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Summary 

Cancer is responsible for 17% of death and is the second leading cause for unnatural deaths in the 

world according to WHO 2020. Systemic therapies made a lot of progress in the recent years, but one 

of the main drawbacks is still the toxicity in healthy tissue. One way to address this issue is the use of 

targeted antibodies carrying cytotoxic payloads, so called antibody drug conjugates (ADC). Already 

nine ADCs haven been approved by the United States Federal Drug Administration (FDA). However, 

clinical and preclinical studies showed that the number of attached toxins, the position of the 

attachment and the linker are decisive for therapeutic efficacy. Recently, biodistribution studies 

showed that site-specific attachment of a toxin to the antibody leads to ADCs with better 

pharmacokinetic behavior, compared to ADCs where the toxin is heterogeneously attached. Our group 

pioneered the site-specific modification of antibodies with the use of the enzyme Microbial 

Transglutaminase (MTG). We discovered that MTG forms an isopeptidic bond between glutamine 295 

(Q295) of the mAb’s heavy chain and a primary amine. However, until the present thesis, the site-

directed, homogeneous modification of Q295 was only feasible with aglycosylated, or deglycosylated 

antibodies. Glycosylated, native variants did not or only to a minor extent show modification at the 

position Q295. It was reasoned at that time that the branched oligosaccharides at asparagine 297 

(N297) presumably sterically hinder Q295 functionalization of antibodies with MTG. Glycans are 

partially responsible for the antibody-dependent cellular cytotoxicity (ADCC), complement-dependent 

cytotoxicity (CDC), and for the interaction with the high affinity immunoglobulin gamma Fc receptor I 

(FcϒRI). At the same time, glycosylation stabilizes the quaternary and tertiary structure of the mAb. 

In the course of our studies, we have found accidently that certain peptides containing lysine (K) can 

be conjugated to Q295 of native, fully glycosylated antibodies by MTG. Because this was contradictory 

to our previous observations, we systematically investigated this phenomenon. In chapter 4, a peptide 

library consisting of 42 sequences with 3-8 amino acids including at least one K has been tested for 

conjugation ability to Trastuzumab, a human epidermal growth factor receptor 2 (HER2/neu) targeting 

mAb, that is often used as benchmark for various immunoconjugates. Conjugation efficiencies to Q295 

vary between 0-94% for the various peptides at standardized reaction conditions (Trizma pH 7.6 Buffer, 

incubation time of 20 h at 37 °C, with 80 eq. peptide, 1 mg/mL mAb, and 6 U MTG/ mg mAb). We 

observed that peptides with high conjugation efficiency, like peptides RAK (94±0.4% conjugation yield) 

and RAAK (94±0.7% conjugation yield), possess a positive overall charge, whereas rather negatively 

charged peptides such as KADDD and FKETAA showed low or no conjugation. In order to optimize the 

enzymatic coupling yield, we varied parameters such as temperature, pH, buffer systems, inorganic 

salts and the antibody concentration. Optimal results were obtained at temperatures such as 42 °C, in 
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the buffer media Trizma, HEPES, or MOPS at pH 7.6. Furthermore, higher antibody concentrations 

(tested until 5 mg/mL) lead to higher yields of the conjugate.  

To equip the antibodies with functionalities such as toxins or chelators for radiolabeling, we added a 

biorthogonal, chemical handle to the peptides. We extended the best peptide sequences RAK, KHR, 

RSK and RAKAR with an ε-azido-lysine for subsequent click reactions with alkyne and alkyne 

derivatives. To explore the scope of the enzymatic method and the peptide substrates towards various 

isotopes of antibodies, we used the substrate Ac-RAK-K(N3)-NH2. It was coupled to human IgG1, IgG2, 

IgG4, murine and rat antibodies as well as the commercial ADCs Kadcyla® and Adcetris®. All human 

IgG1’s and ADCs Kadcyla® and Adcetris® were conjugated quantitatively (>95%) with the peptide Ac-

RAK-K(N3)-NH2. Nivolumab, an IgG4 isotype antibody, showed a second coupling site at Q311, though 

the modification at Q311 was not quantitative (<20 %). Some rodent antibodies showed additionally 

conjugation at the light chain. Mice antibodies IgG2a and IgG2b showed no or low attachment in the 

heavy chain due to the missing Q295, but efficient conjugation of the light chain of IgG2b (>95%), but 

not for IgG2a. 

In chapter 5, we describe how we rationally identified further suitable peptides substrates by applying 

an in silico method, developed by the Schneider group at the ETHZ. We created a self-organizing map 

(SOM) based on the initial 42 experimentally screened peptide using a randomly selected threshold of 

>60% coupling yield to be considered as a good substrate. More than 500 peptide sequences including 

at least one lysine were subjected to a virtual screening and attributed to our SOM. Out of these 

screened peptides, 17 were experimentally tested to verify the validity of the SOM. We observed that 

all sequences predicted to be good substrates were correctly assigned (>60% labeling yield) whereas 

3 out of 6 peptides predicted to be bad substrates in fact conjugated >60%. 

In chapter 6, we verified in vitro the features of MTG mediated immunoconjugates with Ac-RAKAR-

K(N3)-NH2 and NH2-K(N3)-CRAK-OH. The two peptide derivatives were quantitatively attached to 

Trastuzumab, and in a second step functionalized with the fluorescent dye DBCO-PEG4-5/6-FAM (Ac-

RAKAR-K(N3)-NH2). NH2-K(N3)-CRAK-OH, comprising next to the azide an additional cysteine as a 

second coupling site, allows chemical modification by a maleimide group. The immunoconjugate 

showed a retained binding towards antigen HER2/neu on Skov3-ip ovarian cancer cells. After attaching 

the linker to Trastuzumab, chelator maleimide-NODAGA was conjugated towards the sulfhydryl group 

on the cysteine, and in a third step the toxin DBCO-PEG4-Ahx-maytansine via the azide functionality. 

Mass spectrometry (MS) analysis showed the formation of >95% homogenous Trastuzumab-NH2-

K(maytansine)-C(NODAGA)RAK-OH. To reduce conjugation steps, the chelator NODAGA was covalently 

attached to a third linker construct, NODAGA-K(N3)-RAK-NH2. After quantitative conjugation to 
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Trastuzumab, maytansine was attached to the azide. MS analysis showed full conversion to 

Trastuzumab-NODAGA-K(maytansine)-RAK-NH2. The Trastuzumab-conjugates with chelator NODAGA 

attached were radiolabeled with 111In with >95% purity. Lindmo analysis for Trastuzumab-NH2-

K(maytansine)-C(NODAGA)RAK-OH, Trastuzumab-NODAGA-K(N3)-RAK-NH2, and Trastuzumab-

NODAGA-K(maytansine)-RAK-NH2 showed immunoreactive fractions of 102%, 111.1%, and 110.9%, 

respectively. 

In chapter 7, we present the results of a comparative biodistribution study with 111In labeled 

Trastuzumab-NODAGA-K(N3)-RAK-NH2, and Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 and as 

well as with a deglycosylated variant of the latter, Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 

in a s.c. Skov3-ip mouse model. We wanted to see if the hydrophobic toxin changes tumor-, and off-

target uptake. Furthermore, we were interested to see if the glycosylation has an impact on organ 

uptake, especially since our older enzymatically produced ADCs were dependent on the 

deglycosylation step. The conjugates showed efficient tumor uptake, already in the range of 20% of 

the injected dose per gram organ (%iD/g) after 24 h, and up to 40%iD/g or higher for the other time 

points of 48 h, 72 h, and 96 h. The other organs had low uptake, with the blood containing approx. 

10%iD/g. We observed for all the time points no significant difference in tumor uptake in-between the 

three radiolabeled ADCs, showing that the hydrophobic toxin is not affecting the biodistribution within 

our tested setting.  
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Zusammenfassung 

Krebs ist verantwortlich für 17% der Todesfälle und somit die zweithäufigste unnatürliche 

Todesursache, gemäss der Weltgesundheitsorganisation (2020). Systemische Therapie hat viele 

Fortschritte erzielt in den letzten Jahren, aber einer der grossen Nachteile ist immer noch die Toxizität 

im gesunden Gewebe. Ein Weg dieses Problem zu beheben ist der Gebrauch von Antikörpern die ein 

zelltoxisches Gift tragen, so genannte Antikörper-Wirkstoff Konjugate (ADC), und gezielt den Krebs 

angreifen.  Bereits neun ADCs wurden genehmigt von der United States Federal Drug Aministration 

(FDA). Jedoch zeigten klinische und präklinische Studien, dass die Anzahl von festgemachten Toxinen, 

ihre Position, sowie der verbindende Linker entscheidend sind für einen therapeutischen Effekt. 

Kürzlich zeigten Biodistributionsstudien, dass das ortsspezifische Festmachen vom Toxin zu besserem 

pharmakokinetischen Verhalten führte, verglichen mit nicht-ortsspezifischem, heterogenem 

Befestigen. Unsere Gruppe war Pionier für den Gebrauch vom Enzym mikrobielle Transglutaminase 

(MTG) für das ortsspezifische Befestigen von Toxinen. Wir konnten zeigen, dass MTG eine 

isopeptidische Bindung zwischen dem Glutamin 295 (Q295) vom mAb und einem primären Amin 

formt. Jedoch, bis hin zu dieser Thesis, war das ortsspezifische, homogene Befestigen beim Q295 nur 

möglich mit aglykosilierten, oder deglykosilierten Antikörper. Glykosilierte native Antikörper zeigten 

nur wenig oder gar keine Modifikation an der Position Q295. Dies wurde dazumal damit begründet, 

dass das verzweigte Oligosaccharid beim Asparagin 297 (N297) vermutlich sterisch die 

Funktionalisierung des mAb mit MTG hindert. Die Zuckermoleküle sind teilweise verantwortlich für die 

Antikörper abhängige zelluläre Toxizität (ADCC), der komplementierenden abhängigenen Zelltoxizität 

(CDC), oder für die Interaktion mit dem stark affinen Immunoglobulin Gamma Fc Rezeptor I (FcϒRI). 

Gleichzeitig stabilisiert die Glykosylation die quaternäre und tertiäre Struktur vom mAb. 

Während unseren Studien haben wir zufällig herausgefunden, dass bestimmte Peptide mit einem Lysin 

ans Q295 von komplett nativen, voll glykolisierten mAb konjugieren können mit MTG. Da dies 

widersprüchlich zu unseren vorherigen Observationen war, haben wir dieses Phänomen systematisch 

weiter untersucht. Im Kapitel 4 haben wir eine Peptidserie von 42 Sequenzen mit 3-8 Aminosäuren 

und mindestens einem Lysin mit MTG an Trastuzumab konjugiert, einem menschlichen Epidermis 

Wachstumsfaktor Rezeptor 2 (HER2/neu) bindenden mAb. Die Effizienz der Konjugation an das Q295 

variierte zwischen 0-94% bei standardisierten Bedingungen (Trizma pH 7.6 Puffer, Inkubationszeit von 

20 h bei 37 °C, mit 80 Eq. Peptiden, 1 mg/mL mAb, und 6 U MTG/ mg mAb). Wir stellten fest, dass 

Peptide mit hoher Konjugationseffizienz, wie Peptide RAK (94±0.4%) oder RAAK (94±0.7%), eine 

allgemeine positive Ladung besitzen, während hauptsächlich negativ geladene Peptide wie KADDD und 

FKETAA keine oder nur sehr wenig Konjugation zeigten. Um die Ausbeute dieser enzymatischen 
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Reaktion zu steigern, haben wir verschiedene Parameter wie die Temperatur, den pH, die 

Puffersysteme, anorganische Salze, sowie Antikörper Konzentrationen variiert. Ideale Resultate 

erreichten wir bei einer Temperatur von 42 °C, in den Puffern Trizma, HEPES, oder MOPS bei einem pH 

von 7.6. Zudem brachten höhere Antikörperkonzentrationen (bis zu 5 mg/mL getestet) bessere 

Ausbeute vom Konjugat.  

Um dem Antikörper Funktionalitäten wie Toxine oder Chelatoren für die Radiomarkierung zu 

befestigen, haben wir einen bioorthogonalen chemischen Halter befestigt. Wir erweiterten die besten 

Peptidsequenzen RAK, KHR, RSK, und RAKAR mit einem ε-azido-Lysin für eine anschliessende click 

Chemie Reaktion mit Alkinen und Alkin-Derivaten. Um herauszufinden wie breit die enzymatische 

Methode anwendbar ist auch für verschiedene Isotypen von Antikörpern, haben wir das Substrat Ac-

RAK-K(N3)-NH2 benutzt. Es wurde an menschliche IgG1, IgG2, IgG4, Mäuse, Ratten-Antikörper sowie 

auch an kommerzielle ADCs Kadcyla® und Adcetris® gekoppelt. Alle menschlichen IgG1’s sowie die 

ADCs Kadcyla® und Adcetris® konjugierten quantitativ (>95%) mit dem Peptid Ac-RAK-K(N3)-NH2. 

Nivolumab, ein IgG4, hatte eine zweite Konjugationsstelle beim Q311, aber diese Modifikation war 

nicht quantitativ (<20%). Einige Nagetier-Antikörper zeigten zudem Konjugation in der leichten 

Antikörper-Kette. Mausantikörper IgG2a und IgG2b zeigten keine oder wenig Konjugation in der 

schweren Kette, da sie kein Q295 besitzen, jedoch gute Konjugation an der leichten Kette für IgG2b 

(>95%). 

Im Kapitel 5 beschreiben wir, wie wir rational neue brauchbare Peptidsubstrate identifiziert haben, in 

dem wir eine in silico Methode angewendet haben, die von der Schneider Gruppe an der ETHZ 

entwickelt wurde. Wir kreierten eine selbst-organisierte Karte (self-organizing map, SOM) basierend 

auf den initialen 42 experimentell getesteten Peptiden indem wir einen Grenzwert von >60% 

Konjugationseffizienz festlegten, der die Substrate darüber als gut bezeichnete. Mehr als 500 

Peptidsequenzen mit je einem Lysin wurden in eine virtuelle Durchleuchtung gegeben, die die 

Sequenzen der SOM zuordnete. Von diesen Sequenzen haben wir 17 experimentell getestet um die 

SOM zu validieren. Wir stellten fest, dass alle als gut vorhergesagten Sequenzen korrekt zugeordnet 

wurden (>60% Konjugationseffizienz), während 3 von 6 als schlecht vorhergesagten Substraten auch 

über 60% konjugierten.  

Im Kapitel 6 verifizierten wir die in vitro Eigenschaften von unseren MTG behandelten 

Immunokonjugaten mit Ac-RAKAR-K(N3)-NH2 und NH2-K(N3)-CRAK-OH. Die beiden Peptidderivate 

wurden quantitativ an Trastuzumab befestigt und in einem zweiten Schritt mit dem fluoreszierenden 

Farbstoff DBCO-PEG4-5/6-FAM funktionalisiert (Ac-RAKAR-K(N3)-NH2). NH2-K(N3)-CRAK-OH hat neben 

dem Azid zusätzlich noch ein Cystein als zusätzliche Kopplungsseite, was chemische Modifikation 
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mittels einer Maleimid-Gruppe ermöglicht. Das Immunokonjugat behielt die Bindung an HER2/neu 

Antigene an Skov3-ip Eierstockkrebszellen bei. Nach dem Befestigen vom Linker an Trastuzumab, 

wurde der Chelator Maleimide-NODAGA an die Sulfhydryl Gruppe vom Cystein konjugiert und in einem 

dritten Schritt das Toxin DBCO-PEG4-Ahx-Maytansin via die Azid Funktionalität. Eine 

Massenspektrometrieanalyse (MS) zeigte >95% von unserem generierten ADC Trastuzumab-NH2-

K(maytansine)-C(NODAGA)RAK-OH. Um Kopplungsschritte zu reduzieren, haben wir Chelator NODAGA 

kovalent an ein drittes Linkerkonstrukt gebunden, NODAGA-K(N3)-RAK-NH2. Nach quantitativer 

Befestigung an Trastuzumab wurde Maytansine ans Azid gebunden. MS Analyse zeigte vollständige 

Konversion zu Trastuzumab-NODAGA-K(maytansine)-RAK-NH2. Alle Trastuzumab-Konjugate mit 

Chelator NODAGA daran wurden radiomarkiert mit 111In mit einer Effizienz von >95%. Lindmo Analysen 

für Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH, Trastuzumab-NODAGA-K(N3)-RAK-NH2, und 

Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 zeigten immunoreaktive Fraktionen von 102%, 

111.1%, und 110.9%.  

Im Kapitel 7 präsentieren wir die Resultate einer vergleichenden Biodistributionsstudie mit 111In 

radiomarkiertem Trastuzumab-NODAGA-K(N3)-RAK-NH2, Trastuzumab-NODAGA-K(maytansine)-RAK-

NH2 und sowie einer deglykosylierten Variante des vorherigen, Trastuzumabdeglyc.-NODAGA-

K(maytansine)-RAK-NH2 in einem s.c. Skov3-ip Mausmodell. Wir wollten sehen ob die Hydrophobizität 

vom Toxin die Tumoraufnahme und die ungezielte Aufnahme beeinflusst. Zusätzlich waren wir 

interessiert zu sehen ob die Glykosylierung einen Einfluss hat auf die Organaufnahme, da unsere alten 

enzymatisch produzierten ADCs von einem Deglykosylierung-Schritt abhängig waren. Die Konjugate 

zeigten effiziente Tumoraufnahme, schon im Bereich um 20% nach 24 h, und bis zu 40% oder höher 

für die anderen Zeitpunkte 48 h, 72 h, und 96 h. Die Aufnahme in andere Organe war tief, während 

das Blut etwa 10% der injizierten Dosis beinhaltete. Wir observierten für alle Zeitpunkte keine 

signifikante Veränderung der Tumoraufnahme zwischen den drei radiomarkierten ADCs, was aufzeigt, 

dass das hydrophobe Toxin keinen Einfluss auf die Biodistribution hat in unserem getesteten Rahmen.  
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1. General Introduction 

1.1. Therapeutic antibodies 

With 1 out of 6 deaths, cancer is the second leading cause of death in the world according to the World 

Health Organization (2020). For men prostate cancer is the most prevalent form, whereas for women 

it is breast cancer. The most lethal cancer in numbers is still lung cancer for both sex, with 23% in men, 

and 21% in woman (estimates for 2020)[1]. Common therapies include surgical removal of tumors, 

radiation-, or systemic therapy. Especially in systemic therapy, the field made a lot of progress in the 

recent years. It promises less toxicity and greater efficacy for cancer treatment by targeted therapy[2]. 

