 

described and purified via IMAC and SEC using ÄKTA Purification System (4.6.2.1 and 

4.6.2.3.1). Production of the protein was confirmed via LC-MS. However, E. coli removed the 

N-terminal methionine as it has been previously described (Appendix Figure-S 62).263 A final 

yield of 22 mg/L submerse culture was isolated. Reducing SDS-PAGE (4.6.14) after chemical 

biotinylation using NHS-activated biotin (4.6.7.2) revealed a shift of the protein band towards 

higher molecular weight. Nevertheless, removal of the excess of the payload via desalting spin 

column (4.6.5) resulted in nearly complete loss of the reaction product (Figure 58). 

 
Figure 58: Reducing 15% SDS-PAGE analysis of chemical modification reaction of Trx-TEV-G3-W-K47APS using 
NHS-activated biotin. M: Blue Prestained Protein Standard. Lane 1: Trx-TEV-G3-W-K47APS. Lane 2: Precipitate of 
the biotinylated of Trx-TEV-G3-W-K47APS. Lane 3: Supernatant of biotinylated Trx-TEV-G3-W-K47APS. Lane 4: 
Purification of biotinylated Trx-TEV-G3-W-K47APS via desalting spin column. 

Addition of 0.1% SDS prevented precipitation of the biotinylated protein during the purification 

step. However, TEV cleavage in presence of the detergent was not possible (Appendix 
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Figure-S 63). Tested concentrations of additives like tween20, DMSO and PEG400 were also 

not able to prevent precipitation of the chemically modified protein during buffer exchange 

process (Appendix Figure-S 64). 

As an alternative to the removal of the excess of the NHS-activated biotin, the reaction could 

be quenched by adding large amounts of an amine, like ethanolamine or tris (10-times excess). 

Both amines were successfully used to inactivate the remaining NHS-activated biotin, thus 

allowing TEV protease-mediated cleavage of the fusion protein. However, in contrast to tris, 

ethanolamine interfered with SrtA-mediated conjugation reaction, possibly by being a SrtA 

substrate that compete with the triple glycine bearing polypeptide (Figure 59 A, B). Chemical 

modification of Trx-His6-TEV-G3-W-K47APS using different equivalents of the NHS-activated 

biotin were analyzed by SDS-PAGE (4.6.14) before and after TEV cleavage. The SDS-PA gel 

indicated that increasing numbers of biotin residues conjugated to the polypeptide led to its 

precipitation after release from the fusion partner. Noteworthy, biotinylation of 

Trx-His6-TEV-G3-W-K47APS did not hinder removal of the fusion partner nor the conjugation 

reaction with the antibody (Figure 59 C, D). 

 
Figure 59: Quenching of the chemical modification of Trx-TEV-G3-W-K47APS and biotin-NHS by the addition 
of amine substrates. (A) Chemical biotinylation of Trx-TEV-G3-W-K47APS and abortion of the reaction by the 
addition of a large amount of ethylendiamine. M: Blue Prestained Protein Standard. Lane 1: TEV-cleavage of 
Trx-TEV-G3-W-K47APS in the presence of ethylendiamine. Lane 2: Trx-TEV-G3-W-K47APS. Lane 3: Biotinylated 
Trx-TEV-G3-W-K47APS. Lane 4: TEV cleavage reaction of biotinylated Trx-TEV-G3-W-K47APS in the presence of 
ethylendiamine. Lane 5: TEV protease. (B) SrtA-mediated conjugation reaction of trastuzumab-LPETGS and 
G3-W-K47APS in absence (Lane 1) and presence of ethylendiamine (Lane 2). Lane 3: SrtA Mut5. (C) Chemical 
biotinylation of Trx-TEV-G3-W-K47APS using varying equivalents of biotin-NHS and TEV cleavage after quenching of 
the excess of NHS-activated substance using Tris and subsequent SrtA-mediated conjugation with 
trastuzumab-LPETGS (D). 
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5.8.3. Trx-TEV-G3-W-PASK6 
5.8.3.1. Scaffold production and purification 

High payload density on the hydrophile polypeptide resulted in precipitation of the desired 

product, explainable by insufficient compensation of hydrophobic interactions resulting from 

the conjugated cargo. Hence, the reduction of the maximum possible number of cargos by 

reducing the total number of lysine residues from 47 to six per 250 aa long polypeptide could 

be beneficial.  

A synthetic gene was ordered from GeneArt (Thermo Scientific) coding for 258 aa long PASK6 

containing an N-terminal TEV-site and triple glycine for SrtA-mediated conjugation. Using the 

desired oligonucleotides, the gene was amplified in a standard PCR (4.4.2), hydrolyzed using 

BglII and EcoRI-HF (4.4.4) and ligated with pET32a-Trx-His6 (4.4.11). Sequencing confirmed 

the obtained vector (Seqlab, Göttingen).  

 
Figure 60: Analysis of the purification process of Trx-TEV-G3-W-PASK6. Chromatogram of IMAC purification of 
Trx-TEV-G3-W-PASK6 using a gradient from 0 mM to 500 mM Imidazole (A) and analysis of collected fractions by 
15% reducing SDS gel (B). M: Blue Prestained Protein Standard. FT: Flow through. W1: Wash 1. W2: Wash 2. 
Fractions 10 to 12 were pooled and applied onto cation exchange chromatography (C). Collected fractions from CEX 
were analyzed via 15% reducing SDS-PAGE (D). M: Blue Prestained Protein Standard. FT: Flow through. W: Wash.  

Electrocompetent E. coli BL21(DE3) were transformed with pET32a-Trx-TEV-G3-W-PASK6 

(4.4.13.1). Selected clones were used for recombinant protein expression at 30 °C overnight in 

1 L submersion culture (4.5.1). After cell disruption (4.6.1) and removal of cell debris via 

centrifugation (13 000 rpm, 30 min, 4 °C), filtrated supernatant was applied to 

chromatographic purification using IMAC (4.6.2.1). Collected fraction were analyzed using 

15% reducing SDS-PAGE (4.6.14) and a band with an apparent molecular weight of 46 kDa 

was assigned to Trx-G3-W-PASK6. Fraction 10 to 12 were pooled, mixed with the same volume 

of 20 mM sodium acetate pH 5.5 and separated by a linear gradient of 1 M NaCl using HiTrap 
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SP Impres and ÄKTA Purification System (GE Healthcare, 4.6.2.4.2). Fractions 17 to 21 were 

analyzed using 15% reducing SDS-PAGE (4.6.14). Fractions 18 to 20 were pooled and 

concentrated using Amicon 3kDa (4.6.3), reaching a final yield of 7.7 mg (Figure 60). 