This principle is not new, as Paul Ehrlich mentioned a century ago the concept of a “magic bullet” that 

seeks their target for their own accord[3]. In the field of targeted medicine, especially in oncology, 

monoclonal antibodies (mAbs) have become very important. They show highly specific antigen binding 

and induce immune system mediated toxicity[4,5]. Alone at the end of November 2019, 79 new mAbs 

were in late-stage clinical studies, with 40 of them being developed for cancer treatment. This number 

has tripled since 2010. As of the end of 2019, 6 novel mAbs were approved either in the US or EU, and 

around 13 are expected to get approval in 2020[6]. Human mAbs are classified into four 

immunoglobulin (IgG) subclasses, IgG1, IgG2, IgG3, and IgG4 (Figure 1). Their main structural difference 

is the number of disulfide bonds, whereas the classification identifies their targets (e.g. membrane-, 

and bacterial antigens for IgG1 and IgG2)[7]. Therapeutic immunoconjugates mainly are made with 

subclasses IgG1 and IgG4[8].  

Figure 1: Scheme of the four IgG subclasses, which share 90% amino acid sequence homology. They differ in numbers and 
positions of disulfide bridges, as well as on the length of the hinge region[7]. Black lines between heavy and light chains indicate 
disulfide bridges. Compared to IgG1, IgG2 and IgG4 have shortened hinge regions, whereas the hinge of IgG3 is prolonged.   

Other than just receptor blocking, there are two main working principles of mAbs leading to the toxic 

impact on the bound cell. One is the antibody-dependent cellular cytotoxicity, ADCC. After binding of 

the human IgG1 to the antigen on the cancer cell, the Fc receptors on immune effector cells 

(macrophages, natural killer cells, neutrophils) will interact with the crystallizable fragment (Fc) region 

of the IgG1 (CH2+CH3). This induces tumor cell elimination by lysis or phagocytosis[9–11]. The second 

IgG1 IgG2 IgG3 IgG4 

Hinge region 

Light chain 
Heavy chain 
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toxic working principle is the complement-dependent cytotoxicity, CDC, whereas recruitment of the 

complement component C1q is inducing a membrane attack complex that subsequently kills the tumor 

cell by lysis. However, these effector functions can be mild. While mAb engineering helped to improve 

the therapeutic effect of mAbs[12,13], nowadays there is a big trend in creating either armed mAbs, so 

called antibody-drug-conjugates (ADC), or bispecific mAbs (biAbs). Since the end of 2017, over 500 

manuscripts were published involving biAbs[14]. By cross-engineering light, and/or heavy chains of two 

distinct mAbs, two different cancer antigens can be targeted, thus enhancing the specificity. This 

technology shows successful results especially in cancer immunotherapy, whereas one mAb arm is 

engineered to recruit T-cells. BiAbs show reduced adverse effects and drug resistance[14–16]. The other 

big promising class used for mAb therapy are ADCs, discussed below. 

 

1.2. Glycosylation of antibodies 

At the position Asn297, IgGs have a glycan attached, most often a biantennary structure consisting of 

different oligosaccharides (mainly sialic acid, mannose, N-acetylglucosamine, fucose, galactose, and N-

acetylneuraminic acid, Figure 2)[17]. Depending on the glycan composition, the mAb efficacy can 

vary[18]. When core-fucose levels are decreased, ADCC can be increased up to 50x by making IgG1 more 

affine to FcϒRIIIa on immune cells[19,20][21]. On the other hand, the role of glycans in FcRn binding is 

believed to be marginal[17]. Some studies show no change of pharmacokinetics depending on different 

glycosylation[22,23], whereas other studies showed an impact[24,25]. Recently, Vivier et al. compared the 

FcϒRI interactions more closely. They compared deglycosylated immunoconjugates with 

immunoconjugates with different glycosylation states. Interestingly, they saw a strong correlation that 

immunoconjugates with impaired FcϒRI interaction (due to the missing glycan) lead to higher tumor 

uptake and significantly less off-target uptake (up to 3.5 fold less uptake in liver in NSG mice) compared 

to glycosylated versions[26]. However, deglycosylated mAbs are also more prone to unfolding when 

induced with guanidine HCl, and lose thermal stability in the CH2 region[27]. Molecular dynamic 

simulations show increased quaternary and tertiary structure deformation with deglycosylated IgGs[28]. 

Furthermore, they aggregate faster, which is a very critical point for ADCs with the anyway 

hydrophobic toxins attached[29]. 
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Figure 2: Schematic display of the classical glycans attached to Asn297 on human IgGs. The structure is biantennary, with 
variable glycans at both ends. Figure from Carter et al.[30]. 

 

1.3. Antibody-Drug Conjugates 

Conventional anticancer drugs for chemotherapy often show high systemic toxicity for healthy tissue 

and with it severe side effects[31]. Selective delivery of toxins with mAbs as targeting devices is 

circumventing this problem. These so-called ADCs consist of three important parts, the mAb, the toxin, 

and the linker as connecting device (Figure 3). The high specificity of mAbs allows attaching highly 

potent toxins, thereby increasing the therapeutic index of cytotoxic agents[32]. The working principle is 

very simple. Upon binding of the receptor, the ADC is internalized, whereas the toxins are cleaved with 

or without lysosomal activation (Figure 4)[33]. Dependent on the toxin class, the cell is accordingly put 

under stress, which leads eventually to cell death. 

Figure 3: Schematic view of the three important hallmarks of an effective ADC: mAb, linker, and the drug/toxin. Figure 
adapted from Zhao et al. [34]  

Antibody 
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Figure 4: Simplified working principle of ADCs. The ADC binds to the target receptor, gets internalized, whereas the toxin is 
released. In the shown figure, the toxin disrupts microtubule dynamics (toxins: maytansine, auristatine). The toxin can diffuse 
to neighboring cells after cleavage from the mAb, leading to the bystander effect. Figure from Walko et al.[33] 

Membrane permeable drugs can kill neighboring cells as well, a term called bystander killing. 

Interestingly, there has been a lot of success as well with ADCs that are non-internalizing[35]. A thorough 

study of Genetech compared different ADCs targeting internalizing and non-internalizing antigens for 

the Non–Hodgkin’s Lymphoma. Surprisingly, non-internalizing ADCs expressed comparable tumor 

toxicity vs. the internalizing variant[36]. They carry a mAb-toxin linker that is cleavable and have toxins 

attached that are membrane permeable. The advantage of such ADCs is that extracellular toxin 

delivery is not dependent on the tumor biology. Since the toxin is diffusing into several cells, also 

neighboring cancer cells without overexpressed antigen are targeted. This is called the bystander 

effect. A similar effect was seen by Gébleux and coworkers who found that FDA approved Adcetris® 

(brentuximab vedotin; targeting CD30) could work extracellularly[37]. However, Adcetris® was designed 

to work as internalizing ADC. It is after Mylotarg® (gemtuzumab ozogamicin) the second FDA approved 

ADC and received marketing approval in 2011[38]. It has mono methyl auristatin attached and showed 

overall response rates of 86% (for systemic anaplastic large cell lymphoma, ALCL)[39] and 75% (for 

relapsed Hodgkin’s lymphoma)[40]. Adcetris®, Mylotarg®, and other ADCs were mainly developed for 

hematologic malignancies, since it has been shown that solid tumors are less amenable for mAbs[41]. 

Nevertheless, more and more studies have been conducted targeting solid tumors[33]. Kadcyla® (Ado-

trastuzumab emtansine, T-DM1; FDA approved in 2013) is the first ADC targeting metastatic breast 

cancer overexpressing human epidermal growth factor receptor 2 (HER2/neu)[42]. It carries the 
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maytansinoid DM1 which is attached to Trastuzumab with a non-cleavable linker[43]. As of 2020, 

approximately 600 clinical trials have been conducted with ADCs[34], whereas nine (Mylotarg®, 

Adcetris®, Kadcyla®, Besponsa®, Polivy®, Padcev®, Enhertu®, Trodelvy®, Blenrep®) reached FDA 

approval with around 65 still in clinical trials (www.fda.gov press releases).  

 

1.3.1.  Radioimmunoconjugates  

While the next generation ADCs improve on all the three hallmarks toxin, linker, and mAb, another 

way to tackle poor accessibility of heterogeneous tumors are radioimmunoconjugates (RIC). A 

radionuclide is chemically or via chelator linked to a mAb, enabling therapy or imaging[2,44,45]. While 

applying RIC for solid tumors is still limited, excellent results have been reported applying 

radioimmunoconjugates for advanced haematologic malignancies[46]. Today, two RICs have been 

approved, Bexxar® (tositumomab) and Zevalin® (ibritumomab tiuxetan)[47]. Bexxar is radiolabeled with 

131I and Zevalin with 90Y, both β- emitters. Since the cellular diameter is smaller than the decay sphere 

of the radionuclide, RICs may benefit from the bystander effect, but in return can attack healthy tissue 

at the target site as well. Recently, an interesting study was published by Lakes et al., comparing 225Ac 

(ɑ emitter) and 177Lu (β-) RICs against an ADC (bearing a pyrrolobenzodiazepine, PDB, toxin) for Small-

Cell Lung Cancer[48]. Both of the radiolabeled mAbs controlled growth in xenografted NOD-SCID mice, 

with 225Ac showing lengthened survival. However, the ADC showed full tumor suppression in 9/10 

mice. Another interesting short lived radionuclide to mention is 111In, which can be used in RIC for 

therapy or SPECT/PET imaging[49–51]. One of the big challenges is still to find the balance between the 

dose exposure of healthy tissue and the dose delivered to the tumor[52]. 

 

1.3.2. Toxins employed in antibody-drug conjugates 

Over the past 30 years, more than 50 different toxins have been tested on ADCs. The ones currently in 

clinical trials either target microtubules or DNA. DNA drugs have an additional advantage as they are 

cytotoxic as well for non-proliferating cells[53]. Delivery of toxins to the cancer cell is limited by the 

overexpression of the antigens as well as by the amount of toxins an ADC can carry. Most of the ADCs 

in clinical trials have a drug-to-antibody ratio (DAR) of 2-4[8]. This is why an adequate toxin has to be 

very potent (picomolar range). Furthermore, their potential for aggregation should be checked, as 

these toxins are often very hydrophobic, which can lead to fast serum clearance of the ADC[53,54]. 

Compounds from the following classes have been and still are tested within the last years: auristatins, 

maytansinoids, indolino-benzodiazepines, pyrrolobenzodiazepines (PBD), calicheamicins, 

duocarmycins, amanitins, irinotecan derivatives, doxorubicin and tubulysins[32,53]. Auristatins, such as 
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monomethyl auristatin E (MMAE), is the biggest group and are vastly tested by many companies. FDA 

approved Adcetris® bears MMAE. After release of the mAb, they inhibit tubuline dependent GTP 

binding, which inactivates the microtubule dynamics[32]. The other big group of tubulin inhibitors are 

the maytansinoides, such as DM1/mertanside. Kadcyla® is carrying maytansine as payload. Maytansine 

binds close to the vinca alkaloid site, suppressing microtubule dynamics, which leads the cell to stop 

the cell cycle and progresses into apoptosis[55]. Another interesting working principle of cytotoxins are 

benzodiazepines and calicheamicins. They are highly potent cytotoxic compounds that bind to the 

minor groove of DNA, inducing crosslinking or cleaving double stranded DNA, respectively[56,57]. A third 

mechanism to highlight is the one from amanitines. The main component ɑ-aminitin, mushroom 

derived, is structured as bicyclic octapeptide and can inhibit RNA polymerase II[58]. Similar to the DNA 

targeting drugs, amanitin is also toxic for non-proliferating cancer cells. 

 

1.3.3.  Adverse effects and shortcomings of antibody-drug conjugates 

Clinical studies with ADCs conducted in the last years have unveiled limitations and challenges, leading 

to termination of approx. 55 clinical trials mainly due to toxicity [59]. ADCs accumulate only to approx. 

0.1% of the given dose per gram at the tumor[60]. Responsible for the limited accumulation are the 

binding site barriers, shedding of antigens, and hindering of intratumoral ADC movement by interstitial 

fluid pressure[44,61–63]. The biding site barrier is a phenomenon that mAbs show differential binding of 

antigens in the periphery of a tumor, due to high affinity binding of antigens. Expression of the antigen 

on normal tissue can lead to toxicity, as seen e.g. for a BR96-doxorubicin ADC (gastric mucosal cells are 

expressing Lewis Y antigens)[64]. However, it is hard to predict this kind of target-dependent toxicity, as 

Kadcyla® (vs. HER2/neu) does not show toxicity in heart and kidney, even though they express 

HER2/neu[65,66]. Other factors than target-antigen expression are influencing ADC toxicity: antigen 

trafficking/recycling kinetics, ADC in vivo biodistribution to healthy tissue, internalization rate, or the 

sensitivity of the attached drug[67]. The distribution and exposure of ADCs in healthy tissue with 

relatively leaky vasculature and high perfusion is problematic due to non-targeted uptake. Examples 

are spleen, liver, or bone marrow[68,69]. Thus, ADC toxicity often is target independent, with the 

attached drug being the main cause for the toxic impact[70–72]. A good example is Adcetris®, which has 

peripheral neuropathy and neutropenia as dose limiting factors[71]. Recently it was shown, that 

premature release of the Adcetris® toxin MMAE (attached by cleavable vc-PAB linker) is the main cause 

for neutropenia[73][74]. For the toxin DM1, attached in Kadcyla®, thrombocytopenia and gastrointestinal 

effects have been reported[75,76]. These data is one of the reason why for the next generation mAbs the 

stability of the linker plays an important role. Mahalingaiah et al. made an extensive review with 
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examples of ADCs currently in clinical trials for the mentioned shortcomings[66]. A short overview over 

different uptake mechanisms of payload and ADCs is given in Figure 5. 

Figure 5: Simplified scheme of possible payload/ADC uptake mechanisms into healthy cells. Figure adapted from Mahalingaiah 
et al.[66]  

 

1.4. Strategies to attach toxins to antibodies 

The next generation of ADCs put a lot of work in optimizing the linkage between toxin or another 

payload and the mAb. The drug needs to be released at the target site, but should be stable in blood 

to limit off-target toxicity. A lot of recent studies show that this is a limiting factor[53,77]. One example 

are the enzymatically cleavable valine-citrulline linkers (vc), as a mechanistic study from Zhao et al. 

showed. Neutrophils in the bone marrow secret serine proteases, which can cleave vc-linkers[73], that 

leads to off-target toxicity. Though, better performing cleavable linkers have been reported recently, 

mainly making use of enzymes at the tumor site for cleavage, but also using pH- or reactive oxygen 

species- sensitivity[78]. Furthermore, site-specific attachment and position on the mAb are important. 

Strop et al. found that depending on the position, the pharmacokinetics (PK) of the ADC and stability 

of the linker was significantly changed[79]. Several studies show that site-specific attachment of linkers, 

leading to homogeneous ADCs, have a superior PK profile compared to ADCs with heterogeneous toxin 

attachment[8,80–82]. Linkers often are designed hydrophilic, to compensate for the most often 

hydrophobic toxins[83]. Over the years several methods haven been developed to attach linkers in 

either a site-specific or heterogeneous level (Figure 6). The most prevalent technique right now is the 
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attachment of toxins to engineered cysteines (No. 3 in Figure 6). In the next two chapters, we show 

the most used methods separated into chemical and enzymatic attachment.  

 

Figure 6: “Antibody conjugates can be generated by targeting natural amino acids (1) including interchain disulfides (2), 
engineered cysteines (3), non-natural amino acids (4), the carbohydrate moiety (5), the N-terminus of heavy and light chain 
(6) or engineered tags (7). Strong protein-protein interaction, i.e., Fc-binding domains (FcBD) can be used to form non- covalent 
antibody conjugates (8). Additionally, the nucleotide binding site (NBS) is a valuable antibody modification site for 
photoaffinity labeling (9) and mAbs with catalytic activity (10) can be exploited to form bioconjugates where the coupled 
pharmacophore, e.g., a peptide assumes the targeting function and the antibody acts as a cargo molecule.” Adapted figure 
and citation from Dennler et al.[84] 

 

1.4.1.  Chemical conjugation 

There are two main approaches of chemical conjugation of mAbs that have been used the last years. 

One is the attachment of payloads that are activated with an N-hydroxysuccinimide (NHS) ester 

towards native lysines of the mAb. Peptide mapping showed that approx. 40 Lys are recognized at 

both, the light and the heavy chains of mAbs, leading to more than a million variants[42,85]. This non-

specific approach is used for Kadcyla®, resulting in a DAR of 3.5[42]. The second vastly used technology 

is the conjugation of toxins via native cysteines of the mAb’s disulfide bonds using a maleimide 

functionality. A reduction step is required (e.g. DTT), to cleave the disulfide bonds in-between the 

heavy-heavy, heavy-light, and light-light chains before attachment of maleimide is feasible. 8 possible 

positions are available, leading to theoretically around 100 possible ADC variants[86]. Furthermore, the 

maleimide-cysteine bond (succinimides) can undergo retro-Michael reactions, and it has been shown 

that the payload can transfer to circulating glutathione or albumin in serum. Replacing the maleimide 
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with a acetamide moiety or other modifications seems to have solved the stability problem[87,88].This 

technology found use in Adcetris®, which has approx. four MMAE toxins attached[38]. From the lessons-

learned of this first generation ADCs (instable linkers, varying pharmacokinetics of heterogeneous 

ADCs), the field needed more homogeneous and site-specific approaches for a better defined DAR.  

THIOMAB is one of the most used approaches with a defined DAR, licensed from Genetech[82]. Two 

cysteines are engineered into the mAb backbone ready for conjugation. However, this approach needs 

engineering and extensive pretreatment. Other groups are engineering unnatural amino acids (UAAs) 

into the backbone as an elegant site-selective solution. In Figure 7 is shown a short overview of the 

most commonly used UAAs. In short: one approach is using p-acetylphenylalanine, whereas the ketone 

is reactive for oxim-moieties[89,90]. A similar approach was used by Sato et al., by incoorporating p- 

Figure 7: “Conjugation methods based on UAA incorporation. (A) Incorporation of p-acetylphenylalanine followed by oxime 
condensation. (B) Simultaneous incorporation of p-acetylphenylalanine and an azido-lysine derivative followed by oxime 
condensation and Cu-free click chemistry to attach a fluorophore (green star). (C) Cell-free incorporation of p-
azidomethylphenylalanine followed by Cu-free click chemistry. (D) Incorporation of selenocysteine followed by mild reduction 
and alkylation.” Figure and citation from Agarwal et al.[80] 
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azidomethylphenylalanine[91]. The azide group can be targeted subsequently reacted with an alkine or 

alkine derivative (e.g. dibenzo-cyclooctyine, DBCO). Engineering selenocysteines into mAbs is 

insteresting, as remains nucleophilic for conjugation with maleimides at lower pH (5.5), whereas 

competing aa’s such as lysine or cysteine are unreactive[92,93]. Another chemical method is the chemical 

conjugation towards the glycan at Asn297. Several techniques have been developed to attach payloads 

to different (engineered) glycans, whereas most of them need extensive pretreatmeant. Chemical 

groups such as sulfhydriles for subsequent maleimide chemistry, and azides for subsequent click 

chemistry are installed on the glycan[80]. A last site-selecive chemical method is the use of affinity 

peptides. Affinity peptides are selected and engineered (e.g. Z domain of Protein A) to bind towards a 

specific position on the mAb. Additionally, they have benzoylphenylalanine (BPA) incorporated. BPA 

can form covalent bonds with amino acids on the mAb upon UV exposure[94–96]. In conclusion, chemical 

methods either are non-selective, or they require engineering/pretreatment of mAbs to reach a 

defined DAR. 

 

1.4.2. Enzymatic conjugation 

Over the last years a few enzymatic methods have been developed to generate ADCs or RICs. Their big 

advantage is the exquisite specificity for amino acids (sequence) on the mAb, resulting in 

homogeneous and site-specific ADCs with tightly controlled DAR. This specificity itself is their drawback 

at the same time, as not all linkers are accepted as substrates. Figure 8 shows an overview of the 

recently developed strategies. Sortase A, from staphylococcus aureus, can recognize the LPXTG motif, 

with X being any amino acid[97,98]. Engineered into the backbone of the mAb, the payload is getting 

conjugated over an oligoglycine linker towards the threonine on the tag, having one glycine as leaving 

group. Beerli et al. showed the ADC potential of this technology, by engineering LPETG motifs towards 

the C-termini of light and heavy chains of an mAb. By subsequent incubation with sortase A and a 

MMAE coupled to the oligoglycine, a DAR of approx. 3.2 was reached[99]. A second conjugation method 

is making use of the enzymes ɑ-2,6-sialyltransferase (SialT) and β-1,4-galactosyltransferase (GalT). 

Both conjugate a sialic acid towards both ends of the glycan at Asn297[100]. In a secondary step, with 

NaIO4 sialic acid can be turned into an aldehyde, which then can react with an oxime. It is a versatile 

technology since Asn97 is conserved all over IgGs. Recently, the technology was developed that directly 

non-natural saccharides with biorthogonal reaction handles can get attached, licensed as 

GlycoConnect[101]. The formylglycine generating enzyme is combining non-natural amino acids from 

the chemical methods with a peptide tag, which is often used in enzymatic methodologies. The enzyme 

is coexpressed together with the mAb, whereas the mAb has a CXPXR tag inserted into the sequence. 
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Figure 8: “Site-specific (chemo)enzymatic conjugation. (A) Sortase-mediated conjugation. Sortase attaches oligoglycine- 
functionalized linkers to LPETG tags on the mAb. (B) Microbial transglutaminase-mediated conjugation. The enzyme attaches 
an ADC linker possessing a primary amine to Q295 of the heavy chain (DAR: 1.8–2, high homogeneity). (C) Conjugation using 
β-1,4-galactosyltransferase (GalT) and α-2,6-sialyltransferase (SialT) (light green square: β-1,4-galactose, magenta circle: 
sialic acid). The aldehyde groups installed react with alkoxyamine-functionalized linkers (average DAR: ∼1.6). (D) 
GlycoConnect technology using endoglycosidase, galactosyltransferase, and N-azidoacetylgalactosamine (GalNAz, light blue 
square). The azide groups installed react with strained cyclooctyne-functionalized linkers (DAR: 2, high homogeneity).” Figure 
and citation from Tsuchikama et al.[83] 

The cysteine within the tag, is enzymatically converted to a formylglycine[102]. ADCs were produced 

with a cysteine-to-formyglycine yield of 86-98%, with a subsequent maytansine attachment yielding in 

90%[103]. Not shown in Figure 8 is the enzymatic approach using SpyLigase. The Kolmar group is using 

this enzyme that can make spontaneous, but specific isopeptide bonds between two sequences, called 

SpyTag and KTag. They have produced ADCs with toxicity in the subnanomolar range, by engineering 

the SpyTag into the mAb backbone, whereas the payload was attached to the KTag[104]. The use of 

microbial Transglutaminase in the ADC field is introduced in the next chapters. 
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1.5. Microbial Transglutaminase  

Microbial Transglutaminase from Streptomyces mobaraensis (MTG, EC 2.3.2.13) has the first time been 

isolated in 1989[105,106]. It catalyzes the crosslinking of proteins, forming an isopeptidic bond between 

a lysine and a glutamine. It is 37.8 kDa in size, and in comparison with mammalian transglutaminases 

(TGs), shows broader substrate specificity and is calcium-independent. This made it an interesting 

enzyme for the industry, especially as it has a decreased deamidation rate compared to other TGs as 

well, with a high reaction rate[107–109]. It is widely used in the food industry (especially meat processing), 

textile industry, and more and more in biomedical applications. Despite the widespread use in industry, 

MTG is still poorly understood in its native function and catalytic mechanism[110,111]. The 3D structure 

is disc-like shaped with the active site in a deep cleft. The hypothetical catalytic cycle (Figure 9) uses a 

triad of amino acids, namely C64, H274, and D255. The substrate specificity for the acyl donor (Gln) 

has been tested by several groups. A GGGQGGG test peptide was taken and the glycines exchanged 

with different amino acids, then enzymatically conjugated towards monodansylcadaverin. All the  

Figure 9: “Hypothetical catalytic mechanism of BTG. (a) His274, Asp255 and Cys64 form the catalytic triad. The nucleophilic 
thiolate ion of Cys64 attacks the acyl donor (glutamine side chain of a protein). (b) Asp255 donates a proton to the resultant 
acylenzyme intermediate. (c) Ammonium is released. (d) The acyl acceptor (lysine side chain of another protein) approaches 
the active site, and the side chain of the now negatively charged Asp255 removes a proton from the acyl acceptor. (e) and (f) 
The product (two proteins crosslinked by a NƐ(ϒ-glutamyl)lysine isopeptide bridge) is released and the active centre of the 
enzyme is re-established196.” Citation and Figure from the thesis of S. Jeger[112], proposed mechanism from Kashiwagi et 
al.[108] 
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tested substrates showed activity, yet highest for hydrophobic residues close to the Gln[113]. Phage-

display analysis with tripeptides revealed that basic and hydrophobic amino acids, especially tyrosine, 

arginine, and leucine, are advantageous close to the Gln (tested with monodansylcadaverin as acyl 

acceptor)[114,115]. Furthermore, it has been postulated that the secondary structure influences if a Gln 

can act as substrate for MTG[116]. Peptide chain flexibility and local unfolding can improve the 

reactivity[117]. Furthermore, Zhao et al. showed that MTG can be engineered to gain specificity for 

specific Glns[118]. On the acyl-donator side, MTG is not specific for lysines only. A myriad of non-natural 

substrates containing primary (and some secondary/tertiary) amines has been tested in conjugations 

towards Z-Gln-Gly[119]. Even glycine, short-chain alkyl based amino acids, and esterified ɑ-amino acids 

(Cys, Thr, Ser, Trp) formed the covalent bond with Z-Gln-Gly. A phage display analysis by Malesevic et 

al. was made using tripeptides containing lysine (vs. acyl donator LQR)[114]. Aromatic amino acids were 

well accepted +1 or -1 aa from the Lys, whereas anionic residues were making the reaction less 

effective. In conclusion, MTG reactions are dependent on the acyl donors, whereas the high tolerability 

for acyl acceptor widens up the scope even for non-natural amine containing compounds[111,114]. 

 

1.6. MTG mediated conjugation of antibodies/antibody-fragments 

Our group has pioneered the use of microbial transglutaminase (MTG) for the chemo-enzymatic 

modification of tumor targeting mAbs with different (radio)metal chelators, fluorescent dyes and 

toxins via glutamine 295 (Q295) of the Fc (See Figure 8B)[84,120],[121]. However, quantitative modification 

of Q295 with substrates containing a primary amine was observed only for aglycosylated or 

deglycosylated IgGs. This either requires the use of PNGase for deglycosylation of N297 or genetic 

engineering to abolish glycosylation via N297A, which in return reduces antibody-dependent cell-

mediated cytotoxicity (ADCC) and can decrease the stability of an mAb due to enhanced proteolytic 

digestion and aggregation[27]. However, a homogeneous and site-specific ADC with toxin MMAE was 

produced with this chemo-enzymatic methodology using agylcosylated Brentuximab® yielding in a DAR 

of 4. A comparison with Adcetris® (Brentuximab, with chemically conjugated MMAE towards 

Cysteines) showed significant higher tumor uptake vs. less liver and spleen uptake for the chemo-

enzymatically produced ADC[122]. The drawback of reduced ADCC because of the truncated/abolished 

glycans could be circumvented by installing a highly active Gln containing peptide-tag to mAbs. The 

myc-tag is one of it. Dennler et al. showed the strength of the myc-tag (Sequence: EQKLISEEDL), by c-

terminally engineering it towards Fab, Nano-, and Affibody segments. Different functionalities (amine 

containing chelators/dyes/biotin) were attached subsequently with MTG[123]. Recently, the Kolmar 

group genetically introduced glutamine tags that are recognized by MTG at various positions in a 
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mAb[124], while Spidel et al. reported on the conjugation of IgGs via engineered Lys using MTGase[125]. 

Dieckgiesser et al. used an engineered MTG variant to modify native IgG1 with primary amine 

substrates[126]. The last three methods allowed the retention of the glycans but required either 

substantial genetic engineering of the enzyme/mAb, or the conjugation of the mAbs was not 

quantitative. 
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2. Prelude 

One of the ongoing ideas in the ADC field is to create a mAb with several chemical entities for 

orthogonal modification. It would enable to employ two different toxins to tackle the problem of a 

possible drug resistance, or, when combined with a fluorescent dye or chelator for subsequent 

radiometal labeling, the ability to use the mAb for interoperative imaging or a theranostic approach. 

While installing a single multifunctional linker with a convenient method can be straight forward, 

several biorthogonal and site-selective approaches have been developed for peptides and proteins 

that enable dual functionalization[127]. They include functionalization of N- and C-termini of 

proteins[128], the use of specific enzymes[129], unnatural amino acids[129–131], or combinations thereof[132]. 

Useful are also differences in reactivity or accessibility of specific amino acids (aa) within the 

biomolecule[133–135]. Lee et al. recently combined the use of sortase A and 𝜋-clamp conjugation to 

generate dual functionalized mAb fragments[136]. Xiuling et al. made another successful approach by 

dual functionalizing an mAb by engineered selenocysteines and cysteines[137]. Within our group, we 

wanted to take advantage of the selectivity of MTG. On one side, MTG can target Q295 on the 

deglycosylated IgG1 heavy chain, but potentially also on N- or C-terminally engineered lysines or 

glutamines on the heavy and light chain. Our initial strategy using the in house available L1-CAM 

targeting mAb chCE7 is depicted in Figure 11. Since Dennler et al. have shown that the glutamine of a  

Figure 10: Schematic view of the mAb chCE7 (top left) and its conversion into its dual functionalized version (bottom left) with 
a TCO and an azide handle. In a first step, amino-PEG3-azide is conjugated to a myc-tag on the light chain by MTG. Then, the 
glycan is detached by PNGase, releasing Q295 for conjugation. In a last step, Amino-PEG3-TCO is conjugated towards the 
Q295. This approach did not work site-specifically. Figure is adapted from Philipp Spycher. 

Myc-tag 
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myc-tag (Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu) is readily recognized by MTG, we engineered a myc-

tag to the N-terminus of the light chain. In a first step, amino-PEG3-azide is conjugated towards the Gln 

on the tag. The glycans at position Asp297 of native chCE7 are protecting Q295 from any MTG-

mediated conjugation. In a secondary step, the glycans should be detached with PNGase, releasing 

Q295 and making it accessible for the second moiety to be attached, e.g. an amino-PEG3-TCO. Now, 

the mAb would be armed with two orthogonal functional groups that can react by click chemistry with 

substrates, such as chelators or toxins. LC-MS analysis of the light chain showed quantitative 

conversion between the substrate amino-PEG3-azide and the myc-tag glutamine. However, we were 

surprised by an unexpected mass shift detected on the heavy chain (Figure 11). Native chCE7 displays 

three different heavy chain masses within an LC-MS spectra, all corresponding to different 

glycosylations (-> HC + glycan 1, HC + glycan 2, HC + glycan 3)[112]. Since we consider these glycans to 

block, we were surprised to observe an increased mass of one specific (glycosylated) peak, which 

corresponds exactly to the mass of attached amino-PEG3-azide. A glycan analysis identified it as the 

heavy chain with a Mannose-5 glycan[112]. This surprising finding let us shift our focus of a dual 

functionalization via the glyco-protected Q295 to a more thorough investigation of substrates that 

enable a direct functionalization of Q295 on fully glycosylated, native mAbs vis MTG, leading to the 

new aims of this thesis.  

Figure 11: LC-MS spectra of the heavy chain before (left) and after (right) an enzymatic MTG conjugation of amino-PEG3-azide 
towards mAb chCE7. The x-axis shows the mass [Da], whereas the y-axis shows intensity [%]. The substrate gets fully attached 
to the heavy chain bearing the glycan Man5, whereas the HC’s bearing G0F and G1F glycans do not show any sign of 
conjugated amino-PEG3-azide. 

MS spectra of Heavy chain 
before conjugation 

50767 Da 50567 Da 

50795 Da 

MS spectra of Heavy chain 
after conjugation 

50956 Da 

Mass shifts 200 Da 

50956 Da 

50795 Da 
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3. Aims of this thesis 

There is still a lack of site-specific and efficient methods to functionalize fully glycosylated mAbs with 

chelators or toxins. Approaches with enzymatic couplings have been proven to overcome the issue of 

random attachment of payloads that come along with chemical conjugations. Our group was 

pioneering the field of using MTG for creating immunoconjugates. Previous work shows conjugation 

of primary amines towards Q295 of de- and aglycosylated IgG’s. Recent surprising experiments 

revealed that this enzymatic conjugation works as well on fully glycosylated and native mAbs with 

small and specific lysine containing peptides. 

Our aim is to screen for short peptide sequences that conjugate to Q295 on native Trastuzumab in a 

highly efficient manner. We investigate in parameters such as pH, temperature, buffer media, and 

varying concentrations of reactants to improve the conjugation efficiency. For promising sequences, 

we attach N- or C-terminally azido-lysine for subsequent click chemistry. Furthermore, we investigate 

on the diversity of the technology, by conjugating promising substrates to a variety of human IgG 

isotypes and as well to IgG’s of rodent species.  

To enable a quick screening of novel substrates, we subject the experimentally tested peptides to an 

algorithm that generates a self-organizing map. We want to use this tool, to predict promising 

sequences for MTG conjugation computationally without laborious experimental screening. We 

synthetize some of the predicted sequences to test conjugation efficiency on Trastuzumab, validating 

the computational approach. 

Furthermore, we want to get a step ahead by attaching linkers that wear functional moieties such as 

azides, cysteines, and chelators. Subsequently, these linkers are conjugated with toxin DBCO-PEG4-

Ahx-maytansine to achieve ADC’s with a DAR of 2, with and without having the chelator NODAGA 

covalently attached. Labeling with 111In allows for further in vitro and in vivo testing, namely Lindmo 

assays and biodistributions in Skov3-ip xenografted mice. We hope to see similar or better tumor 

uptake as reported in other publications[81,138,139]. 

Finally, we evaluate the transfer of our developed knowledge of site-specifically MTG coupling to 

smaller proteins like Nanobodies, equipped with a myc-tag. Two amine-containing linkers are tested 

for conjugation to the Gln within the tag. Both have equipped chelator NODAGA, whereas one has 

additionally an albumin binder attached, to test if it prolongs serum half-life with that variant.  
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4. MTG mediated conjugation of lysine containing peptides to Q295 of native 

antibodies  
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4.1. Introduction 

Based on the observation made in Chapter 2, we started the project with test conjugations with 

primary amine linkers, mainly lysine-containing peptides. We worked with native MTG and chose 

Trastuzumab as model mAb, since the glycans are more comparable to other “off-the-shelf” IgGs’s and 

less complex than the ones from the in-house mAb chCE7. 

4.2. Results 

4.2.1.  Peptide library screening 

For the peptide screening (comprising of 3-8 amino acids per peptide) we used standardized reaction 

conditions, which included: 1 mg/mL mAb, 80 eq. peptide, 6 U MTG/mg mAb, 20 h at 37 °C in Trizma 

pH 7.6 buffer. The screening revealed differences in conjugation efficiency ranging from 0%-94% 

(Figure 12 and Table A 1). The analysis was monitored by LC-MS after reduction with dithiothreitol 

(DTT) of the heavy and the light chain (HC and LC, respectively, Figure A 1-Figure A 34). 

Figure 12: Conjugation efficiencies [%] of different K-containing peptides with mAb Trastuzumab, using standard conditions. 
A wide range of efficiencies has resulted, from 0% attachment from mainly negatively charged amino acids towards approx. 
90% for positively charged peptides such as RAK, RAAK, or RAKNA. All the peptides are N-terminally acylated and C-terminally 
amidated but KDAVA, AKETAA, DDKAY, NKALPAP, KADDD, and FKETAA. N=3 for all peptides but: NRAKAR,ARKRA,RGKGR=6, 
NKDAVA,AKETAA,DDKAY,NKALPAP, HEALKNHY, KADDD, FKETAA=2. 

Peptides KDAVA, AKETAA, DDKAY, NKALPAP, HEALKNHY, KADDD, and FKETAA are not N- and C-

terminally acylated and amidated, respectively. In Figure 13, the LC-MS spectra of such an experiment 

are shown before and after the reaction. To have a better insight on the lysine positioning within the 

peptide linkers we have made an alignment, which is shown in Figure 14. From the best peptides (RAK 

94±0.4% and RAAK 94±0.7%) to the worst conjugating peptides (9 peptides with 0%) we have listed 

the overall net charge at pH 7 and put a focus on acidic and basic residues, which are color coded in 

orange and green, respectively. Overall positively charged linkers conjugate better to Trastuzumab. 
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Figure 13: LC-MS spectra of the Trastuzumab heavy chain before (native, left) and after the conjugation (right) of peptide Ac-
RAKAR-NH2 towards Q295 of Trastuzumab. Standard conditions were used (1 mg/mL mAb, 80 eq. peptide, 6 U MTG/mg mAb, 
20 h at 37 °C in Trizma pH 7.6). The two peaks on the left at 50596 Da and 50758 Da correspond to two different glycosylations 
of native Trastuzumab. On the right side, conjugated and non-conjugated material can be detected. Calculated conjugated 
HC’s: 51220 Da and 51382 Da; Detected conjugated HC’s: 51219 Da and 51381 Da. The conjugation efficiency, calculated from 
the intensity, is 85%. 