5.8.3.2. Proof-of-concept: Labeling, conjugation and characterization 

For proof-of-concept, the model payload TAMRA-NHS was conjugated to Trx-G3-W-PASK6 

(4.6.7.2) and the reaction product was analyzed via 15% reducing SDS-PAGE (4.6.14). The 

excess of TAMRA-NHS was removed by desalting spin column (4.6.5). Due to difficulties in 

mass spectrometric analysis of the conjugation product, the payload/Trx-G3-W-PASK6 ratio 

remains unclear to that point (data not shown). The N-terminal Trx-fusion was removed by TEV 

protease cleavage (4.6.11) and the product was applied to subsequent SrtA-mediated 

conjugation with trastuzumab containing C-terminal LPETGS motif on the heavy chain (4.6.10). 

Almost 50 % of the heavy chain was conjugated with the TAMRA-loaded G3-W-PASK6 

(Figure 61 A-C).  

 
Figure 61: Chemical modification of Trx(woK)-TEV-G3-W-PASK6 with subsequent TEV cleavage and 
SrtA-mediated conjugation with trastuzumab-LPETGS. (A) Chemical modification of Trx(woK)-TEV-G3-W-PASK6 
using TAMRA-NHS. (B) TEV cleavage of labeled Trx(woK)-TEV-G3-W-PASK6. (C) SrtA-mediated conjugation of 
trastuzumab-LPETGS and TAMRA-labeled G3-W-PASK6. (D) SEC purification of antibody conjugates using TSKgel 
SuperSW3000 (TOSHO Bioscience) and PBS pH 7.4 as mobile phase. Collected fractions were analyzed by 
SDS-PAGE. M: Blue Prestained Protein Standard.  
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SEC using Agilent 1260 Infinity II and TSKgel SuperSW3000 column (TOSHO Bioscience, 

4.6.2.3.2) was used to purify the antibody conjugate (Figure 61 D).  

Binding properties of the antibody conjugate (SEC fraction 2) was determined using flow 

cytometry (4.7.1). Therefore, detached HER2-positive SK-BR-3 and HER2-negative 

MDA-MB-468 cells were incubated with 125 nM of trastuzumab-PASK6 conjugate for 1 h on ice. 

Cell bound antibody conjugate was detected after removal of unbound material using anti-

human-IgG (Fab specific)-FITC antibody (goat). Strong increase in the fluorescence intensity 

was observed on HER2-positive cells, whereas fluorescence intensity on HER2-negative cell line 

remains unaltered, thus proofing target-specific binding of trastuzumab-PASK6 (Figure 62 A). 

The dissociation constant (KD) was determined by titration of HER2-positive cells with varying 

concentrations of the trastuzumab-PASK6 conjugate. Cell surface bound antibody was stained 

using anti-human-IgG (Fab specific)-FITC antibody (goat). The KD-value of trastuzumab-PASK6 

conjugate was in a sub nanomolar range (10.4 nM), comparable to the wildtype antibody 

(4.2 nM). These results indicated that the PASK6 sequence did not significantly influenced 

specificity or affinity of the antibody (Figure 62 B).  

 
Figure 62: Determination of the binding characteristics of trastuzumab-PASK6 conjugate using flow cytometry. 
125 nM of the analyte were incubated with HER2-positive SK-BR-3 and HER2-negative MDA-MB-468 cells to confirm 
target specific binding (A). The KD value was determined by titration of SK-BR-3 cells with varying concentrations of 
the conjugate. The mean fluorescence was plotted against the analyte concentration and the KD value was calculated 
by GraphPad Prism 5 (B). 
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However, optimization of the chemical labeling reaction of the scaffold as well as its 

enzyme-mediated conjugation with an antibody would be mandatory for further development 

of the procedure towards a robust strategy for ADC generation. Improved conjugation efficacy 

could be achieved by higher excess of the triple glycine-bearing polypeptide or alternative 

conjugation strategies. For example, intein splicing reaction should be considered, as some of 

these split intein sequences enable highly efficient protein ligation.264 

Optimization of the chemical labeling reaction could be achieved by avoiding labeling of the 

fusion partner. Hence, usage of a fusion protein without the respective residue could be 

beneficial and therefore, generation of a thioredoxin variant that is devoid of any lysine residues 

was performed and fused with both scaffolds, G3-W-K47APS and G3-W-PASK6. 

5.8.3.3. Production and purification of Trx(woK)-TEV-G3-W-PASK6/K47APS 

A synthetic gene fragment coding for a thioredoxin in which each lysine residue was substituted 

by arginine, was ordered from Eurofins Genomics (Ebersberg). The gene fragment was 

amplified using standard PCR (4.4.2). Previously cloned vectors, pET32a-Trx-K47APS and 

pET32s-Trx-PASK6, were hydrolyzed by BglII and XbaI (4.4.4) and ligation with the similarly 

hydrolyzed amplicon resulted in substitution of the thioredoxin coding gene (4.4.11). Vector 

sequences of pET32a-Trx(woK)-TEV-G3-W-K47APS and pET32a-Trx(woK)-TEV-G3-W-PASK6 

were confirmed via sequencing (Seqlab, Göttingen).  

Recombinant protein expression was carried out in E. coli BL21(DE3). Transformed cells were 

induced with 1 mM IPTG and incubated at 30 °C overnight (4.5.1). Cells were pelleted via 

centrifugation and disrupted by sonification (4.6.1). Cell debris was removed by centrifugation 

(13 000 rpm, 30 min, 4 °C) and the filtered supernatant containing the protein of interest was 

loaded onto HisTrap HP 1ml column using ÄKTA Purification System (GE Healthcare, 4.6.2.1). 

In contrast to Trx(woK)-TEV-G3-W-K47APS, which did not yield any protein, recombinant 

production of Trx(woK)-TEV-G3-W-PASK6 was successful. Collected fractions were analyzed by 

15% reducing SDS-PAGE (4.6.14) and fractions 10 to 13, containing a predominant band with 

an apparent molecular weight of 50 kDa, were pooled prior to further purification using 

preparative SEC (4.6.2.3.1). Higher apparent molecular weight was explained by reduced SDS 

binding of the polypeptide resulting in slower electrophoretic mobility. Fractions 23 to 27 and 

fractions 28 to 37 were pooled and concentrated, containing 3.1 mg and 7.8 mg 

Trx(woK)-TEV-G3-W-PASK6 respectively (Figure 63). The calculated molecular weight of the 

polypeptide (38.5 kDa) was confirmed by LC-MS analysis (kindly performed by Jennifer 

Schanz, Merck KGaA Darmstadt). Again, during production of the protein in E. coli the primary 

methionine was removed (Appendix Figure-S 65 – Figure-S 66).263 
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Figure 63: Analysis of the purification process of Trx(woK)-TEV-G3-W-PASK6. Chromatogram of IMAC 
purification of Trx(woK)-TEV-G3-W-PASK6 using a gradient from 0 mM to 500 mM imidazole (A) and analysis of 
collected fractions by 15% reducing SDS gel (B). M: Blue Prestained Protein Standard. FT: Flow through. Fractions 
10 to 13 were pooled and applied onto SEC (C). Collected fractions from SEC were analyzed via 15% reducing 
SDS-PAGE (D). M: Blue Prestained Protein Standard. L: Column load. 

5.8.3.4. Determination of the polypeptide fold 

The biophysical properties of the purified protein were investigated by analytical SEC using 

TSKgel SuperSW3000 (TOSHO Bioscience) and Agilent 1260 Infinity II. 

Trx(woK)-TEV-G3-PASK6 eluted in a single, homogenous peak at 12.7 min. In comparison with 

the retention time of a set of standard proteins, the apparent molecular weight of 

Trx(woK)-TEV-G3-PASK6 was calculated to 399.9 kDa (calc. MW: 38.5 kDa; Figure 64 A). 

10-fold higher apparent molecular weight of the polypeptide indicates massive hydrodynamic 

volume that is typical for disordered proteins. To further investigate the conformational 

properties of Trx(woK)-TEV-G3-PASK6, CD spectroscopy was performed. For that purpose, the 

polypeptide was dissolved to 10 µM in PBS pH 7.4 and CD spectra were measured from 

280 nm – 190 nm using J-1500 spectropolarimeter (JASCO; 4.6.21). The CD spectrum of 

Trx(woK)-TEV-G3-PASK6 exhibited a strong negative band at 205 nm (Figure 64 B). These 

results correspond to those observed for Trx-TEV-G3-W-K47APS, thus indicating disordered 

structure of the PASK6 polypeptide. 
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Figure 64: Determination of the secondary structure of the artificial PASK6 polypeptide. (A) SEC analysis of 
Trx(woK)-TEV-G3-W-PASK6 using a flow rate of 0.2 ml/min. (B) CD spectrum of Trx(woK)-TEV-G3-W-PASK6 
measured by J-1500 spectropolarimeter (JASCO). 

5.8.3.5. Optimization of the chemical modification of K47APS and PASK6 

Starting with the chemical modification, the number of accessible amines of both scaffolds was 

determined by TNBS assay using different concentrations of glycine as standard (4.6.13). For 

Trx-G3-W-K47APS only 7.6 out of 60 amines were determined to be accessible. Chemical 

modification with 3 mol eq. EZ-Link Sulfo-NHS-LC-Biotin per amine in 25 mM sodium borate 

buffer pH 8.6 led to the complete loss of accessible amines. 3.8 out of seven primary amines 

were accessible for Trx(woK)-G3-W-PASK6. Chemical labeling reduced the number of accessible 

amines to 1.8 per molecule (Appendix Figure-S 68), so relatively low payload/scaffold ratio of 

2.0 was achieved. LC-MS analysis of a chemical labeling reaction of Trx(woK)-G3-W-PASK6 using 

TAMRA-NHS confirmed previous findings (kindly performed by Jennifer Schanz, Merck KGaA 

Darmstadt). Up to 3 TAMRA-labels per polypeptide were detected, resulting in a 

payload/scaffold ratio of 1.3 (Appendix Figure-S 67). 

Even if the CD-spectrum of both scaffolds indicated random coil structure, the polypeptides 

seemed to form molten globule or secondary structures that potentially prevent lysine residues 

from chemical modification. Analysis of the primary structures revealed low Pro content of 

15.1% (PASK6) and 15.5% (K47APS) as well as long stretches consisting predominantly of Ala 

and small amounts of Ser. The composition of both polypeptides potentially may have led to an 

a-helical conformation, shielding the reactive site chain of lysine residues.254 To expand the 

secondary structure, different additives like urea, N-lauroylsarcosine or guanidinium 

thiocyanate were tested, but did not improve labeling efficiency compared to the chemical 

modification in sodium borate buffer pH 8.6. TFE, known to promote a-helix formation in long 

polypeptides,265 suppressed chemical modification as expected (Appendix Figure-S 69). Organic 

solvents like DMF, DMSO, acetonitrile or 1,4-dioxane were not able to dissolve the lyophilized 

protein (data not shown). Increasing the mol equivalents of the NHS-activated TAMRA of up to 

40 per primary amine, resulted in increasing fluorescence intensities (Figure 65). However, 

TAMRA-labeled Trx(woK)-TEV-G3-W-PASK6 seemed to precipitate as no UV signal was 
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observable in liquid chromatography or no protein was detectable in SDS-PAGE after removal 

of the excess of TAMRA-NHS via desalting spin column (data not shown). Hence, the 

payload/scaffold ratio remains unclear and purification as well as analysis of reaction products 

seemed to be the serious challenges of these approaches. Quenching of the labeling reaction, as 

previously shown for K47APS, combined with subsequent SrtA-mediated conjugation to the 

antibody could lead to final analysis of the purified antibody conjugate, if the conjugated 

antibody mediates solubility of the produced conjugate. However, determination of the 

achieved DARs at the end of the procedure is disadvantageous, since many manufacturing steps 

have to be taken to produce the antibody conjugate. Nevertheless, it would allow further 

characterization of producible antibody conjugates. 