There is no clear trend visible if an N- or C-terminal position of K is in favor for the enzymatic reaction 

(Figure 14, right side). Due to the possible charge-sensibility of the substrates, we tested NH2-RAKAR-

OH, the variant of Ac-RAKAR-NH2 without N- and C-terminal acylation and amidation. Compared with 

the acylated and amidated variant with 87±4% conjugation efficiency, the non-protected variant 

conjugated to 89±2% (N=3). Further substrates have been tested as non-protected variant for this 

thesis. The results are summarized in Table A 2. 
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Figure 14: Sequences of the peptide linkers and conjugation efficiencies with Trastuzumab. It is the same data as shown in 
Figure 12 but with a focus on the lysine position and acidic and basic residues, which are color coded in orange and green, 
respectively. Left: All sequences are shown, with the most efficient one on top, and the least efficient on the bottom. Right: A 
selection of peptides from the left that share the same amino acids. Additionally, the net charge at pH 7 is listed for all the 
peptides. Peptides KDAVA, AKETAA, DDKAY, NKALPAP, HEALKNHY, KADDD, and FKETAA are not N- and C-terminally acylated 
or amidated, respectively. 

 

4.2.2.  Analysis of parameters influencing the MTG-mediated conjugation 

We went on with Ac-RAKAR-NH2 for a thorough screening of other reaction parameters that could 

influence the enzymatic conjugation reaction. Our aim was to find conditions that lead to quantitative 

attachment, by ideally using less substrates. 

First, we tested the influence of the temperature. At 42 °C, the reaction reached 90% conjugation after 

24 h (Figure 15). A similar efficiency was reached with the conjugation at 37 °C, our standard 

Basic aa: R H K Basic aa: R H K

Acidic aa: D E Acidic aa: D E

RAK 94 ±0.4 2 R A K RAK 94 ±0.4 2 R A K

RAAK 94 ±0.7 2 R A A K RAAK 94 ±0.7 2 R A A K

RAKNA 92 ±1 2 R A K N A RKAA 90 ±2 2 R K A A

RGKGR 91 ±2 3 R G K G R KAR 88 ±3 2 K A R

RHK 91 ±1 2 R H K RKR 88 ±2 3 R K R

SAKAS 90 ±0.8 1 S A K A S RAKAR 87 ±4 3 R A K A R

RKAA 90 ±2 2 R K A A RARAK 85 ±3 3 R A R A K

KAR 88 ±3 2 K A R RAKA 76 ±7 2 R A K A

HAKAH 88 ±2 1 H A K A H RAAKR 71 ±9 3 R A A K R

RKR 88 ±2 3 R K R RRK 66 ±8 3 R R K

KYR 87 ±0.3 2 K Y R KRR 62 ±8 3 K R R

RAKAR 87 ±4 3 R A K A R KRAAR 56 ±0.9 3 K R A A R

RSKSR 87 ±2 3 R S K S R KRAA 49 ±6 2 K R A A

RARAK 85 ±3 3 R A R A K

RYK 78 ±6 2 R Y K

ARKRA 77 ±3 3 A R K R A

RAKA 76 ±7 2 R A K A

DRKRD 73 ±3 1 D R K R D RHK 91 ±1 2 R H K

RAAKR 71 ±9 3 R A A K R HAKAH 88 ±2 1 H A K A H

KHR 69 ±1 2 K H R KHR 69 ±1 2 K H R

DAKAR 68 ±3 1 D A K A R

RRK 66 ±8 3 R R K

RYKYR 65 ±4 3 R Y K Y R

KYRYR 63 ±4 2 K Y R Y R

KRR 62 ±8 3 K R R KYR 87 ±0.3 2 K Y R

KRAAR 56 ±0.9 3 K R A A R RYK 78 ±6 2 R Y K

DAKA 50 ±1 0 D A K A RYKYR 65 ±4 3 R Y K Y R

KRAA 49 ±6 2 K R A A KYRYR 63 ±4 2 K Y R Y R

KDAA 48 ±3 0 K D A A RYRYK 26 ±1 3 R Y R Y K

RYRYK 26 ±1 3 R Y R Y K

HEALKNHY 25 ±1 0 H E A L K N H Y

DDK 12 ±2 -1 D D K

RDKDR 9 ±0.8 1 R D K D R

EAKAE 0 ±0 -1 E A K A E DRKRD 73 ±3 1 D R K R D

DAKAD 0 ±0 -1 D A K A D DAKAR 68 ±3 1 D A K A R

KDD 0 ±0 -1 K D D DAKA 50 ±1 0 D A K A

FKETAA 0 ±0 0 F K E T A A KDAA 48 ±3 0 K D A A

KADDD 0 ±0 -2 K A D D D DDK 12 ±2 -1 D D K

NKALPAP 0 ±0 1 N K A L P A P RDKDR 9 ±0.8 1 R D K D R

DDKAY 0 ±0 -1 D D K A Y DAKAD 0 ±0 -1 D A K A D

AKETAA 0 ±0 0 A K E T A A KDD 0 ±0 -1 K D D

KDAVA 0 ±0 0 K D A V A KADDD 0 ±0 -2 K A D D D

Sequence Con. Eff [%] Std. error
Net charge 

at pH 7
Con. Eff [%] Std. errorSequence

Net charge 

at pH 7
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conditions. Room temperature drastically slowed down the reaction, whereas at 8 °C no attached 

linker to the HC could be detected by LC-MS analysis.  

  

Figure 15: Conjugation efficiencies of reactions using standard conditions with Ac-RAKAR-NH2 and Trastuzumab. The reactions were made 
at 8 °C (dark blue), room temperature (RT, bright blue), 37 °C (orange) and 42 °C (dark red). The efficiency is the best at 42 °C while at 8 °C 
there is no reaction at all. The colored lines at 37 °C and 42 °C correspond to non-linear regressions calculated and plotted with R 

(Conj.(t)=Conj.(Max)* 100*(1-e^(ln(2)/t1/2*t)). Following parameters were calculated: Conj.(Max)42 °C= 96.9%, t1/242 °C= 4.8 h,  Conj.(Max)37 

°C= 95.6%, t1/237 °C= 7.3 h . At RT a linear regression is displayed, whereas at 8 °C is shown a line at 0% conj. efficiency.  

Second, we tested the influence of the buffer media. Four different buffers Trizma, HEPES, MOPS, PBS, 

and phosphate buffer were tested (all 50 mM and 1x for PBS [137 mM NaCl, 2.7 mM KCl, 8 mM 

Na2HPO4, and 2 mM KH2PO4], whereas the final reaction mix reached concentrations of approx. 40 

mM, and 0.8x for PBS). All other, initial parameters were kept constant. The results are summarized in 

Figure 16. For Trizma, HEPES, and MOPS, no difference could be detected, whereas in PBS and 

phosphate buffer the reaction showed significantly lower labeling efficiencies (approx. 25% and 60%, 

respectively). The same trend was observed using two other mAbs, namely Daratumumab (IgG1) and 

Nivolumab (IgG4). Decreasing the concentration of Trizma pH 7.6 from 50 mM to 25 mM resulted in 

94 ± 1% conjugation efficiency compared to 87 ± 4%. An increase to 150 mM resulted in 51 ± 10% 

efficiency (same for HEPES).  

 

 

 

42 °C 

37 °C 

RT 

8 °C 
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Figure 16: Conjugation efficiency of Ac-RAKAR-NH2 to Trastuzumab using standard conjugation conditions. Different buffers 
were used at a concentration of 50 mM (or PBS). In the phosphate containing buffers Ac-RAKAR-NH2 conjugates less efficiently. 
On the right, the chemical structures of the carbon based buffers are shown. N=3. 

Third, we wanted to evaluate if NaCl within PBS is reducing the conjugation efficiency. All the other 

parameters were kept constant (20 h, 37 °C). In Triplicates, the conjugation efficiency of RAKAR 

towards Trastuzumab was tested within the varying salt exposed buffers. NaCl concentrations below 

≤20 mM had no influence on the reaction compared to our standard buffer (Trizma). With increasing 

concentration, the conjugation efficiency decreased. At 80 mM NaCl the conjugation efficiency 

decreased to 50% (Figure 17).   

Figure 17: Conjugation efficiency of linker Ac-RAKAR-NH2 to Trastuzumab using standard conjugation conditions. Shown on 

the x-axis are the increasing NaCl concentrations from 0-150 mM in Trizma pH 7.6 buffer. On the y-axis is the conjugation 
efficiency in %. With increasing NaCl concentration, the efficiency decreases. N=3. 
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Having seen the influence of NaCl, we investigated the influence of different ions on the reaction, 

especially those abundant in physiological processes. Trizma pH 7.6 buffer was prepared with low and 

high amount of different salts. The results of 1 mM CaCl2, MgCl2, FeCl3, NH4Cl, NH4HCO3, and (NH4)2SO4 

in Trizma pH 7.6 are summarized in Figure 18. While CaCl2, MgCl2, FeCl3 did not show significant 

differences to Trizma pH 7.6 without any salts, all the three ammonia containing buffers showed a 

decrease by almost 50% compared to the control. This decrease was even more prominent when 

increasing the concentration to 5 mM with 16 ± 2%, 12 ± 2%, and 3 ± 2%, for NH4Cl, NH4HCO3, and 

(NH4)2SO4, respectively. CaCl2 and MgCl2, on the other hand, showed only significant lower conjugation 

efficiency when increasing to 20 mM, with 28 ± 0% and 52 ± 5%, respectively. NaCl and KCl containing 

buffers conjugated without significant loss of efficiency, even at 20 mM (83 ± 0.8% and 82 ± 0.5%, 

respectively).  

We showed before that PBS and phosphate buffer resulted in lower conjugation efficiency compared 

to HEPES, MOPS, or Trizma pH 7.6. We wanted to test and compare different ingredients of PBS: 

Na2HPO4, KH2PO4, NaCl in Trizma, and additionally NaH2PO4. At concentrations of 25 mM, NaCl Trizma 

pH 7.6, NaH2PO4, Na2HPO4, and KH2PO4 conjugated without substantial differences to 73 ± 0.5%, 84 ± 

1%, 84 ± 1%, and 87 ± 3%, respectively (Figure 18, right). With concentrations of 100 mM salt, the 

efficiency decreased to 43 ± 1%, 30 ± 1%, 30 ± 1%, and 34 ± 0.5%, respectively. The molarity of NaCl in 

PBS (137 mM) most presumably has the highest impact on the lowered conjugation behavior in PBS. 

 

Figure 18: Left: Conjugation efficiency of linker Ac-RAKAR-NH2 to Trastuzumab using standard conjugation conditions. In the 
first row, the conjugation efficiency of the reaction in Trizma pH 7.6 is shown. In the rows to the right, different salts have 
been added to the buffer in a concentration of 1 mM. Ammonia containing buffers conjugated less efficiently compared to 
Trizma pH 7.6 only. N=3. Right: conjugation efficiency of Ac-RAKAR-NH2 to Trastuzumab using standard conjugation 
conditions. On the left, the conjugation efficiency of the reaction in Trizma pH 7.6 with 25, 50, and 100 mM NaCl is shown. In 
the rows to the right, different phosphate buffer concentrations have been tested. The higher the buffer/salt concentration, 
the lower the conjugation efficiency. N=3 for the NaCl tests, N=5 for the phosphate buffers. 
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Fourth, we investigated in the influence of different mAb concentrations and the amount of linker-

substrates used in the conjugation reaction with MTG. We tested different equivalents of peptidic 

linkers (Figure 19). While standard conditions are 80 equivalents, we detected no substantial changes 

in conjugation efficiency when reducing to 20 equivalents or even increasing to 160. As a final variable  

Figure 19: Conjugation efficiency of Ac-RAKAR-NH2 to Trastuzumab on the y-axis, with different equivalents of the peptidic 
linker used. In blue, the 20 h conjugation reactions are shown whereas in green the same experiment was stopped and 
measured after 44 h. For both reactions, we clearly see that we can reduce the 80 equivalents of linker that we normally use 
with standard conditions while still reaching similar conjugation efficiencies. 

we tested the mAb concentration. Increasing the mAb concentration from 1 mg/mL to 3 mg/mL 

respectively 5 mg/mL led to higher conjugation efficiency for all the tested peptides, and even 

quantitative conversion as can be seen in Chapter 6. The influence of mAb concentration is 

demonstrated in Figure 22 and 23. 

 

4.2.3.  MTG mediated backreaction 

It has been reported that H2O can act as nucleophilic substrate. We wanted to evaluate if MTG can de-

conjugate the glutamine-lysine isopeptidic bond on the mAb. For this purpose, we incubated the 

substrate Ac-RAKAR-NH2 for 24 h after which it was separated by a PD10 column. Subsequently, fresh 

MTG was added (6 U/mg mAb). After 96 h at 37 °C 50% of the conjugated substrate was cleaved from 

Q295 (Figure 20). This same effect could be detected at room temperature, but less pronounced. At 8 

°C, the original peptide-Trastuzumab ratio did not change.  
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Figure 20: Conjugation efficiency of Ac-RAKAR-NH2 towards Trastuzumab. After the conjugation, the sample was cleaned from 
substrate with a PD10 column, but further incubated with MTG at three different temperatures 8 °C, room temperature, and 
37 °C. Detachment of up to 50% can be detected for the sample incubated at 37 °C, while at 8 °C no back reaction could be 
detected. The colored lines correspond to a linear regression made with Prism. N=3. 

 

4.2.4.  Equipping peptides with ε-azido-lysine and separation of MTG 

For subsequent biorthogonal coupling of an additional chemical entity (e.g. a toxin) to the MTG 

functionalized mAbs, selected peptide substrates were equipped with an azido group. We chose the 

best conjugating peptide Ac-RAK-NH2 (94±0.4%) as well as our lead peptide Ac-RAKAR-NH2 (87±4%), 

and equipped them N-terminally with ε-azido-lysine K(N3), which enables a two-step functionalization 

by click reaction (with toxins, dyes, or chelators with DBCO- or TCO-modification). Furthermore, we 

also equipped two new sequences with an azido group to enhance the substrate scope, resulting in 

the four functionalized peptides Ac-RAK-K(N3)-NH2, Ac-KHR-K(N3)-NH2, Ac-RSK-K(N3)-NH2, and Ac-

RAKAR-K(N3)-NH2 (Figure 21). The conjugation efficiency under standard conditions yielded in 

87±0.4%, 93±0.4%, 97±2%, and 80±5%, respectively (N=2). Applying the optimized protocol (5 mg/mL 

Trastuzumab, 6 U MTG/ mg mAb, Trizma pH 7.6, 20 h, 37 °C), we reached quantitative attachment 

(>95%), tested by LC-MS analysis. For the longer peptide Ac-RAKAR-K(N3)-NH2 we reached >95% 

conjugation efficiency using these conditions, however, only after 42-48 h. 100% we achieved using 12 

U/mg MTG. We successfully scaled the reaction to yield 20 mg immunoconjugate. MTG was separated 

using Protein A purification or size exclusion chromatography (Figure A 36 and Figure A 37) for further 

in vitro and in vivo experiments.  
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Figure 21: Chemical structures of azide functionalized linkers Ac-RAK-K(N3)-NH2, Ac-KHR-K(N3)-NH2, Ac-RSK-K(N3)-NH2, and 
Ac-RAKAR-K(N3)-NH2 

 

4.2.5.  Conjugating Ac-RAK-K(N3)-NH2 towards different antibodies and isotypes 

To test the scope of the method, different mAb types, including IgG1, IgG2, and IgG4, as well as the 

FDA approved ADCs Kadcyla® and Adcetris® were conjugated with peptide Ac-RAK-K(N3)-NH2. Results 

are summarized in Figure 22 (1 mg/mL reactions) and Figure 23 (3 mg/mL reactions). Human IgG1 and 

IgG2 showed conjugation efficiencies of 80% or higher using 1 mg/mL mAb. For all the isotypes but 

IgG2 the 3 mg/mL reaction lead to >95% conjugation of the peptide, whereas human IgG2 conjugated 

to 93±3%. Nivolumab, a PD-1 targeting monoclonal IgG4 revealed a peculiarity that has previously not 

been observed: a second conjugation site. MS/MS analysis from the functional genomics center in 

Zurich revealed that besides Q295 also Q311 can be modified, yet only 5-17%, depending on the 

reaction conditions (Figure A 35). The observation is surprising since Q311 is conserved in other IgG1s 

(including Trastuzumab). Armenian Hamster IgG and rat IgG1/IgG2a/IgG2b showed on the other hand 

more pronounced conjugation of a second Gln, which even reaches quantitative or almost quantitative 

dual conjugation for Rat IgG1 and Armenian Hamster IgG. While all tested human mAbs did not show 

any sign of peptide modification at the light chains, Adcetris® showed minor modification at the 3 

mg/mL mAb conditions (3±0.2%). Furthermore, rat IgG2b was modified also on the light chain, an 

observation that could be seen for mouse IgG2b as well. Looking more close into the mouse IgG1, 

IgG2a and IgG2b’s, all of them showed minor peptide attachment in the Fc region of mouse mAbs.  

Ac-RAK-K(N3)-NH2 Ac-KHR-K(N3)-NH2 

Ac-RSK-K(N3)-NH2 Ac-RAKAR-K(N3)-NH2 
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Figure 22: Conjugation efficiencies of Ac-RAK-K(N3)-NH2 towards different commercial mAbs, ADCs, and isotypes with MTG. 
Standard conditions were used, whereas the mAb concentrations was 1 mg/mL for all the reactions. In grey is shown non-
conjugated species, in violet single conjugated species, and in pink double conjugated mAbs. Top: Heavy chain, Bottom: 
corresponding light chain. Conjugation analyses were made by LC-MS analysis. Whereas only for mouse IgG2b and rat IgG2b 
single chain conjugation was detected, most of the human IgG heavy chains conjugated in the range of 80%. Mouse IgG2a did 
not show any coupling of Ac-RAK-K(N3)-NH2. Nall=2, NDaratumumab, ADCETRIS, KADCYLA,NIVOLUMAB=3 
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Figure 23: Conjugation efficiencies of Ac-RAK-K(N3)-NH2 with different commercial mAbs, ADCs, and isotypes with MTG. 
Standard conditions were used, whereas the mAb concentrations was 3 mg/mL for all the reactions. In grey is shown non-
conjugated species, in violet single conjugated species, and in pink double conjugated mAbs. Top: Heavy chain, Bottom: 
corresponding light chain. Conjugation analyses were made by LC-MS analysis. Most of the human IgG heavy chains 
conjugated in the range of >95%, whereas the light chain was just slightly affected for ADCETRIS. Mouse IgG2a did not show 
any coupling of Ac-RAK-K(N3)-NH2. Nall=3, NDaratumumab, ADCETRIS, KADCYLA,NIVOLUMAB=2 
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4.3. Discussion  

Q295 is just two amino acid positions apart from Asn297, the site where IgG CH2 domains are 

glycosylated with oligosaccharides[18]. Their diantennary structure can vary and mainly is composed of 

N-acetylglucosamine (GlcNAc), galactose, fucose, mannose, and sialic acid as building blocks[30]. 