 
Figure 65: Chemical modification of Trx(woK)-TEV-G3-W-PASK6 using different excess of TAMRA-NHS. 
Analysis of the reaction product by 15% reducing SDS-PAGE (A) and quantitative analysis of the fluorescent intensity 
using FIJI (B). M: Blue Prestained Protein Standard. 
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6. Conclusion 

Within the presented work, polypeptide-based scaffolds were applied to generate antibody 

fusions enabling high drug-to-antibody ratio (DAR).  These macromolecular constructs provide 

an option for both, genetic fusion and site-selective conjugation with an antibody of interest. 

Within the present investigation, the hydrophilic PAS polypeptide as well as intrinsically 

unstructured proteins/sequence regions (IUPs) were used for the fusion with the HER2-specific 

antibody trastuzumab. In order to achieve site-specific modification of a chosen therapeutic 

immunoglobulin and to ensure homogenous product formation, efficient transamidation 

catalyzed by microbial transglutaminase (mTG) was conducted.  

Several antibody fusions with PAS-derived sequences or selected IUPs were produced, which 

possessed, compared to parental antibody, similar binding characteristics. However, insufficient 

mTG-mediated modification as well as stability issues of altered PAS polypeptides suggest 

further optimization of synthetic antibody fusions. Since in our hands it appeared possible to 

stabilize the original PAS polypeptide in view of its proteolytic degradation, instability of the 

novel PAS constructs was attributed to the introduced mTG-recognition motifs. However, steric 

requirements of the enzyme seemed to allow only insufficient modification of antibody-PAS 

fusions. Therefore, an alternative conjugation method should be taken into consideration that 

does not require degradation-associated patterns. To that end, ligation methods using 

orthogonally addressable non-natural amino acids76 could become a viable alternative. 

Additionally, substitution of mTG by lipoic acid ligase A that has been shown to accept a variety 

of carboxylic acid substrates for the conjugation with the e-amino group of a lysine residue,266 

should be considered for further investigation.  

The present study corroborated the previous observation that the presence of a glutamine 

residue within the sequence is not a prerequisite for mTG reactivity. Indeed, out of three 

trastuzumab-IUPs successfully produced in mammalian cells, one was not recognized by mTG 

as a substrate, notwithstanding three glutamine residues per heavy chain fusion. This finding 

suggests that careful evaluation of the sequences is mandatory. Interestingly, other 

trastuzumab-IUP fusions possessed only poor mTG-reactivity compared with 

trastuzumab-SPI7G, an antibody fusion bearing the highly reactive mTG-recognition tag 

derived from SPIP. Furthermore, using naturally disordered structures, altered binding 

characteristics needed to be excluded as off-target binding has been observed for 

trastuzumab-Neuroligin.  

Analysis of C-terminal heavy chain fusions with altered PAS sequence or IUP peptides appeared 

extremely challenging. Indeed, no m/z pattern was detected upon LC-MS analysis of the heavy 

chain fusions for the observed chromatographic trace, suggesting lack of ionization. However, 
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LC-MS analysis of unmodified as well as modified C-terminal light chain fusions with EIF4EBP1 

peptide confirmed poor labeling efficacy. 

Nevertheless, genetic fusion of hydrophilic polypeptides is a promising approach, as shown by 

SPI7G multimeric fusions with the C-terminus of the heavy or light chain of trastuzumab, as 

mTG-mediated biotinylation of these constructs revealed increasing biotinylation grade along 

with increasing number of mTG-ligation spots.  

Prior to chemical conjugation, modified PAS-derived sequences have to be produced and 

isolated as stable, unstructured polypeptides. Herein, production as thioredoxin fusion in E. coli 

BL21(DE3) was used as it ensured the highest yields. Even if SDS-PAGE analysis of chemically 

modified polypeptide using NHS-activated biotin revealed quantitative conversion, isolation of 

biotinylated scaffold was not possible, as it precipitated on column material during the 

purification steps, making isolation and analysis not possible. However, TNBS assay revealed 

low density of accessible amines that correspond to low payload/scaffold ratio observed for 

TAMRA-labeled Trx-TEV-G3-W-PASK6 using LC-MS analysis. Different additives have been 

examined to improve the efficiency of chemical labeling. Thus, increasing excess over the 

primary amine resulted in enhanced fluorescence of the protein band within SDS-PAGE 

analysis. However, TAMRA-labeled polypeptide seemed to precipitate during LC-MS analysis as 

no UV signal was observed in PR-HPLC trace. Thus, further evaluation was not possible. 

Notably, SrtA-mediated bioconjugation showed 50% conversion. Interestingly, purified 

antibody conjugates possessed similar binding as the parental antibody.  

Certainly, chemical modification as well as conjugation of the scaffold to the antibody need to 

be improved, in view of therapeutic molecule with a simple and scalable production and 

purification process.  

However, when considering the results of the antibody fusion and conjugation approaches, the 

enormous hydrodynamic volume of the disordered sequences complicated the conjugation of a 

payload and resulted in low yields. Low conjugation efficacy of these sequences could be the 

major hurdle to be taken prior to further applications. 
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8. Register 

8.1. List of abbreviations 

9mer DAIP Q39 - TGTLQSVSY 
ADC Antibody-drug-conjugate 
ADCC Antibody-dependent cellular cytotoxicity  
Ala Alanine 
ALL acute lymphoblastic leukemia 
amp Ampicillin 
Asp Aspartate 
BCIP 5-Brom-4-chlor-3-inoxylphosphat 
C-terminus Carboxy-terminus 
CAR Compound-antibody-ratio 
CD Circular dichroism 
CDC Complement-dependent cytotoxicity  
CDR Complementarity dependent region 
Cm  Chloramphenicol 
CTLA4 Cytotoxic T-lymphocyte–associated antigen 4 
Cys Cysteine 
DAIP Dispase autolysis inducing protein 
DAR Drug-to-antibody ratio 
DMF N,N-Dimethylformamide 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
EGFR Epidermal growth factor receptor  
EIF4EBP1 Eukaryotic translation initiation factor 4E-binding protein 1 
ESI-MS Electrospray ionization mass spectrometry 
eSrtA Enhanced Sortase A 
Fab Fragment of antigen binding 
Fc Fragment crystallizable 
FcR Fc Rezeptor 
FDA Food and Drug Administration 
FITC Fluorescein isothiocyanate 
Fmoc Fluorenylmethoxycarbonyl 
GEC GECTYFQAYGCTE 
GEN GENTYFQAYGNTE 
Gln Glutamine 
Glu Glutamic acid 
Gly Glycine 
HC Heavy chain 
HER2 Human epidermal growth factor receptor 2  
His Histidine 
HPLC high performance liquid chromatography 
Ig Immunoglobulin  
IMAC Immobilized metal ion affinity chromatography 
IUPs Intrinsically unstructured proteins 
kan Kanamycin 
KD Equilibrium dissociation constant 
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LC Light chain 
LC-MS Liquid chromatography- Mass spectrometry 
mAb Monoclonal antibody 
MED  Minimum effective dose 
MMAE Monomethyl auristatin E 
MMAF Monomethyl auristatin F 
MTD Maximum tolerated dose 
mTG Microbial transglutaminase 
MWCO Molecular weight cut off 
N-terminus Amino-terminus 
NBT Nitro blue tetrazolium chloride 
NMR Nuclear magnetic resonance 
PAGE  Polyacrylamide gel electrophoresis 
PAS Polypeptide containing proline, alanine and serine 
PAS(9mer) PAS sequence containing 9mer motifs 
PAS(mTG) PAS sequence containing mTG recognition motifs 
PAS(SPI7G) PAS sequence containing SPI7G motifs 
PASOrg Patented PAS#1 Sequence 
PBS Phosphate buffered saline 
PCF Poly-[carbonylethylene carbonylfromal] 
PCR Polymerase chain reaction 
PEG Polyethylenglycol 
PHF Poly-1-hydroxymethylethylene hydroxymethylformal 
PNGase F Peptide-N-Glycosidase F 
Pro Proline 
PVDF Polyvinylidene difluoride 
RXR Retinoic acid receptor 
S.aureus Staphylococcus aureus 
SDS  Sodium dodecyl sulfate 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC Size exclusion chromatography 
Ser Serine 
SOE Size overlap extension 
SPI Streptomyces Papain Inhibitor 
SPI7G SPIP Q6 K7G - DIPIGQGMTG 
SPI7R SPIP Q6 K7R - DIPIGQRMTG 
SPPS  Solid phase peptide synthesis 
SrtA Sortase A 
TAMP Transglutaminase activating metalloprotease 
TAMRA Tetramethylrhodamine 
TEV Tabacco etch virus 
Thr Threonine 
Tm Melting temperature 
TNBS 2,4,6-Trinitrobenzenesulfonic acid 
UV Ultra violett 
wtSPI SPIP Q6 - DIPIGQKMTG 
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9. Appendix 

9.1. Determination of the preferred mTG recognition tag 
9.1.1. HPLC and LC-MS analysis of acetylated peptides 

 
Figure-S 1: RP-HPLC analysis of acetylated peptide wtSPI (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 
 

 
Figure-S 2: LC-MS analysis of acetylated peptide wtSPI; calc. mass: 1100.30 g/mol; meas. m/z: 1100.97 
[M+H]+, 551.25 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 
 

 
Figure-S 3: RP-HPLC analysis of acetylated peptide SPI7G (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 
 
 

 
Figure-S 4: LC-MS analysis of acetylated peptide SPI7G; calc. mass: 1029.18 g/mol; meas. m/z: 1029.77 
[M+H]+, 515.65 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 
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Figure-S 5: RP-HPLC analysis of acetylated peptide SPI7R (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 
 

 
Figure-S 6: LC-MS analysis of acetylated peptide SPI7R; calc. mass: 1128.32 g/mol; meas. m/z: 1129.0 
[M+H]+, 565.3 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 
 

Figure-S 7: RP-HPLC analysis of acetylated peptide GEN (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 
 
 

 
Figure-S 8: LC-MS analysis of acetylated peptide GEN; calc. mass: 1534.56 g/mol; meas. m/z: 1535.69 
[M+H]+, 768.36 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 
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Figure-S 9: RP-HPLC analysis of acetylated peptide GEC (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 

 
Figure-S 10: LC-MS analysis of acetylated and oxidized peptide GEC; calc. mass: 1510.61 g/mol; meas. m/z: 
1510.55 [M+H]+, 756.56 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 

 
Figure-S 11: RP-HPLC analysis of acetylated peptide LLQG (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 
 
 

 
Figure-S 12: LC-MS analysis of acetylated peptide LLQG; calc. mass: 470.57 g/mol; meas. m/z: 471.47 
[M+H]+. Published in Ebenig, Juettner, Deweid et al.251 
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Figure-S 13: RP-HPLC analysis of acetylated peptide 9mer (gradient 10% to 60% B in 20 min). Published in 
Ebenig, Juettner, Deweid et al.251 

 

 
Figure-S 14: LC-MS analysis of acetylated peptide 9mer; calc. mass: 995.49 g/mol; meas. m/z: 996.77 
[M+H]+, 499.15 [M+2H] 2+. Published in Ebenig, Juettner, Deweid et al.251 

9.1.2. mTG-mediated modification of different peptides using N-[(1R,8S,9s)-Bicyclo[6.1.0]non-
4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane 

 
Figure-S 15: Kinetic studies of mTG-mediated modification of peptide P1-P7 using N-[(1R,8S,9s)-
Bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane. Product formation was analyzed 
in triplicates via HPLC and plotted against the respective reaction time. Published in Ebenig, Juettner, Deweid et 
al.251 
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9.1.3. Dimerization of trastuzumab-SPI7G 

 
Figure-S 16: Kinetic studies of mTG-mediated biotinylation of trastuzumab-SPIwt analyzed by protein blot. 
The antibody was incubated in the presence of N-(biotinyl)-cadaverine and mTG at 37 °C. Aliquots after different 
reaction times were separated by 15% reducing SDS-PAGE and biotinylated protein bands were analyzed by protein 
blot analysis using fluorescent streptavidin conjugate. Published in Ebenig, Juettner, Deweid et al.251 

 

9.2. Artificial sequence derived from SPIP for the generation of ADC with high DARs 
9.2.1. Serum stability of LLQG-bearing trastuzumab 

 
Figure-S 17: In vitro stability of trastuzumab-LLQG in human serum. Trastuzumab-LLQG was incubated in 
human serum for 72 h at 37 °C and aliquots were analyzed after 0 h, 24 h, 48 h and 72 h using reducing SDS-PAGE 
(lower picture) and western blot. Biotinylated protein bands were visualized using fluorescent IRDye® 800CW 
streptavidin conjugate (upper picture)(A). Fluorescent bands were normalized to the first aliquot at 0 h of the 
respective antibody (B). Published in Ebenig, Juettner, Deweid et al.251 
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9.3. Trastuzumab-PAS(9mer)n fusions 
9.3.1. Amino acid sequence of PAS(9mer)n 

 
Figure-S 18: Amino acid sequence and DNA sequence of PAS(9mer)6 that was fused to trastuzumab. 
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Figure-S 19: Amino acid sequence and DNA sequence of PAS(9mer)4 that was fused to trastuzumab. 