Despite the convincing results reported by Jeger et al. and Lhospice et al., which reported modification 

of Q295 exclusively after deglycosylation of the mAbs at N97, we have seen the quantitative shift of 

one of the chCE7 HC-species when incubated with amino-PEG3-azide (Figure 11)[81,140]. The mass of the 

peak give rise to the assumption that it is the Man5 glycan (reported mass[112]: 50574 Da, detected 

mass = 50567 Da). Since it is known that glycans have a significant influence on the structural integrity 

of the heavy chain[141], we can speculate that HC-Man5 has a favorable conformation, that allows the 

modification of Q295, while other glycosylation patterns do not offer this opportunity for most 

substrates with primary amino group. This observation inspired us to put an emphasis on the search 

for potential substrates that could also be attached to HC with all types of glycosylation. In case of IgG1  

Figure 24: “A-C electrostatic surface representation of transglutaminase from S. mobarensis (PD entry 1IU4). The front 
vestibule (black triangle) carries a weak positively charged patch, which is likely to bind the acyl donor (glutamine substrate). 
The back vestibule (white triangle) is strongly negatively charged and is likely to accommodate the positively charged acyl 
acceptor (lysine substrate). D, catalytic triad residues (Cys-64, Asp-255, His-274) positions are superposed in the close-up. The 
front vestibule is narrowed toward the active site cysteine, suggesting that substrate glutamines in flexible loops are more 
easily accommodated and reach the active site cysteine for efficient modification. In addition to flexibility, 
small/polar/hydrophobic/uncharged residues are preferred for efficient modification, whereas bulky/aromatic and/or 
charged residues are likely to interfere with accommodation of the substrate glutamine in the cleft, resulting in inefficient 
MTG-mediated modification.” Cited from Fiebig et al. 
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Trastuzumab that reveals 3 different HC-glycans species (the two main glycosylations are G0F and 

G1F[142]), peptidic substrates were efficiently to Q295 conjugated. The main difference between the 

substrate tested by Mindt, Jeger, Lhospice, and Dennler et al. and our substrates is the peptidic nature. 

In fact, lysines are also the natural substrates of MTG. Thus, we have a closer look at active site of the 

MTG. Fiebig et al.[143] published a crystal structure, which emphases on the importance of amino acid 

sequence and flexibility for glutamine binding. Furthermore, as can be seen in Figure 24, they display 

the highly negativ charged binding pocket for the acyl-accepting substrates. We assumed that after 

binding of MTG with Q295, the rear part of MTGs active site is accessible specifically for our peptide 

amine-donors, without any steric or charge interferences from the glycan. This is supported by the 

observation that overall positively charged peptides (+1 - +3) show on average the better performance 

for conjugation compared to negatively charged ones (-1 - -2), as pointed out in Figure 14. A similar 

observation was made by Malesevic et al., who found in an fluorescent assay with tripeptides (Ac-Xaa-

Lys-Yaa) that adjacent negative charges lower enzymatic activity (with Cbz-QG-OH as acyl-donor)[114]. 

Gundersen et al. made a screening with simple acyl acceptors of different length, showing that a longer 

chain length is generating better substratres when conjugated with Cbz-QG-OH[119]. However, when 

looking closer into those substrates, we see that this chain is keeping off a negative charge from the 

primary amine, which might be more influencing for MTG recognition rather than the length. Thus, we 

argue that positive charges help for an optimal MTG-Peptide interaction, which due to a possible 

conformational change additionally also can help the specific binding of Q295. These described 

interactions might either enhance beneficial-, or lower obstructive interactions with the glycan at 

N297. This is supported by the the recent work with MTG with non-peptidic linkers, such as amino-

PEG3-azide[120], that conjugate poorly without a precedent deglycosylation step. Looking closer into the 

sequence of our peptide library, we observe that steric demanding amino acids (aa) in the positions 

+1/2 -1/2 aa’s from the conjugated Lys only play a minor role, at least for our short flexible peptides, 

as bulkier amino acids such as Tyr and His can be found among the better conjugated substrates. The 

length of our sequences has an impact as well, since we observe slightly better conjugation between 

RAK or KAR over the full length protein RAKAR (Figure 14, same for RYKYR and others). There is no 

clear tendency that the position of the lysine is decisive for conjugation efficiency. Since the peptides 

are charge-sensitive, we also tested peptide Ac-RAKAR-NH2 without N- and C-terminal acylation and 

amidation, which did not show a significant difference. These protecting groups are neutral in 

physiological conditions; in consequence, deprotection restores a positive and a negative charge, 

respectively. Hence, the overall charge of the linker is not affected. 

The efficient conjugation at higher temperature is not surprising, since most of the known enzymes 

have an optimal activity around 37 °C - 42 °C and become inactive at low temperatures. Going even 
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higher we risk denaturation of either MTG or our mAb substrate. Another factor that we do have to 

keep in mind when working with enzymes is the possibility of a back- or cross-reaction. MTG cannot 

only attach primary amines to glutamine, but it also accepts other nucleophiles such as H2O to small 

amounts. Water is not a good substrate, as it lacks the positive charge, which would be strongly 

advantageous for the active site interaction with Asp255 of MTG[108]. Furthermore, the deamidation 

capacity of MTG is negligible, up to seven times lower compared to other transglutaminases[144][109]. 

Thus, we have never had an issue with glutamine hydrolysis and could reach quantitative attachment 

with our lysine substrate when using improved conditions. We do see a problem, however, when we 

incubate our mAb-linker conjugate with MTG in absence of linker (Figure 20). We hypothesize that 

bound peptide to Q295 results in a more open MTG binding pocket conformation, which makes the 

nucleophilic attack of worse substrates such as H2O more accessible. Additionally, preliminary results 

(not shown) support that already covalently bound linker easily can be exchanged with a different one, 

an observation that could get handy in future to attach non-optimized substrates to Q295 in a 

secondary step. 

To evaluate further parameters that influence the conjugation reaction we tested attachment of to 

Trastuzumab with different salt additions and with common physiological buffers. A strong negative 

influence had especially NH4
+, Mg2+, and Ca2+. The last two are ions with a high charge density and 

known cofactors for various enzymes[145]. However, the MTG reaction mechanism is known to be Ca2+ 

independent[146]. The negative impact of ammonia is especially interesting, since the transamidation 

process releases ammonia as side product. This leaves the question if MTG has a possible feedback 

inhibition mechanism, something, which has not been reported yet to our best knowledge.  

For Trastuzumab (IgG1) and Nivolumab (IgG4) we confirmed Q295 (European numbering) as main 

conjugation site. Additionally we sent in a sample of Nivolumab to validate the second small 

conjugation site. A sequence alignment with Trastuzumab shows, that besides Q295, Q312 is getting 

recognized by MTG (Figure A 35). Surprisingly, IgG1s bear a Gln as well at this position. Even though 

both HC sequences are very similar, we assume that the structural change of the IgG4 CH2 region of 

Nivolumab seems to be enough to decide over the site-selectivity. Marculescu et al. has recently shown 

minor side conjugations with other Gln’s in the HC when conjugating deglycosylated Trastuzumab[147]. 

With our LC-MS analysis, we could not detect any further sites. For some mAbs, especially the rodent 

ones, the light chain attachments could become problematic, when they block the complement 

determining region of the mAb. We observed no efficient conjugation to mouse IgGs, since the 

conserved Q295 residue is absent from mouse Fc. 
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5. Computational screening for suitable MTG-substrates 
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5.1. Introduction 

In a classical, experimental approach we aimed at identifying suitable lysine substrates for MTG via 

screening of a peptide library (vide supra). As it was challenging to find critical properties a “good” 

peptide substrate should possess, we were keen to generate a computational tool that could provide 

us with new lead peptides. For this purpose we engaged the toolset from the field of de novo drug 

Science, more specifically, a visualization technique called self-organizing map (SOM)[148,149]. A SOM is 

a two-dimensional toroidal data projection of compounds that are sorted into neurons in a high-

dimensional space. The sorting, or distribution, of these compounds into patterns in the space is made 

by descriptors (algorithms), which make use of encoded pharmacophores[150,151]. In other words, a 

descriptor sorts compounds relatively by similarity, which can be common properties such as charge, 

length, or a common functional group. SOM analysis has already been successfully applied, e.g. in the 

visualization of bioactive compounds for peroxisome proliferator-activated receptor subtype α 

antagonists (PPAR α) or for thrombin inhibitors[150]. For our study we created such a map for the 

peptides that had been experimentally tested for conjugation efficiency with two different descriptors, 

pepCATS and ppCALI[152]. The algorithm is using these descriptors to see similarities in-between 

sequences and sorting them accordingly into groups (called neurons). These neurons are all connected 

with each other in the computational space, being closer or far apart neighbors. Each comparison is 

adding another dimension in this space, resulting with neurons in a multidimensional input space. The 

descriptors are naïve regarding the experimental results and are only provided with the peptide 

sequences. Peptides, that conjugated well, are locally clustered together on the SOM, in a so called 

“activity island”[153]. It is a match between sequences with similar experimental results and sequences 

that the algorithm considers to be similar in chemical structure. The SOM can now be used as a tool, 

to screen and analyze a vast library of peptides and attribute them to active and inactive peptide 

substrates. In our case, this is done by feeding the map with numerous possible lysine-containing 

peptides, and by assuming that all the sequences that fall into an “activity island” on the SOM are 

suitable substrates for the MTG reaction.  

 

5.2. Results 

To quickly identify suitable peptides for future experiments and applications, we subjected the in vitro 

tested peptide sequences (Figure 12) to a computational analysis. A restriction of the system was that 

exclusively sequences could be subjected to analysis without N- and C- terminal acylation and 

amidation, respectively. However, in our experimental peptide screening, we had predominantly 

tested N/C-terminal protected peptides. The algorithm is using descriptors to see similarities in-
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between sequences, whereas the end result in our comparison are neurons arranged in a 633 

dimensional input space. A two dimensional toroidal representation was made out of that 

multidimensional space resulting in the two dimensional SOM (Figure 25, bottom). Neurons next to 

each other on the SOM are also neighbors in the original input space. We set an artificial threshold of 

60% conjugation efficiency to classify the peptides from the experimental screening into positive 

peptides (>60% efficiency) and negative peptides (<60% efficiency). After sorting, when the neurons 

now contain sequences which are rated as “positive”, >60% conjugation efficiency, the neuron is 

Figure 25: Top: Peptide conjugation efficiency screening towards Q295 on Trastuzumab (Plot already shown in Figure 12). On 
the x-axis the different tested sequences are shown, whereas the y-axis shows the conjugation efficiency in %. The range is 
from 0% conjugation to almost quantitative attachment towards the mAb. Standard conditions were used (20 h at 37 °C with 
80 eq. linker). Bottom: 5x5 Self organizing map (SOM) with 25 neurons. The neurons are colored according to activity ranging 
from red (only actives) to blue (only inactive). The threshold for activity was >60% conjugation efficiency towards Trastuzumab. 
White neurons do not contain data points. The SOM map is toroidal. The visualization was done with SomVIS.  
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colored in red. Blue neurons are the ones that do contain “negative” sequences only. White neurons 

got no sequences assigned, whereas negative/positive mixed neurons are shown in the corresponding 

mixed colors.  

The map was used as a tool to find novel lysine substrates for MTG. 511 random amino acid sequences 

(with the sole criteria to comprise one lysine) were fed to the map. The sequences were subsequently 

sorted to the best fitting neuron. The sorting was performed without further training on the dataset. 

A full list with all sequences and their according positions can be found in Table A 5. 17 sequences (a-

q) were selected out of differently colored neurons and synthetized with N-terminal acylation and C-

terminal amidation. The sequences differed with respect to aa’s and length compared to the peptides  

Figure 26: Top: The developed 5x5 SOM is shown (previously described). Bottom: Out of different neurons (red, blue, white, mixed) 17 
sequences were taken out, synthetized, and experimentally tested on Trastuzumab with standard conditions. The x-axis shows 
the chosen sequences, with a letter- and color-code (a-q) to display from which neuron in the map they have been taken. The 
y-axis shows the conjugation efficiency in %. All the positive predicted sequences conjugate above the 60% threshold. 
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of the original screening. We tested them for conjugation efficiency using the same conditions as used 

for our screening inFigure 12:  Figure 12 (80 eq. peptide, 20 h at 37°C). In Figure 26 the exact location 

and conjugation efficiency of each sequence can be found (and in Table A 4, Figure A 38 – A 54). All 

seven sequences that were predicted “positive” (taken from red neuron on the SOM), conjugated 

above the 60% threshold (YGKGY, RVRK, AARAKARAA, PKARA, RFK, AVRAK, RAVAK). The map did not 

show the same strong feedback for negative predicted sequences (GEEKEL, TEKAN, KTT, LAKE, TVKVT, 

IFSK, FINKISH), taken out from blue neurons of the SOM. Three out of these six negatively predicted 

sequences, namely Ac-TVKVT-NH2, Ac-IFSK-NH2 and Ac-FINKISH-NH2, conjugated with an efficiency 

above 60% and thus, should be in a positive neuron. Two of these peptides contain phenylalanine 

and/or isoleucine and were selected out of the same group, whereas one, TVKVT, conjugated exactly 

around 60%. Three out of 17 sequences did not fall into a neuron that allows for a clear prediction. 

YDADK and VRKRV were taken from white, neutral neurons. KARAGAGADADAD was taken from a 

mixed neuron, containing one positive and two negative assigned peptides.  

5.3. Discussion 

Before discussing the SOM data in detail, three important points need to be taken into account: 

 1) A strong bias is implemented by using non-protected sequence variants for the algorithm, while the 

experimental results were made with variants carrying N-terminal acylation and C-terminal amidation. 

Since positive and negative charges of the peptides at physiological conditions are key factors for good 

linker conjugation, we expect that sequences with the lysine close to one of the termini are more 

substantially influenced.  

2) The 511 sequences were not generated randomly by a non-biased computing system, but by the 

author in a semi-rational approach to include interesting and/or random sequences, as well as amino 

acids that have not been tested before.  

3) The choice of the sequences to validate the predictions can contain a bias as well. As it was 

impossible to synthetize and test experimentally all the 511 peptides sequences, only a non-

representative selection of peptides was chosen. The neurons can have more or less weight, 

dependent on how many and which sequences from our experimental data have been sorted into it. 

Thus, with only 17 sequences tested, we cannot determine how accurately each neuron actually 

predicts the conjugation efficiency.  

To gain statistical significance of the prediction power of the SOM, the experimental set-up would need 

more data and randomization than herein presented. In example, an algorithm creating random 

sequences with one Lys and n(any other amino acid but Q/K)= 0-6 aa up- and/or downstream the Lys 

should be run. Subsequently, another algorithm should randomly propose a critical number of 
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sequences out of every neuron for experimental testing. However, in perspective with the possible 

bias, choosing sequences from negative and positive (blue/red) neurons in the present work revealed 

some information that will be further discussed. 

We decided on a threshold of 60% conjugation efficiency, whereas positive sequences were colored 

red and negative sequences blue. The threshold was chosen based on the observation that with 

improved conditions (amount of MTG, mAb concentration, etc.) we could push peptides that 

conjugated ≥60% under standard screening conditions to quantitative or almost quantitative coupling. 

We can see on the map (Figure 25) that the neurons cluster together in a red and a blue area. This 

demonstrates that differences between “positive” and “negative” peptides exist, and that the 

algorithm was able to separate them. That pattern can be seen also in both the original 9x9 pepCATs 

and ppCALI outputs, with a difference that they contain more empty neurons (Figure A 55). In an ideal 

case, the SOM would have one complete blue, and one complete red side, given that the input 

argument for the differentiation is true. However, our experimental screening data do not indicate 

such a clear argument, as we do not have clear active and inactive peptides, but a gradient ranging 

from 0-95% conjugation efficiency. Thus, we were not surprised the arbitrary threshold of >60% did 

not yield two complete distinct patterns. Interestingly, the two clusters of positive and negative 

neurons can be seen as well when putting the activity threshold to 75%, but as expected with more 

mixed regions (Figure A 56). Nevertheless, all the sequences where the SOM predicted a conjugation 

efficiency of ≥60% did conjugate above. Three of the sequences that were predicted to be negative, 

Ac-TVKVT-NH2, Ac-IFSK-NH2, and Ac-FINKISH-NH2, conjugated among the positive sequences. Peptide 

Ac-TVKVT-NH2 conjugated with 62±4% around the set threshold of 60%. Interestingly, the other two 

wrongly predicted peptides Ac-IFSK-NH2 and Ac-FINKISH-NH2, share the same negative neuron on the 

map (0,1). It can be interpreted, that sequences out of this neuron most presumably are unpredictable 

regarding their substrate activity. Analyzing the two sequences shows that both contain phenylalanine 

(F) and isoleucine (I), amino acids that were scarcely available from our original sequences from which 

the SOM has been generated. Thus, we presume that the SOM is not strong enough for the prediction 

of these substrates, just by the lack of training on these amino acids. The third sequence in the very 

same  neuron (0,1), Ac-GEEKEL-NH2, is highly negative. We speculate, that a SOM training with F and I 

containing peptides could have clustered them in two separate neurons. Peptide Ac-VRKRV-NH2 

conjugated around 80% towards Herceptin, but originates from a non-assigned neutral neuron, which 

is neighbored by two red positive ones. Relative distance on the map to such positive “activity islands” 

can have an influence. In other words, sequences taken from a mixed or neutral neuron, which is close 

to positive neurons, can rather be expected to be positive as well. The same counts for neutral 

sequences that are close to negative neurons, which can be assumed to conjugate below 60% in our 
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case. This is an observation we made for low conjugating peptides Ac-YDADK-NH2 and Ac-

KARAGAGADADAD-NH2, which were taken out of a neutral and a mixed group. Even though both are 

neighbors to a positive neuron, they share also a border with a negative one and are located in a rather 

undefined region. Consistently, peptide Ac-KARAGAGADADAD-NH2, which was taken out of the mixed 

neuron, conjugates with 30±2% better than linker Ac-YDADK-NH2 from the neutral neuron with 3 ± 1%. 