9.3.2. Blot of SEC retention times of standard proteins against their molecular weight 

 
Figure-S 20: Blot of SEC retention times of a set of standard proteins against their molecular weight. 7 µg of 
the respective proteins were analyzed using TSKgel SuperSW3000 (TOSHO Bioschience) and a flow rate of 
0.2 ml/min. 
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9.3.3. Mass spectrometry trastuzumab-PAS(9mer)n 
9.3.3.1. Trastuzumab-PAS(9mer)8 

 
Figure-S 21: Intact mass analysis of the light chain of trastuzumab-PAS(9mer)8 (A) and deconvoluted mass 
(B). 
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Figure-S 22: Peptide map of the light chain of trastuzumab-PAS(9mer)8. 
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Figure-S 23: Peptide map of the heavy chain of trastuzumab-PAS(9mer)8 . 
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9.3.3.2. Trastuzumab-PAS(9mer)12 
 

 
Figure-S 24: Intact mass analysis of light chain of trastuzumab-PAS(9mer)12 (A) and deconvoluted mass (B). 
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Figure-S 25: Peptide map of the light chain of trastuzumab-PAS(9mer)12. 
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Figure-S 26: Peptide map of the heavy chain of trastuzumab-PAS(9mer)12. 

 

 
 



 

167 

 

9.3.4. Stability of trastuzumab-PAS(9mer)n variants (single freeze-and-thaw-cycle) 

 
Figure-S 27: Analytical SEC of trastuzumab-PAS(9mer)n before and after a single freeze-and-thaw cycle using 
liquid nitrogen. 

9.4. Trastuzumab-PAS(mTG)20 fusions 
9.4.1. Amino acid sequence of trastuzumab-PAS(mTG)20 fusions 

 
Figure-S 28: Amino acid sequence and DNA sequence of PASOrg. The sequence contains a N-terminal 
Factor Xa-site (green) and C-terminal His6-tag (blue). 
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Figure-S 29: Amino acid sequence and DNA sequence of PAS(SPI7G)10. The sequence contains a N-terminal 
Factor Xa-site (green), a C-terminal His6-tag (blue) as well as ten iterations of the SPI7G sequence (red). 
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Figure-S 30: Amino acid sequence and DNA sequence of PAS(9mer)10. The sequence contains a N-terminal 
Factor Xa-site (green), a C-terminal His6-tag (blue) as well as ten iterations of the 9mer sequence (red). 
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9.4.2. Western blot of trastuzumab stained with anti-Mouse IgG (whole molecule)-Alkaline 
Phosphatase antibody produced in goat (Sigma Aldrich) 

 
Figure-S 31: Reducing SDS-PAGE (A)and western blot analysis (B) of trastuzumab and mouse derived 
antibody using anti mouse-AP conjugate. M: Blue Prestained Protein Standard, Broad Range. Lane 1: 
Trastuzumab. Lane 2: Mouse derived penta his antibody (Qiagen). 

9.4.3. Binding specificity of trastuzumab-PAS(mTG)20 variants on HER2-negative CHO-K1 cells 

 
Figure-S 32: Analysis of HER2-negative CHO-K1 cells treated with trastuzumab-PAS(mTG)20 and 
trastuzumab-PASOrg by flow cytometry. Detached cells were incubated with 250 nM of the respective antibody 
for 1 h on ice. Unbound material was removed by several washing steps and bound antibodies were stained using 
anti-human-IgG (Fab specific)-FITC antibody (goat).  
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9.4.4. LC-MS analysis of trastuzumab-PAS(mTG)20 

 
Figure-S 33: LC-MS analysis of reduced trastuzumab-PASOrg. (A) 10 µg of the antibody were loaded onto 
Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. 
Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks 
appeared at 7.1 min and between 7.8 to 9.0 min were assigned to the light and heavy chain of trastuzumab-PASOrg. 
(B) Subsequent ESI-MS analysis solely confirmed the light chain of the antibody (calc. MW:23.443 kDa, measured 
MW: 23.440 kDa).  
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Figure-S 34: LC-MS analysis of reduced trastuzumab-PAS(SPI7G)20. (A) 10 µg of the antibody were loaded onto 
Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. 
Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks 
appeared at 7.1 min and at 8.0 min were assigned to the light and heavy chain of trastuzumab-PAS(SPI7G). (B) 
Subsequent ESI-MS analysis solely confirmed the light chain of the antibody (calc. MW:23.443 kDa, measured MW: 
23.437 kDa).  

 



 

173 

 

 

 
Figure-S 35: LC-MS analysis of reduced trastuzumab-PAS(9mer)20. (A) 10 µg of the antibody were loaded onto 
Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. 
Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks 
appeared at 7.1 min and at 8.0 min were assigned to the light and heavy chain of trastuzumab-PAS(9mer). (B) 
Subsequent ESI-MS analysis solely confirmed the light chain of the antibody (calc. MW:23.443 kDa, measured 
MW: 23.438 kDa). 
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9.5. Trastuzumab-IUP variants 
9.5.1. Amino acid sequence of the respective fused IUP  

 
Figure-S 36: Amino acid sequence and DNA sequence of EIF4EBP1. Glutamine residues are depicted in red and 
the C-terminal His6-tag is shown in blue. 
 

 
Figure-S 37: Amino acid sequence and DNA sequence of RXR. Glutamine residues are depicted in red and the 
C-terminal His6-tag is shown in blue. 

 
Figure-S 38: Amino acid sequence and DNA sequence of Neurogenin-1. Lysine residues are depicted in green 
and the C-terminal His6-tag is shown in blue. 
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Figure-S 39: Amino acid sequence and DNA sequence of Neuroligin-3. Glutamine residues are depicted in red 
and the C-terminal His6-tag is shown in blue. 

9.5.2. Binding specificity of trastuzumab-IUP fusions on HER2-negative CHO-K1 cells 

 
Figure-S 40: Analysis of HER2-negative CHO-K1 cells treated with trastuzumab-IUPs via flow cytometry. 
Detached CHO-K1 cells were incubated with 250 nM of the respective analyte for 1 h on ice. After several washing 
steps, bound antibodies were stained using anti-human-IgG (Fab specific)-FITC antibody (goat). 
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9.5.3. LC-MS analysis of IMAC purified trastuzumab-EIF4EBP! (Fraction 12) 

 
Figure-S 41: RP-HPLC of trastuzumab-EIF4EBP1 fraction 12 obtained after IMAC. 10 µg of the antibody were 
loaded onto Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 
14 min. Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitril containing 0.1% formic acid. Two major 
peaks appeared at 7.2 min and at 7.8 min were assigned to the light and heavy chain of trastuzumab-EIF4EBP1. 
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Figure-S 42: ESI-MS analysis of both peaks observed in the RP-HPLC for reduced trastuzumab-EIF4EBP1 
fraction 12. (A) The calculated mass for the light chain (23.443 kDa) was confirmed for the first peak that possessed 
a retention time of 7.2 min (measured MW:23.440 kDa). (B) The calculated mass of heavy chain-EIF4EBP1 
(55.58 kDa) was confirmed for the peak that possessed a retention time of 7.8 min (measured MW: 55.572 kDa). 
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9.6. Trastuzumab-LC-EIF4EBP1 
9.6.1. LC-MS analysis of trastuzumab-LC-EIF4EBP1 variants 

 
Figure-S 43: RP-HPLC of trastuzumab-LCwt-EIF4EBP1. 10 µg of the antibody were loaded onto Proteomix 
RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. Solvent A: Water 
containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks appeared at 6.7 min 
and at 7.8 min were assigned to the light chain-wt-EIF4EBP1 and the heavy chain. 
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Figure-S 44: ESI-MS analysis of observed peaks in the RP-HPLC of reduced trastuzumab-LCwt-EIF4EBP1. (A) 
The calculated mass for the light chain-wt-EIF4EBP1 (29.801kDa) was confirmed for the first peak that possessed a 
retention time of 6.7 min (measured MW: 29.798 kDa). (B) The calculated mass of heavy chain + G0F glycosylation 
(49.222 kDa + 1.445 kDa = 50.667 kDa) was confirmed for the second peak that possessed a retention time of 
7.8 min (measured MW: 50.66 kDa). 
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Figure-S 45: RP-HPLC of trastuzumab-LC(GS)-EIF4EBP1. 10 µg of the antibody were loaded onto Proteomix 
RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. Solvent A: Water 
containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks appeared at 6.7 min 
and at 7.8 min were assigned to the light chain-(GS)-EIF4EBP1 and the heavy chain. 
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Figure-S 46: ESI-MS analysis of observed peaks in the RP-HPLC of reduced trastuzumab-LC(GS)-EIF4EBP1. 
(A)The calculated mass for the light chain-(GS)-EIF4EBP1 (30.747 kDa) was confirmed for the first peak that 
possessed a retention time of 6.7 min (measured MW: 30.744 kDa). (B) The calculated mass of heavy chain + G0F 
glycosylation (49.222 kDa + 1.445 kDa = 50.667 kDa) was confirmed for the second peak that possessed a retention 
time of 7.8 min (measured MW: 50.661 kDa). 
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9.6.2. LC-MS analysis of mTG-mediated labeling reaction  

 
Figure-S 47: RP-HPLC of biotinylated trastuzumab-LCwt-EIF4EBP1. 10 µg of the antibody were loaded onto 
Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. 
Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks 
appeared at 8.1 min and at 9.2 min were assigned to the light chain-wt-EIF4EBP1 and the heavy chain. 
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Figure-S 48: ESI-MS analysis of observed peaks in the RP-HPLC of reduced and biotinylated 
trastuzumab-LCwt-EIF4EBP1. (A)The calculated masses for the light chain-wt-EIF4EBP1 (29.801 kDa) as well as 
the light chain-wt-EIF4EBP1 bearing a single payload (30.112 kDa) were determined within the first peak that 
possessed a retention time of 8.1 min (measured MW: 29.798 kDa; 30.110 kDa). (B) The calculated mass of heavy 
chain + G0F glycosylation (49.222 kDa + 1.445 kDa = 50.667 kDa) was confirmed for the second peak that 
possessed a retention time of 9.2 min (measured MW: 50.661 kDa). 
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Figure-S 49: RP-HPLC of biotinylated trastuzumab-LC(GS)-EIF4EBP1. 10 µg of the antibody were loaded onto 
Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. 
Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks 
appeared at 8.0 min and at 9.2 min were assigned to the light chain-wt-EIF4EBP1 and the heavy chain. 
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Figure-S 50: ESI-MS analysis of observed peaks in the RP-HPLC of biotinylated and reduced 
trastuzumab-LC(GS)-EIF4EBP1. (A)The calculated masses for the light chain-(GS)-EIF4EBP1 (30.745 kDa) as well 
as the light chain (GS)-EIF4EBP1 bearing a single payload (31.058 kDa) were determined within the first peak that 
possessed a retention time of 8.0 min (measured MW: 30.745 kDa; 31.055 kDa). (B) The calculated mass of heavy 
chain + G0F glycosylation (49.222 kDa + 1.445 kDa = 50.667 kDa) was confirmed for the second peak that 
possessed a retention time of 9.2 min (measured MW: 50.660 kDa). 
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9.6.3. HPLC and LC-MS analysis of peptides AcSASQTPS and AcDGVQLPP 

 
Figure-S 51: RP-HPLC analysis of acetylated peptide AcSASQTPS (gradient 0% to 60% B in 20 min).  

 

 
Figure-S 52: LC-MS analysis of acetylated peptide AcSASQTPS; calc. mass: 717.33 g/mol; meas. m/z: 718,48 
[M+H]+, 359.96 [M+2H] 2+. 