Taken into account only peptides that were either assigned to red or blue neurons, 11 out of 14 were 

predicted correctly, with a 100% hit rate for positive sequences. It would be interesting to see changes 

of the positive and negative cluster of the SOM, when we re-train our data set with the newly tested 

peptides. Furthermore, we should test more peptides experimentally, especially sequences and 

combinations with scarcely used amino acids. 
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6. Chemo-enzymatic functionalization of native antibodies with mono- and 

bifunctional peptide linkers and toxins 
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6.1. Introduction 

In chapter 4.2.4 we introduced the attachment of peptides including an ε-azido-lysine. In this chapter, 

we introduce three strategies to chemo-enzymatically decorate Trastuzumab with toxin maytansine 

and chelator NODAGA leading to immunoconjugates with well-defined stoichiometry (Figure 27). The 

third approach would enable a very sophisticated homogeneous one-step reaction. Aside an azide, the 

chelator NODAGA is already covalently attached in linker NODAGA-K(N3)-RAK-NH2. It would mean that 

we can site-specifically and homogeneously turn any IgG with efficient Q295 recognition into a 

functional theranostic biomolecule over-night. With the non-laborious attachment of a toxin in a 

secondary step even into an ADC.  
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6.2. Results 

 

 

Figure 27: A) Schematic display of three different functionalization reactions with Trastuzumab. Top: Peptide Ac-RAKAR-K(N3)-
NH2 is attached in a first step, whereas dye FAM is conjugated to the linker in a secondary step, using the click reaction. Middle: 
Peptide Ac--K(N3)-CRAK-NH2 is attached in a first step, whereas chelator Maleimide-NODAGA is conjugated to cysteine in a 
secondary step. In a third step, toxin maytansine is attached to the linker using click chemistry. Bottom: One step 
functionalization with peptide NODAGA-K(N3)-RAK-NH2. Optionally, a toxin can be attached using the click chemistry. B) 
Chemical structures of the peptide linkers and the functionalization moieties FAM (4, dye), maytansine (5, toxin), and 
Maleimide-NODAGA (6, chelator).  
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6.2.1.  Conjugation of peptide Ac-RAKAR-K(N3)-NH2 to Trastuzumab and functionalization with 

the fluorescent dye DBCO-PEG4-5/6-FAM 

Ac-RAKAR-K(N3)-NH2 has been introduced in chapter 4.2.4. The conjugation was quantitative using 12 

U MTG/mg Trastuzumab after 20 h. A PD10 column was used to remove the excess peptide substrate. 

For the biorthogonal coupling 10 eq. DBCO-PEG4-5/6-FAM were added and the reaction incubated for 

4 h at 37 °C. The MS spectra of the different chemo-enzymatic steps are shown in Figure 28. 

Figure 28: Heavy chain LC-MS spectra (right) of the according species Trastuzumab-Ac-RAKAR-K(N3)-NH2 (top), and 
Trastuzumab-Ac-RAKAR-K(FAM)-NH2 (bottom). The azide on the peptide is subsequently being clicked with DBCO-PEG4-5/6-
FAM. Calculated clicked DBCO-PEG4-5/6-FAM HC’s: 52255 Da and 52417 Da; Detected conjugated HC’s: 52255 Da and 52416 
Da.  
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6.2.2.  Conjugation of peptide Ac-K(N3)-CRAK-NH2 to Trastuzumab and dual functionalization 

with Maleimide-NODAGA and toxin maytansine 

For dual functionalization of Trastuzumab (e.g. with a metal chelator for labeling with a radiometal and 

a therapeutic toxin) we used the hetero-bifunctional peptide Ac-K(N3)-CRAK-NH2. The sulfhydryl group 

of cysteine can be conjugated with maleimide and the azide group or biorthogonal reactions with 

alkines. Cysteine containing substrates NH2-K(N3)-CRAK-OH, NH2-RAKARC-K(N3)-OH, and NH2-KC-K(N3)-

OH were tested for their conjugation efficiency towards Trastuzumab. Results are shown in Table 1. 

Linker NH2-K(N3)-CRAK-OH with the highest conjugation efficiency (67±8% using standard conditions: 

1 mg/mL Trastuzumab, 80 eq. peptide, 6 U MTG/ mg mAb, 20 h at 37 °C, Trizma pH 7.6) was chosen 

for further experiments. Coupling yields of >95% were achieved after an incubation time of approx. 44 

h, with the improved protocol of 5 mg/mL Trastuzumab within the reaction mix. Excess linker and MTG 

were separated by Protein A purification. 

Table 1: Chemical structures of cysteine containing linkers tested for conjugation efficiency to Trastuzumab with standard 
conditions 

The commercially available metal chelator maleimide-NODAGA was chemically coupled to the cysteine 

of Trastuzumab-NH2-K(N3)-CRAK-OH using 30 eq. DTT and a subsequent reoxidation step with dhAA to 

avoid cleavage of the mAb’s inter-chain disulfide bonds. Coupling yields of >95% were achieved. Finally, 

DBCO-PEG4-Ahx-maytansine was coupled quantitatively via ε-azido-lysine (10 eq., overnight at rt, 

Figure 29). Excess toxin and NODAGA was separated by Amicon centrifugation (size exclusion). 

 
MW 
[Da] 

Conj. effic. 
N=3 

Chemical structure 

NH2-RAKARC-K(N3)-OH 858.0 59±7% 

 

NH2-K(N3)-CRAK-OH 630.8 67±8% 

 

NH2-KC-K(N3)-OH 403.5 44±5% 
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Figure 29: Heavy chain LC-MS spectra (right) of the according species Trastuzumab-NH2-K(N3)-CRAK-OH (top), Trastuzumab-
NH2-K(N3)-C(NODAGA)RAK-OH (middle), and Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH (bottom). The cysteine on 
the peptide is subsequently being conjugated with Maleimide-NODAGA, and then clicked with toxin DBCO-PEG4-Ahx-
maytansine. Calculated conjugated Maleimide-NODAGA HC’s: 51709 Da and 51871 Da; Detected conjugated HC’s: 51709 Da 
and 51871 Da. Calculated clicked toxin HC’s: 53007 Da and 53169 Da. Detected conjugated HC’s: 53007 Da and 53169 Da.  

 

51709 Da 
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6.2.3.  Conjugation of peptide NODAGA-K(N3)-RAK-NH2 to Trastuzumab and functionalization 

with toxin DBCO-PEG4-Ahx-maytansine 

NODAGA-K(N3)-RAK-NH2 was synthesized according to the procedure described in chapter 10.3.2. 

Quantitative conjugation of NODAGA-K(N3)-RAK-NH2 towards Trastuzumab was achieved at protein 

concentration of 3 mg/mL. Quantitative coupling of the toxin DBCO-PEG4-Ahx-maytansine was  

Figure 30: Heavy chain LC-MS spectra (right) of the according species Trastuzumab-NODAGA-K(N3)-RAK-NH2 (top), and 
Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 (bottom). The azide on the peptide is subsequently being clicked with DBCO-
PEG4-Ahx- maytansine. Calculated clicked DBCO-PEG4-Ahx-DM HC’s: 52760 Da and 52922 Da; Detected conjugated HC’s: 
52760 Da and 52922 Da. 

sample 279 fHer-JW011 with DM1 clicked, 37 °C, 10 eq., 16 h
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achieved using 10 eq. overnight at room temperature after an overnight reaction at room temperature 

(N=2, Figure 30). The quantitative DAR 2 batches of Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 

were used for further in vitro and in vivo analyses. 

 

6.2.4.  In vitro characterization of Trastuzumab-Ac-RAKAR-K(FAM)-NH2, Trastuzumab-NH2-

K(maytansine)-C(NODAGA)RAK-OH, and Trastuzumab-NODAGA-K(maytansine)-RAK-NH2  

Trastuzumab-Ac-RAKAR-K(FAM)-NH2 was used to analyze the binding capacity of chemo-enzymatic 

Q295-functionalized Trastuzumab towards HER2/neu expressing Skov3ip cells by flow cytometry 

(Figure A 57). In vitro evaluation of the immunoconjugates Trastuzumab-NODAGA-K(maytansine)-RAK-

NH2 and Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH was performed after radiolabeling with 

111InCl3. Labeling efficiency reached 97±1% for Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH 

(N=2). Lindmo analysis determined an immunoreactive fraction of 101±6% (N=3). For the variants 

Trastuzumab-NODAGA-K(N3)-RAK-NH2 and Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, the 

labeling efficiency was 99±1% and 98±1%, respectively (N=2). Lindmo analysis for the species with and 

without toxin showed immunoreactive fractions of 110.9% and 111.1%. Selected saturation binding 

graphs and the Lindmo plots can be found in Figure A 58 - Figure A 60 for all the 4 tested species. The 

non-specific binding was below 1%.  

 

6.3. Discussion  

All the three linkers showed lower conjugation efficiencies compared to short peptides like Ac-RAK-

NH2 when applying standard conditions. For the cysteine containing linker NH2-K(N3)-CRAK-OH, we 

have to assume that we attach dimers rather than monomers, due to the formation of disulfide bonds. 

This assumption is corroborated by the fact that coupling of maleimide-NODAGA failed under non-

reducing conditions due to lack of free sulfhydryl groups. On the other hand, for linker NODAGA-K(N3)-

RAK-NH2, the challenge were the three additional negative charges of the chelator, which we have 

shown to be destructive for efficient conjugation by MTG. However, since we reached >95% 

conjugation efficiency, we assume that the sterical distance of these charges to the primary amine was 

big enough not to significantly influence the enzymatic reaction. 

NODAGA-K(N3)-RAK-NH2 has several advantages compared to NH2-K(N3)-CRAK-OH. It allows an easy 

over-night one step functionalization with a drug-to-chelator ratio of > 1.9. Dickgiesser et al. recently 

published a MTG-mediated, one-step functionalization of Trastuzumab, using an engineered variant of 

MTG to conjugate linkers, including toxins covalently attached, towards Q295[126]. As a last advantage, 
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this mAb-construct allows for quick dual functionalization, by attaching a second chelator, or in our 

case, a toxin. The click chemistry worked for all of the tested moieties in low equivalents quantitatively. 

Being able to use low quantities of precious and highly toxic chemotherapeutics is beneficial because 

they are very expensive.  

Receptor binding was retained for all of our ADCs as proven by flow cytometry and Lindmo assays. The 

main difference between the new MTG technology and the previous MTG-mediated coupling methods 

is the retention of the mAb glycosylation. Since glycans are known to be important for the structural 

integrity of the IgG CH2 region[28,154], it can be assumed that with the intact glycan, ADCs are more 

stable, tend to aggregate less, and thus might show longer blood half-lives. Furthermore, they can also 

play a role in the binding of FCγRI receptors, clearance, biodistribution, and immunogenicity. 
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7. Trastuzumab biodistribution with linker NH2-K(N3)-CRAK-OH and 

comparative biodistributions of NODAGA-K(N3)-RAK-NH2 with and without 

toxin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All the work has been designed/performed and analyzed by Jöri Wehrmüller. 
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7.1. Introduction 

First, we used ADC Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH to assess the in vivo 

performance with different amounts of co-injected Trastuzumab. The reason behind are reports that 

low levels of IgG2a in nude mice (<50 µg) correlate with rapid clearance of injected mAb into liver and 

spleen[155]. Furthermore, it has been shown that co-administration of cold mAb in highly antigen 

expressing tumors can help overcoming the binding-site barrier, resulting in higher tumor uptake[156]. 

Second, we performed a comparative biodistribution with the three immunoconjugates Trastuzumab-

NODAGA-K(N3)-RAK-NH2, Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, and deglycosylated version 

of the latter, Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2. We wanted to see direct impact on 

tumor uptake for species with and without toxins. Furthermore, we were interested to see if the 

glycosylation has an impact on organ uptake, especially since our older enzymatically produced ADCs 

were dependent on the deglycosylation step. For the xenograft models, we decided on Skov3-ip human 

ovarian cancer cells. 

 

7.2. Results 

7.2.1.  Determination of the co-administration of native Trastzumab on the biodistribution of 

111In labeled Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH  

Before a time-dependent biodistribution study with 111In-labeled Trastuzumab-NH2-K(maytansine)-

C(NODAGA)RAK-OH was conducted, we performed a study to determine the ideal amount of co-

injected cold Trastuzumab to maximize the uptake of the immunoconjugates into the tumor xenografts 

and minimize the uptake in non-targeted tissue and organs. Five cohorts of mice (N=3) were 

subcutaneously injected with 5x106 SKOV3-ip cells in the right flank. The tumors grew for two weeks 

before we injected all the groups with our ADC-species. The preparation of Trastuzumab-NH2-

K(maytansine)-C(NODAGA)RAK-OH was done according to chapter 6.2.2. Labeling with 111In resulted 

in specific activity of >100 MBq/mg ADC. Each mouse was injected with 150 kBq, which equals to 1.4 

µg ADC in total, 0.37 µmol ADC/kg mouse, or 0.056 mg ADC/kg mouse. Mice were co-injected with 

different amounts of native Trastuzumab (0, 1.5, 5, 15, and 30 mg/kg, - which is equivalent to 0, 10, 

33.3, 100, and 200 µmol/kg). The biodistribution was determined at 48 h and 96 h p.i. (Figure 31, and 

Table A 6-Table A 8). 
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Figure 31: A/B) Biodistributions of ADC Trastuzumab-NH2-K(maytansine)-C(NODAGA)-RAK-OH in SKOV3-ip xenografted nude 
SCID-mice. On the x-axis different organs are listed, whereas on the y-axes the % injected dose per gram is shown. The ADC 
got injected in five different groups, with additions of 0 mg native Trastuzumab / kg mouse, 1.5 mg/kg, 5 mg/kg, 15 mg/kg 
and 30 mg/kg. A: 48 h post-injection. B: 96 h post-injection. C: Tumor to blood/liver ratios, calculated from the ratio of each 
mouse. The tumor has the highest uptake compared to other organs, with around 40% for the 1.5 and 5 mg/kg group after 
48 and 96 h. N=3, N0 mg/kg at 96 h =2, Statistical analysis: 2-way ANOVA Bonferroni analysis in Graphpad with *= p ≤0.05, **= p 
≤0.01, ***=p ≤0.001, ****= p ≤0.0001. 
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After 48 h, the 1.5 mg/kg cohort showed a tumor uptake of 44±26% iD/g, which is significantly higher 

than the uptake of the 15 mg/kg or 30 mg/kg cohort. A low uptake was observed in the 30 mg/kg group 

with 16±5% iD/g. For the 0 mg Trastuzumab/kg group, we observed spleen and liver uptake of 11±5% 

iD/g and 8±1% iD/g, respectively. A non-significant trend to high spleen uptake (13±11% iD/g 48 h p.i.) 

was observed as well in the cohort with the highest amount of co-injected Trastuzumab. After 96 h, 

the 5 mg/kg cohort showed a tumor uptake of 41±5% iD/g, more than the group with 30 mg 

Trastuzumab/kg (22±4% iD/g) or 0 mg/kg (25±3% iD/g). The blood shows for all cohorts less remaining 

ADC after 96 h compared to 48 h, which is an expected but non-significant trend.  

 

7.2.2.  Time-dependent biodistribution study with 111In labeled Trastuzumab-NODAGA-K(N3)-

RAK-NH2, Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, and Trastuzumabdeglyc.-

NODAGA-K(maytansine)-RAK-NH2  

In this study, we analyzed the impact of the hydrophobic toxin maytansine on the overall 

biodistribution profile of Trastuzumab. We tested and compared Trastuzumab-NODAGA-K(N3)-RAK-

NH2 (lacking the toxin) with Trastuzumab-NODAGA-K(maytansine)-RAK-NH2. Additionally, we prepared 

a deglycosylated variant of the latter, Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2. In order to 

observe the direct impact of the toxin on the biodistribution, we decided to use the conditions without 

any pre-injection of native mAb. The three species were labeled with 111In following the procedure 

described in chapter 6.2.3. Cohorts of mice (N=4) were subcutaneously injected with 5x106 SKOV3-ip 

cells in the right flank. The tumors grew for two weeks before we injected all the groups with our ADC-

species. Labeling with 111In yielded specific activity of between 40 - 41 MBq/mg ADC. Each mouse was 

injected with 150 kBq, which corresponded to 3.7 – 3.9 µg ADC in total. This results in approx. 0.15 mg 

ADC/kg mouse, or 1 µmol ADC/kg mouse. For each of these cohort, the biodistribution was measured 

after 24 h, 48 h, 72 h, and 96 h (Figure 32, and Table A 9-Table A 11).  
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Figure 32: Biodistributions of the three In-111 labelled ADC constructs Trastuzumab-NODAGA-K(N3)-RAK-NH2 (A), 
Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 (B), and Trastuzumabdeglyc.-NODAGA-K(DM)-RAK-NH2 (C) in SKOV3-ip 
xenografted nude SCID-mice. On the x-axis different organs are listed, whereas on the y-axis the %iD/g is shown. N=4. 
Statistical analysis: 2-way ANOVA Bonferroni analysis in Graphpad with *= p ≤0.05, **= p ≤0.01, ***=p ≤0.001, ****= p 
≤0.0001. 
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111In labeled Trastuzumab-NODAGA-K(N3)-RAK-NH2, without toxin, showed a high tumor uptake after 

72 h with 49±9% iD/g, which is significantly more than the one observed after 24 h with 26±8% iD/g. 

At all time-points, blood pool activity was high (7.5-11% iD/g). Liver, spleen, and muscle had uptake 

below 5% iD/g. 111In labeled Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, with the toxin, showed 

41±15% iD/g tumor uptake after 96 h, which is as well significantly more than the uptake after 24 h 

with 21±5% iD/g. In comparison to Trastuzumab-NODAGA-K(N3)-RAK-NH2, liver and spleen showed a 

non-significant trend of higher uptake at all the time-points. Other than for the kidneys and muscle, 

the data shows more variance for Trastuzumab-NODAGA-K(maytansine)-RAK-NH2. A similar picture 

can be seen for the deglycosylated ADC Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2. Here, we 

determined a tumor uptake of 43±21% iD/g after 48 h, which again is significantly higher than 25±13% 

iD/g uptake after 24 h. 

Due to the high variance observed, we made a nested plot for every single mouse %iD/g for the organs 

tumor, spleen, and blood (Figure 33). We can see, that for both species with the toxin maytansine 

attached, the spleen and blood values spread over a big range, whereas the non-toxin containing mAb 

shows low variance in comparison. We have noticed that those mice with high spleen/liver uptake 

have low blood and tumor uptake (single mouse data not shown). This leads to the assumption, that 

in those cases the mAb was cleared rapidly from the blood pool into the liver and spleen. 
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Figure 33: Nest plot of the organs tumor (A), spleen (B), and blood (C) from the biodistribution shown in Figure 32. Shown is 
the %iD/g of each mouse for all the three species: with and without toxin, + deglycosylated Ab with toxin. The two species 
with toxin show high variation for all the three organs, compared to the non-toxin species.  
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The high standard deviations in the biodistribution in case of 111In labeled Trastuzumab-NODAGA-

K(maytansine)-RAK-NH2 and Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 were mainly because 

a few individual mice showed extremely low blood %iD/g, which might be the reason for the wide 

range of  tumor uptake between 9% and 68% iD/g at 48 h and 96 h p.i.. Thus, not surprisingly, cross 

comparing the three immunoconjugates with each other resulted in no significant differences in tumor 

uptake (Figure 34, 48 h and 96 h shown). Similarly, also no difference could be detected for tumor to 

blood, or tumor to liver ratios (all values in Table A 12). Statistics were made with a 2-way ANOVA 

Bonferroni analysis in Graphpad with p ≤0.05. 

Figure 34: Left: Biodistribution of the three ADC constructs Trastuzumab-NODAGA-K(N3)-RAK-NH2 (in red), Trastuzumab-
NODAGA-K(maytansine)-RAK-NH2 (in black), and d-Trastuzumab-NODAGA-K(DM)-RAK-NH2 (in green) in SKOV3-ip 
xenographted nude SCID-mice. On the x-axes different organs are listed, whereas on the y-axes the %iD/g is shown. Top: 48 h 
time point, Bottom: 96 h time point, N=4. Right: Tumor to blood/liver ratios from the corresponding biodistribution calculated 
on each individual mouse. Top: 48 h, Bottom: 96 h. Statistical analysis: 2-way ANOVA Bonferroni analysis in Graphpad with p 
≤0.05. No significant difference could be measured.  
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7.3. Discussion 

The biodistribution with low to high amounts of co-injected Trastuzumab shows clearly the impact co-

administration of native mAb has on tumor uptake. Both extremes seem to be suboptimal. For the 

group with the highest dose of co-administered, native Trastuzumab, low tumor uptake was observed 

because of partial receptor saturation on the tumors. Without co-injection of mAb, however, we do 

see a trend to higher spleen and liver uptake due to the fact that nude mice have low and 

heterogeneous IgG titer, which leads to fast clearance of any injected mAb or immunoconjugate[155]. 

Another point that potentially counteracts fast tumor uptake is the lack of masking peripheral non-

tumor antigens. Pre-administration has been shown to increase blood exposure of an anti-TENB2 ADC, 

reducing hepatic, intestinal, and splenic uptake while the tumor accretion was not affected[157]. Also 

shedding of HER2/neu receptor (known in human[158]) could be a problem with low ADC titers. Shedded 

HER2/neu can bind towards the ADC in the blood and thus hinder it to reach the target.  

The second study was performed to determine the impact of the toxin on the pharmacokinetic profile. 

Other than in previous studies, where the toxin and the radiolabeling was not located at the same site 

on the mAb[81], here, we coupled both, the toxin and the metal chelator to the same linker. We decided 

to use the peptide linker with the chelator NODAGA covalently attached at the N-terminus, NODAGA-

K(N3)-RAK-NH2. In order to see more clearly the direct impact of the toxin on the biodistribution, we 

did not perform any pre-injection of native mAb. Retrospectively, this was presumably suboptimal 

since almost 50% of the mice injected with 111In labeled Trastuzumab-NODAGA-K(maytansine)-RAK-

NH2  and Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 showed fast clearance of the ADC from 

the blood into liver and spleen. It is highly possible that a variable IgG2a titer might have led to this 

fast clearance. However, it does not completely explain that we only could see this effect for species 

with toxin. One argument could be, that due to the low IgG2 titer clearance was accelerated by highly 

hydrophobic toxin maytansine. 

While we could not see significant differences in tumor uptake, we were surprised that deglycosylated 

species had high tumor uptake after 48 h. However, this effect has been explored before and might 

come from altered affinity of FcγR for the Fc domain[26,159]. Vivier et al. found that impaired in vitro 

FcγRI binding of deglycosylated immunoconjugates correlates with significant decreases in off-target 

uptake, such as the liver by 3.5 fold. They even conclude that deglycosylation can be used as strategy 

to enhance the quality of immune-PET studies.  

Projects in the future should involve another biodistribution comparing the non-toxin/toxin species 

with pre-injected IgG2a, to observe if it improves the overall tumor uptake and reduced the fast 

clearance. Conjugating the peptide in a cleavable version could also be interesting, especially to track 
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the toxin accumulations. Another option could be also to attach only the toxin in a cleavable version 

(commercially available). Furthermore, and since we are constricted to the position Q295, a direct 

comparison with another site-specifically modified ADC at a different position could shed light on the 

advantages of Q295.  
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8. Site-specific MTG mediated conjugation and SPECT of an EGFR-Nanobody 

with and without albumin binder 
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8.1. Introduction 

The epidermal growth factor receptor (EGFR) is overexpressed in a variety of different cancers, such 

as lung cancer (40-80%), breast cancer (14-9%), or colon cancer (25-77%)[160,161]. Therapy with 

monoclonal mAbs can be limited due to resistance cancer cells can acquire, and because of the limited 

EGFR(+) subpopulation[162–166], as not all cancer cells express the antigen. Furthermore, full mAbs have 

been shown to give suboptimal results in patients with solid tumors, due to poor penetrability. In this 

project, we want to use MTG to equip an EGFR binding nanobody (VHH; 12-16 kDa) with a chelator for 

radioimmune therapy and diagnosis. The advantages on this small mAb fragments compared to full 

mAbs are that they still have full antigen-binding capacity, and retain specificity and high affinity to the 

target[167,168]. Furthermore, they do not possess the FC region, thus are poorly immunogenic. Due to 

their small size, they can be expressed easily and cost-efficiently in bacteria, and are known to 

penetrate dense tissue rapidly[169]. Their blood half-life, however, is reduced compared to mAbs, due 

to fast renal clearance. In this project, we want to optimize the half-life of an EGFR-targeting VHH, to 

improve accumulation in the cancer tissue and still obtain rapid clearance for better target-to-

background contrast for imaging and therapy. The VHH is expressed together with a myc-tag, to 

enzymatically attach a chelator NODAGA with MTG. Two different linkers were tested. While one 

consists only of the chelator, a second one is additionally equipped with 4-(p-iodophenyl) butyric acid, 

an albumin binder (Figure 36). Albumin binders have been shown to bind to human and mouse serum 

albumin, and thus prolonging the systemic half-life of pharmaceuticals in blood[170]. SPECT images were 

generated of both VHH-NODAGA variants to see the different distribution in xenografted SCID nude 

mice. 

8.2. Results  

8.2.1.  VHH conjugations 

The EGFR targeting VHH 7d12 was expressed in E-coli cells in the Policastro group (142 aa, with myc-

tag and C-terminal His-tag, Sequence in Figure A 64). The two substrates VG49 and VG56 contain a 

primary amine, which can be recognized by MTG, as well as the chelator NODAGA. They differ, as VG56 

additionally is equipped with albumin binder 4-(p-iodophenyl) butyric acid. Different conjugation 

conditions with 7d12 showed optimal conjugation efficiencies for shorter conjugation times compared 

to the Q295 technology. Best results were achieved after 30 min at 37 °C, with 1 mg/mL VHH in PBS 

with 6 U MTG/ mg VHH, and 40 eq. linker. VHH attachment reached 65±1% and 58±2% with the linkers 

VG49 and VG56, respectively (Figure 35, N=2). Longer incubation times reduced the yield of the VHH-

conjugate. 
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Figure 35: MS Spectra after the enzymatic MTG reaction of VHH 7d12 with linkers VG49 (top) and VG56 (bottom). The 
conjugation was not quantitative. In both spectra, the first peak corresponds to native 7d12, whereas the right peak is the 
converted product. Calculated conjugated 7d12-VG49: 16206 Da; Detected conjugated 7d12-VG9: 16206 Da. Calculated 
conjugated 7d12-VG56: 16564 Da; Detected conjugated 7d12-VG56: 16563 Da. The conjugation efficiency, calculated from 
the intensity, is 63.9% for VG49 and 60.2% for VG56. 

 

8.2.2.  MTG Separation, 111In radiolabeling, and Lindmo assay 

An efficient separation of the bacterial enzyme MTG (38 kDa) from the VHH constructs (16 kDa) is 

important for in vivo experiments and further therapy studies. Two different methods were tested. 

Semi-preparative size exclusion chromatography with a Superdex 75 5/150 column could not separate 

the two fractions with the necessary resolution. Making use of the His-tag of VHH, which binds to Ni-

Resin in high affinity, could separate MTG efficiently (Figure 36). 
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Figure 36: SDS-PAGE gel analysis of a VHH/MTG mixture (red rectangle on the left) and its separation by size exclusion and 
by Ni-resin. Whereas size exclusion did not give a good enough separation, Ni-resin did partition MTG from VHH 7d12 (two 
red rectangles on the right). 

Labeling of the 7d12 nanobodies with 111In resulted in efficiencies of two times 97% for VG49, and 98% 

as well as 96% for VG56 (different batches tested). A Lindmo binding assay was made to test for 

retained binding capacity with EGFR overexpressing A431 cells in vitro. Receptor blocking to determine 

the non-specific binding was made with an excess of EGFR binding mAb Cetuximab. The Lindmo assay 

was performed with albumin binding linker VG56 attached to 7d12. An immunoreactive fraction of 

84% was achieved (Figure A 66). 

 

8.2.3.  SPECT Imaging 

SPECT images of the two EGFR targeting 7d12 variants were made with A431 xenografted nude mice 

(representative images in Figure 37). 5x106 cells were injected subcutaneously into the right flank. The 

tumors grew for two weeks before two cohorts of mice (N=2) were injected with either one of the 

7d12 variants. Labeling with 111In achieved a specific activity of 1061 MBq/mg 7d12-VG49 and 865 

MBq/mg 7d12-VG56. Each mouse was injected with 5 MBq. Furthermore, non-conjugated 7d12 was 

added to both solutions to reach an injection dose of 10 µg VHH per mouse, resulting in 0.4 mg VHH/kg 

mouse or 25 nmol VHH/kg mouse. Images were taken 1 h, 4 h, 24 h, and 72 h post injection. No 

quantification or analysis for statistical significance was made. The compound 7d12-VG56 with albumin 
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binder shows a trend in higher tumor uptake and longer residual time compared to the 7d12-VG49 

species at all time points. But not only the tumor, also the healthy tissue distribution and especially 

the liver tends to have more activity accumulated for the albumin binding species. For both linkers, 

high renal uptake could be detected.  

Figure 37: EGFR targeting Nanobody 7d12 got equipped with two linkers, VG49 and VG56. Both have a chelator, which was 
labeled with In-111. Shown are representative SPECT images at different time points of xenografted nude mice with an A431 
tumor model. Linker VG56, which additionally is equipped with an albumin binder (yellow circle in the schematic structure), 
shows higher uptake of tumor and healthy tissue. The gradient from black (-1000) to white (15000) represents intensities in 
Hounsfield units of CT. The gradient from dark purple (0.00001) to yellow/white (0.0025) represents intensities in kBq/voxel 
of SPECT (voxel size = 0.3 mm). 

 

8.3. Discussion 

This 3-month project was very challenging in terms of time, resulting in limited availability of substrates 

and lack of time for follow up experiments for the herein presented results. Nevertheless, we were 

successful in conjugating these novel linkers VG49 and VG56 towards VHH 7d12. Enzymatic 

conjugation to the Gln in the myc-tag was faster compared to our experiences with Q295 on the mAb. 
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One reason is for sure, that the myc-tag is an optimized substrate for MTG, and has been reported to 

allow different acyl acceptor substrates[123]. However, quantitative attachment was not achieved. 

Interestingly, the albumin binding moiety had a big impact on the biodistribution. Other than higher 

tumor uptake and slower blood clearance, the additional liver uptake was a surprise to us. Even though 

it is known that the liver has receptors for albumin, the effect of high liver uptake is not reported with 

other (low molecular weight) compounds bearing 4-(p-iodophenyl) butyric acid[171]. Another more 

simple explanation for higher uptake of VHH in healthy tissue, liver, and tumor can be the longer 

residual half-life in blood for the compound with the albumin binder. A key experiment missing is a 

biodistribution assay to quantify and track the VHH in the different organs, especially to confirm the 

high liver uptake for the species 7d12-VG56 with albumin binder. Furthermore, ideal storage 

conditions and the stability of the linkers has to be analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
  

  

71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
  

  

72 

9. Discussion and conclusion 

In this thesis, we presented a novel technology to attach payloads such as toxins or chelators to 

antibodies. While the field has presented several methodologies to yield such antibody-drug 

conjugates, our method can be distinguished by its combination of site-specific and homogeneous 

attachment towards non-engineered mAbs. A homogeneous ADC species, compared to a mixture of 

ADCs with different DARs, is easier to characterize for in vitro and in vivo behavior. To achieve such a 

defined DAR, either enzyme engineering[126] or the use of engineered tags[99]/mAbs[82] is needed among 

other methods, which is both not necessary for Q295 conjugation by MTG. The site-specificity is given 

by Q295 on mAbs, which, with some discussed exceptions, is the sole site of attachment of our 

payloads. Almost all new technologies make use of defined conjugation sites, whereas it has been 

shown that not all of them are advantageous. Engineered specific attachment sites, such as cysteines, 

have the advantage of being introduced to almost any site of the mAb sequence, whereas the position 

of Q295 is a limiting factor of our technology. The MTG conjugation requires stringent, not fully 

explored, conditions on the Q-positioning for the reaction to work; All the other 15 Gln’s of the 

Trastuzumab HC show no or minor conjugation. However, up to this point we had no experiment 

revealing disadvantageous side effects such as aggregation, losing of binding potential or low blood 

half-life induced by position Q295. This is in comparison with previous work on Q295 with 

deglycosylated mAbs[81,112]. Furthermore, Q295 is a conserved site within prevalently used isotypes 

IgG1 and IgG4 for therapies. This is important, since absence of a reactive Gln limits the MTG approach. 

On the other hand, as a big advantage, our enzymatic approach can produce ADCs in a quick manner 

directly out of native mAbs without any pre-treatment. This was normally reserved only for chemical 

conjugation methods, which on the downside lead to a mixture of ADC species.  

The enzyme MTG is commercially available (Zedira GmbH), stable in physiological conditions and most 

importantly, it can be easily removed from the ADC after the reaction. In respect to these factors, MTG 

is not a limiting factor. However, we have shown in the results that only specific peptides, having at 

least one lysine, can be attached to Q295, restricted by the activity of MTG. While the other enzymatic 

conjugation method with sortase A has similar restrictions, chemical methods are using reactive 

handles, with the advantage that they can be attached to a broad scope of substrates. With the 

introduction of an azide on an MTG-reactive peptide, we can make use this broad scope as well and 

bypass the narrow substrate specificity of MTG. As an example, the click chemistry with azides and the 

corresponding DBCO-agent works with low equivalents (5 eq. over conjugation site), making it 

amendable for expensive substrates. Furthermore, this makes our technology also open for mAbs that 

will be used for pretargeting. 
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On a broader perspective, the designed peptide linkers and MTG can be a strong couple for other 

applications as well. Especially the use of peptides and the resulting stable isopeptidic bond can be an 

advantage compared to less stable linker technologies. All the experience gathered with the design of 

our positively charged peptides can be leveraged to other MTG applications.  
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10. Outlook 

The herein presented technology shows that enzymatic conjugation with MTG has a lot of potential to 

unravel new ways of orthogonal bioconjugations. Especially interesting is the concept of designing new 

linkers that specifically are attached towards a single site on a protein, in our case Q295. A low initial 

conjugation activity was enough to find optimal conditions and linker-structure that lead to full 

conversion. This is a potential concept that can be adapted to any other protein, resulting in novel 

orthogonal bioconjugations, which is more and more important in many fields. Since there are still only 

a few key indicators if a Gln within a protein is recognized by MTG, a trial- and error approach has to 

determine if MTG conjugation can be used for each new protein. A promising example is fibronectin, 

where preliminary results within our group show that MTG conjugation can be used to conjugate 

chelators towards the protein.  

 While we have shown the principle of attaching a primary amine containing linker towards a glutamine 

on the protein, future projects should also investigate on designing glutamine linkers that show 

homogeneous specificity towards a single lysine on a protein. Single reactive lysines and glutamines 

on a protein would lead to two different orthogonal bioconjugation approaches. Dual conjugations can 

be used either to increase the attached payload, or to introduce different functionalities, such as 

chelators or toxins, at once. In comparison with dual conjugations on the same linker, attachment at 

different positions might reduce the aggregation potential of the mAb, since the often very 

hydrophobic payload can be distributed differently.    

Furthermore, instead of screening for an optimal linker, enzyme engineering is another approach that 

can be used to reach quantitative conjugation. A sophisticated conjugation approach could involve an 

evolved MTG, which has an altered substrate specificity. This is especially interesting for Gln positions 

with small residual conjugation activity, which we have detected, e.g. for Trastuzumab. The enzyme 

engineering field has shown that by randomly evolving enzymes in an iterative manner, such base 

activities can be increased. MTG has been subjected to enzyme engineering, this hasn’t been tested 

yet. As a result, similar as already mentioned, two orthogonal conjugations could be achieved by using 

the native and the engineered variant subsequently for conjugation. However, this only would work, 

if the engineered variant loses specificity for the native Gln. Furthermore, the initial base activity is 

important to develop and test a screening assay, which is sensitive enough to differentiate between 

activating and deactivating mutations. Such an assay could involve hydroxylamine, that forms a 

detectable complex at 525 nm after conjugation with Z-Gln-Gly. To reach a promising starting point if 

initial activity is missing, site-directed mutagenesis at MTG’s active site or other at other strategic 

positions can be performed. Especially interesting as novel targeting substrate could be asparagine. Its 
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chemical structure and electron density is very close to glutamine, and differs mainly by having one 

carbon more in the side chain. Mutations to open up MTG’s active site cleft could allow the catalytic 

triad to bind asparagine. A crystal structure of MTG together with bound substrate would be helpful 

to understand better any key positions involved. It can explain on the molecular level how the charges 

influence a good binding, and maybe even unravel the role of the glycan when conjugating mAbs. 

These insights might be used as well, to develop more challenging MTG-accepted linkers that have the 

functionality directly attached, similar to the one-step approach presented in this thesis. 

As a last point, I would like to put emphasis on the strength of big data and computational algorithms. 