 

 
Figure-S 53: RP-HPLC analysis of acetylated peptide AcDGVQLPP (gradient 10% to 80% B in 20 min).  

 

 
Figure-S 54: LC-MS analysis of acetylated peptide AcDGVQLPP; calc. mass: 765.40 g/mol; meas. m/z: 766,58 
[M+H]+, 384.06 [M+2H] 2+. 
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9.7. Trastuzumab(N297A)-DAIP(F297A) 

 
Figure-S 55: Amino acid sequence and DNA sequence of DAIP(F297A). Reactive glutamic acid is shown in red, 
the F297A-mutation is shown in green and the hexa-His-tag is depicted in blue. 
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Figure-S 56: Analytical SEC of trastuzumab(N297A)-DAIP(F297A). 7 µg of the antibody were loaded onto 
TSKgel Super SW3000 (TOSHO Bioscience). 

9.8. Antibody conjugates 
9.8.1. Polypeptide sequences 

 
Figure-S 57: Amino acid sequence and DNA sequence of G3-W-APE47S. Glutamic acid is depicted in red. 
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Figure-S 58: Amino acid sequence and DNA sequence of G3-W-K47APS. Lysine residues are depicted in red. 
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Figure-S 59: Amino acid sequence and DNA sequence of G3-W-PASK6. Lysine residues are depicted in red. 
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9.8.2. APE47S 

 
Figure-S 60: Heat precipitation of E. coli host proteins and purification of Trx-TEV-G3-W-APE47S. (A) Reducing 
SDS-PAGE of the purification analysis. M: Blue Prestained Protein Standard Broad Range. Lane 1: Cell lysate after 
removal of cell debris. Lane 2: Precipitate after heat treatment. Lane 3: Supernatant after heat treatment. Lane 4: 
EtOH precipitate. (B) Scheme of the purification process. 

 

 
Figure-S 61: Chemical labeling of G3-APE47S using fluorescein. Payload density was determined by comparing 
with a standard series of the fluorescent payload. Samples were analyzed in triplicates. 
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9.8.3. K47APS 

 
Figure-S 62:  Purification of Trx-TEV-G3-W-K47APS via IMAC (A+B) and SEC (C+D) and LC-MS analysis of 
purified polypeptide (E). Chromatogram of IMAC purification of Trx-TEV-G3-W-K47APS using a gradient from 0 mM 
to 500 mM imidazole (A) and analysis of collected fractions by 15% reducing SDS gel (B). M: Blue Prestained Protein 
Standard. FT: Flow through. W: Wash. Fractions 11 to 15 were pooled and applied onto SEC using a flow rate of 0.5 
ml/min and PBS pH 7.4 as mobile phase (C). Collected fractions of Trx-TEV-G3-K47APS were analyzed via 15% 
reducing SDS-PAGE (D). M: Blue Prestained Protein Standard. LC-MS analysis of purified G3-W-K47APS (E). 
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Figure-S 63: Chemical modification of Trx-TEV-G3-W-K47APS using biotin-NHS with subsequent TEV protease 
mediated removal of the thioredoxin fusion partner in presence of a detergent. (A) Trx-TEV-G3-W-K47APS was 
labeled using 2 mol equilvalents of biotin-NHS. 0.1% (v/v) SDS was added prior to removal of the excess of the 
payload via desalting spin column. M: Blue Prestained Protein Standard Broad Range. Lane 1: Pellet. Lane 2: 
Supernatant. Lane 3: Biotinylated Trx-TEV-G3-W-K47APS purified via desalting spin column. (B) 
Trx-TEV-G3-W-K47APS incubated with TEV protease at 35 °C overnight in the presence of different concentrations of 
SDS. M: Blue Prestained Protein Standard Broad Range. 

 
Figure-S 64: Attemps to allow purification of biotinylated Trx-TEV-G3-W-K47APS. Trx-TEV-G3-W-K47APS was 
chemically modified using 2 mol equivalents of EZ-Link Sulfo-NHS-LC-Biotin. The respective additive was added 
prior to removal of the excess of NHS-activated biotin via desalting spin column. 

9.8.4. PASK6 
9.8.4.1. LC-MS analysis of the purified scaffold  

 
Figure-S 65: RP-HPLC of Trx(woK)-TEV-G3-W-PASK6. 10 µg of the polypeptide were loaded onto Proteomix 
RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 14 min. Solvent A: Water 
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containing 0.1% formic acid. B: 85% Acetonitrile containing 0.1% formic acid. Two major peaks at 11.2 min and at 
12.5 min were observed. 

 
Figure-S 66: ESI-MS analysis of observed peak 1 (A) and peak 2 (B) in the RP-HPLC of 
Trx(woK)-TEV-G3-W-PASK6. The calculated mass of the polypeptide (38.362 kDa) was determined within the both 
peaks that possessed retention times of 11.2 min and 12.5 min (measured MW: 38.367 kDa; 38.366 kDa). 
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9.8.4.2. LC-MS analysis of chemical modified scaffold 

  

 
Figure-S 67: LC-MS analysis of TAMRA-labeled Trx(woK)-TEV-G3-W-PASK6. (A) 10 µg of the polypeptide were 
loaded onto Proteomix RP-1000 using a flow rate of 1.0 ml/min and separated by a gradient of 25% to 50% B over 
14 min. Solvent A: Water containing 0.1% formic acid. B: 85% Acetonitril containing 0.1% formic acid. A single peak 
with a retention time of at 11.3 min was observed. (B) Subsequent ESI-MS analysis confirmed the polypeptide as 
well as modified polypeptides with up to three payloads per polypeptide (calc. MW and measured MW are depicted 
in the table). 
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9.8.5. TNBS assay 

 
Figure-S 68: TNBS assay for the determination of accessible primary amines of unmodified and chemically 
modified Trx-TEV-G3-W-K47APS (A) and Trx-TEV-G3-W-PASK6 (B). 
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9.8.6. Improvement of the chemical labeling reaction 

 
Figure-S 69: Chemical modification of Trx-TEV-G3-W-PAKS6 using different additives to improve the reaction. 
(A) Chemical modification of the polypeptide by TAMRA-NHS in the presence of different concentration of urea. (B) 
Addition of N-lauroylsarcosine to improve the labeling efficacy. (C) Addition of guanidinium thiocyanat or TFE. 
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