Our approach to predict interesting sequences was biased with our experimental results and 

expectations we had for some of the sequences. However, it could be interesting to write a program 

that creates short lysine containing peptides randomly. Validating the SOM with a critical number of 

completely random sequences might bring us a step forward on finding key indicators, on what makes 

a well-accepted MTG lysine-substrate.   
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11.  Material and Methods 

11.1. Chapter 4: MTG mediated Conjugation of primary amine containing peptides to Q295 

of antibodies 

11.1.1. Materials 

Trastuzumab, Kadcyla®, and Adcetris® were purchased from Roche (Basel, Switzerland). Nivolumab 

and Daratumumab have been bought from Bristol-Myers Squibb (New York, USA) and Jansen-Cilag 

International NV (Olen, Belgium), respectively. human IgG2; Armenian hamster IgG; rat IgG1, IgG2a, 

and IgG2b; and mouse IgG1, IgG2a, and IgG2b, are all InVivoMabTM isotype controls purchased from 

Bio X cell (Lebanon, USA). The peptides got ordered from LifeTein (www.lifetein.com, New Jersey, 

USA). They show a purity of >90% (HPLC tested by supplier) and are stored at 25 mM in H2O, at -20 °C. 

Azide functionalized Peptides Ac-RAK-K(N3)-NH2, Ac-RSK-K(N3)-NH2, and Ac-RHK-K(N3)-NH2 (Table 2) 

were purchased from Bachem (Bubendorf, Switzerland) and stored as already described. They have a 

purity of >90% (HPLC tested by supplier). MTG was purchased from Zedira (Darmstadt, Germany) and 

resuspended in water to a final stock concentration of 50 units/mL. Trizma base, Bis-Tris, sodium 

phosphate, and citrate buffer were purchased from Sigma-Aldrich (St. Louis, USA). Dulbecco’s 

Phosphate Buffered Saline (PBS) buffer was bought from Merck (Burlington, USA). All the salts (NaCl, 

KCl, CaCl2, MgCl2, FeCl3, NH4Cl, NH4HCO3, NH4Cl, NH4HCO3, (NH4)2SO4, Na2HPO4, and KH2PO4) were 

purchased from Merck (Burlington, USA). The LC-MS for conjugation efficiency analysis was running 

with 2-propanol and acetonitrile from Honeywell Riedel-de-Haen (Charlotte, USA). The acetonitrile and 

water contain 0.1% formic acid, purchased from VWR (Radnor, USA). 

Table 2: Chemical structures of azide functionalized linkers 

Sequence Molecular 

weight [Da] 

Structure 

Ac-RAK-K(N3)-NH2 568.7 

 

Ac-RSK-K(N3)-NH2 584.7 

 

http://www.lifetein.com/
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Ac-RHK-K(N3)-NH2 634.8 

 

Ac-RAKAR-K(N3)-NH2 796.0 

 

 

11.1.2. Sequences of antibodies 

Sequence of mouse-human chimeric anti-L1CAM chCE7; produced and kindly provided by Dr. Jürgen 

Grünberg and Dr. Nastassja Cereghetti-Terraneo with a light chain N-terminal myc-tag modification. 

The production was made as previously described by Grünberg et al.[172]. 

Heavy chain[140]: 

QVQLQQPGAELVKPGASVKLSCKASGYTFTGYWMHWVKQRPGHGLEWIGEINPSNGRTNYNERFKSKATLTVDKS

STTAFMQLSGLTSEDSAVYFCARDYYGTSYNFDYWGQGTTLTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDK

THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYN

STYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGF

YPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

 

Sequence of commercial anti-HER2/neu mAb Trastuzumab. Purchased from Roche (Basel, Switzerland) 

Heavy chain (https://www.drugbank.ca/drugs/DB00072): 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTS

KNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDK

THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYN 

STYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGF

YPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

 

Sequence of anti-PD-1 mAb Nivolumab. Purchased from Bristol Myers Squibb (New York, USA) 

Heavy chain (https://www.drugbank.ca/drugs/DB09035): 

QVQLVESGGGVVQPGRSLRLDCKASGITFSNSGMHWVRQAPGKGLEWVAVIWYDGSKRYYADSVKGRFTISRDNS

KNTLFLQMNSLRAEDTAVYYCATNDDYWGQGTLVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPV

TVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKRVESKYGPPCPPCPAP

EFLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTYRVVSVLT 

VLHQDWLNGKEYKCKVSNKGLPSSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWE

SNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALHNHYTQKSLSLSLGK 
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11.1.3. Antibody conjugation using microbial Transglutaminase 

Method 1 (for peptide screening and condition testing): 

As standard conjugation procedure, we provided 1 mg/mL mAb with 80 equivalents peptides. MAb 

was taken directly from the official formulation buffer from the provider, whereas the peptides were 

taken from a 25 mM stock solution in water. 6 U MTG/mg mAb were added to the reaction mix, out of 

a 50 U MTG/mL stock in water. Trizma pH 7.6 50 mM was added to reach the standard end volume of 

50 µL. The sample was incubated for 20 h at 37 °C before LC/MS analysis. This method was adapted 

accordingly to test different buffers, temperatures, concentrations of peptides, and additional salts 

(see chapter 4.2). 

Method 2 (for the isotype/species screening): 

3 mg/mL mAb incubation at 37 °C for 45 h led to quantitative conjugation for peptide-linkers that 

already perform well with method 1 (>80% conj. efficiency). Additionally, for all the reactions with > 1 

mg/mL mAb, the mAb was buffer exchanged into the according reaction buffer (mainly Trizma pH 7.6 

50 mM) prior to aliquotation (by PD10, Merck, Kenilworth, United States, standard protocol). For the 

short peptides containing 3 aa’s, 20 h was for most reactions enough to reach >95% conj. efficiency, 

whereas the longer peptides showed quantitative attachment after 45 h, monitored by LC/MS analysis.  

Method 3 (for azide-functionalized peptides):  

5 mg/mL mAb was used for the azide functionalized peptides. We found 20 h to be sufficient for the 

short peptides RAK-K(N3) and RHK-K(N3) to reach >95% conjugation efficiency. Excess peptide was 

separated by PD10. 

MAb concentrations were measured by a NanoPhotometer® P360 from Implen (Munich, Germany). 

 
 

11.1.4. Protein A and size exclusion purification of conjugated antibodies 

Protein A 

Post-conjugation, mAbs were purified by protein A chromatography. In brief, an equal volume of PBS 

pH 8.5 was added to each sample prior to batch binding to Protein A SepharoseTM 4 Fast Flow beads 

(GE Healthcare, Chicago, USA) for 1 hour at room temperature (RT). Beads were washed with 10 

column volumes (CV) prior to elution with 5 CV 0.1M Glycine pH 2.5 directly into 1 CV 2M Tris-HCl pH 

7.5. Conjugated mAbs were then concentrated, and their concentrations were measured by a 

NanoPhotometer® P360 from Implen (Munich, Germany). Antibody concentrations steps and buffer 
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exchange were performed with Amicon Ultra-0.5 Centrifugal Filter Units (50 kDa cut-off, 5x repetitions, 

2 min with 16k rcf, Centrifuge 5415 R, Eppendorf, Hamburg, Germany). 

Size exclusion 

A Superdex200 10/300 column (GE Healthcare, Chicago, USA) was equilibrated with 1x PBS prior to 

injection of the mAb/MTG mixture. After injection, an isocratic flow of 1 ml/min PBS (room 

temperature) was run for 120 min on a ÄKTAprime plus (GE Healthcare, Chicago, USA) FPLC. 5 mL 

samples were collected, and the mAb/ADC fractions concentrated by Amicon centrifugation as 

previously described. 

11.1.5. SDS-PAGE electrophoresis 

SDS-PAGE gels (12.5%, 1.5 mm) were prepared as following: 8.3 mL acrylamide solution 30 % (Gerbu, 

Heidelberg, Germany), 5.0 mL resolving gel buffer (1.5 M Trizma HCl, pH 8.8), 0.2 mL SDS 10 % (Sigma-

Aldrich, St. Louis, USA), 6.4 mL H2O, 75 µL ammonium persulfate 10 % (Thermo Scientific, Waltham, 

USA), and 30 µL TEMED® (Thermo Scientific, Waltham, USA) was mixed. After solidifying (30 min) a 

stacking gel (0.88 mL acrylamide, 1.66 mL 0.5 M Trizma HCL pH 6.8, 66 µL SDS, 33 µL ammonium 

persulfate, and 33 µL TEMED) was poured on top. Samples were loaded after 5 min incubation at 95 

°C with pre-stained SDS loading buffer (BioRad, Hercules, United States) and the electrophoresis run 

for 1.5 h at 100-150 V in running buffer (25 mM Trizma, 190 mM glycine (Sigma-Aldrich, St. Louis, USA), 

0.1% SDS, pH 8.3). Staining was made with Simply Blue™ (Invitrogen, Carlsbad, USA). 

11.1.6. ESI-TOF LC-MS analysis of ADCs and antibodies 

MAb samples (0.2 mg/mL) were incubated in 50 mM dithioerithrol (DTT, Sigma-Aldrich, St. Louis, USA) 

for 10 min at 37 °C to reduce the interchain disulfide bonds prior to the injection of 7.5 µL into a Waters 

LTC Premier ESI-TOF mass spectrometer (Waters, Milford, USA) coupled with a Waters 2795 Alliance 

HT HPLC (Waters, Milford, USA) for separation. An AerisTM 3.6 µm WIDEPORE XB-C18 100x21 mm 

column from Phenomenex (Torrance, USA) was used with the following gradient: 

Table 3: HPLC gradient for ADC and mAb analysis 

Time [min] Acetonitrile [%] Water [%] 2-Propanole [%] Flow [ml/min] 

0 20 75 5 0.4 

3 22 73 5 0.5 

18 55 40 5 0.5 

20 85 10 5 0.4 
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Analysis and deconvolution was made with the software MassLynx 4.1 and the MaxEnt 1 algorithm 

(Waters, Milford, USA). Differences in peak intensity of the corresponding deconvoluted masses were 

used to calculate the conjugation efficiency. 

 

11.2. Chapter 5: Computational screening for suitable MTG substrates 

11.2.1. Solid-phase Peptide Synthesis  

Peptides for the computational project were synthesized using the 9-fluorenylmethoxycarbonyl 

(Fmoc) strategy on an automated peptide synthesizer (Gyros Protein Technologies, Tucson, USA). The 

production was scaled for a theoretical yield of 50 μmol of peptide. Rink Amide 4-methyl 

benzhydrylamine (MBHA) resin (0.52 mmol g-1, 100-200 mesh size, AAPPTec, Louisville, KY) was used 

as solid support. Fmoc-protected amino acids were acquired from AAPPTec and Gyros Protein 

Technologies and dissolved in N,N-dimethylformamide (DMF, Sigma-Aldrich, St. Luis, USA) to a 

concentration of 200 mM. Amino acids were applied in a 10-fold excess in respect to the loaded resin. 

Deprotection of the amino acids and the resin was done with 20% pyrrolidine (v/v, Acros Organics 

Geel, Belgium) in DMF. A mixture between 800 mM 4-methyl morpholine (NMM, Fisher Chemical, 

Pittsburgh, PA) in DMF and 400 mM 1H-benzotriazolium,1-[bis(dimethylamino)methylene]-5-chloro-

,3-oxide,hexafluorophosphate (HCTU, Gyros Protein Technologies, Tucson, USA) was used as coupling 

reagent. Washing and cleaving was made with dichloromethane (DCM, Sigma-Aldrich, St. Louis, USA) 

and a mixture of 88% trifluoroacetic acid (TFA, ABCR, Karlsruhe, Germany), 2% triisopropylsilane (TIPS, 

98%, ABCR, Karlsruhe, Germany), 5% H2O, and 5% phenole (Sigma-Aldrich, St. Luis, USA), respectively 

(v/v/v). Precipitation and repeated washing steps were made in di-isopropyl ether (Fluka, Buchs, 

Switzerland) and the centrifugation (Rotina 380R centrifuge, Hettich AG, Bäch, Switzerland) took place 

at 3320 x g for 10 min at -10 °C. After drying the peptide over night, purification was done with a 

reversed-phase NucleodurTM C18 HTec column (150 x 21 mm, 5 μm, 110 Å, Macherey-Nagel, Düren, 

Germany) on a preparative high performance liquid chromatography system (Shimadzu, Kyoto, Japan) 

with a linear gradient going from 5-70% in 25 min with acetonitrile (Sigma-Aldrich, St. Luis, USA) in 

water (containing 0.1% formic acid from Sigma-Aldrich, St. Luis, USA) with a flow rate of 0.5 mL/min. 

Detection was done by UV spectroscopy at 210 nm. Peptide purity was analysed with a NucleodurTM 

C18 HTec column (150 x 3 mm, 5 μm, 110 Å, Macherey-Nagel, Düren, Germany) by an analytical 

reversed-phase-HPLC (Shimadzu, Kyoto, Japan). The same gradient was used as for the preparative 

system, but with a lower flow rate of 0.5 mL/min. Detection was made with an electro-spray mass 

detection with a quadrupole mass spectrometer in the range from 300 to 2000 m/z and by UV with a 

SPD-M20A Prominence HPLC photo diode array detector (Shimadzu, Kyoto, Japan). 
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11.2.2. Conjugation of peptides 

17 sequences (GEEKEL, YDADK, TEKAN, KARAGAGADADAD, KTT, LAKE, TVKVT, YGKGY, VRKRV, RVRK, 

AARAKARAA, PKARA, RFK, AVRAK, IFSK, RAVAK, FINKISH) were chosen out of different neurons and 

tested for conjugation efficiency on Trastuzumab with method 1 (described in section 11.1.3). All of 

them are N- and C- terminally acylated and amidated, respectively.  

 
11.2.3. Generating of the self organizing map (SOM) 

The experimental data from the screening (Figure 12) was used to compute a self-organizing map 

(SOM). A threshold of >60% conjugation efficiency was set defining the group of “positive” peptides, 

whereas every peptide below 60% efficiency is rated as “negative” (42 sequences, 17 negative and 25 

positive). The experimental results have been done with a mixture of N-terminal acylated and C-

terminal amidated peptides, as well as with some non-protected variants (7 out of 42). The algorithm 

could only be fed with the non-protected version of these sequences. The SOM was trained for 10’000 

iterations using Molmap. The visualization (Figure 25) was done using SomVIS[151]. The sequences were 

described using the pepCATS[152] and PPCALI[152] descriptor as implemented in the modlAMP 

package[173] with a cross correlation distance of three. The SOM is a two dimensional toroidal 

representation of the 633 dimensional input space. The neurons are colored accordingly to the 

sequences they contain. Red neurons contain peptides which conjugated above the 60% threshold. 

Blue ones contain “negative” sequences only. White neurons got no sequences assigned, whereas 

some mixed neurons are shown in the corresponding blue/red mixture. The full list of sorted peptides 

can be found in Table A 5. 

 

11.3. Chapter 6: Chemo-enzymatic functionalization of native antibodies with mono- and 

bifunctional peptide linkers and toxins 

 

11.3.1. Materials 

Linker NH2-K(N3)-CRAK-OH was purchased from LifeTein (New Jersey, USA) and the purity of >90% 

tested by HPLC from the supplier. Clickable toxin DBCO-PEG4-Ahx-maytansine (DM1, SET0303) was 

purchased from Levena Biotech (San Diego, USA), dissolved in DMSO (Sigma-Aldrich, St. Louis, USA) as 
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5 mM stock concentration, and stored at -20 °C. Maleimide-NODAGA was purchased from Chematech 

(Dijon, France), and dissolved in DMSO as 25 mM stock, stored at -20 °C. 

 

11.3.2. Synthesis of NODAGA-K(N3)-RAK-NH2 

Manual solid-phase peptide synthesis for peptide NODAGA-K(N3)-RAK-NH2 was performed on low-

loading 4-methyl benzhydrylamine (MBHA) Rink amide resin (0.30–0.40 mmol/g, 100-200 mesh) in 

fritted reaction vessels (10 mL for scale of 0.025 mmol). Following swelling in alternating DMF and 

DCM, the N-terminal Fmoc protecting group was removed by treatment with 20% piperidine in DMF 

(3 x 3 min, ambient temperature). Fmoc-protected amino acids (2 equiv.) were coupled to the 

deprotected N-terminus through activation by O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate (HATU, 1.9 equiv) and N,N-diisopropylethylamine (DIPEA, 5 

equiv.) in DMF (1 h, ambient temperature). Fmoc deprotection and coupling were repeated until 

completion of the sequence. Cleavage and global deprotection were achieved by suspension of the 

resin in TFA/TIPS/Phenol/H2O (92.5/2.5/2.5/2.5, 5 h, ambient temperature). After evaporation of TFA 

by a stream of nitrogen, peptides were precipitated using ice-cold diethyl ether. The crude peptide 

was washed twice by centrifugation, decanting of the supernatant and addition of fresh ice-cold diethyl 

ether. The resulting crude peptide was dried, dissolved in H2O, and purified by reversed-phase high-

performance liquid chromatography using a Phenomenex Jupiter Proteo 90 Å column (4 μm, 250 x 10 

mm) with a gradient of 5-20% acetonitrile in H2O (+0.1% TFA) at a flow of 4 mL/min. 

 

11.3.3. Antibody conjugation and LC/MS analysis 

Conjugations have been done according to 11.1.311.3.3. LC/MS analysis according to 11.1.6. 

 

11.3.4. Click reactions with DBCO-moieties 

Purified mAbs with azide-functionalized linkers were incubated with DBCO-PEG4-Ahx-maytansine 

(emtansine derivative, 5 equivalents) in Trizma pH 7.6 for 14-18 h at room temperature. Complete 

toxin attachment was monitored by LC/MS analysis. Excess toxin was removed by five repeated 

centrifugation steps (2 min with 16k rcf, Centrifuge 5415 R, Eppendorf, Hamburg, Germany) in Amicon® 

Ultra 0.5mL Filters (50 kDa cut off, Sigma-Aldrich, St. Louis, USA) with PBS pH 7.4. 
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11.3.5. Conjugation reactions with maleimide-NODAGA 

The purified mAb-linker conjugate was buffer exchanged into Bis-Tris pH 6.0 by Amicon® centrifugation, 

as previously described. 30 eq. DTT was added and the mixture (2-4 mg/mL) was incubated at 37 °C 

for 2 h before a PD10 (Merck, Kenilworth, United States, standard protocol) separation step. The 

conjugate was concentrated in 30 kDa cut-off Amicons (3x, to 2-5 mg/mL), supplied with 10 eq. (L)-

dehydroascorbic acid (dhaa), and incubated for 2 h at 8 °C. Another Amicon step is used to rebuffer 

the conjugate into Trizma pH 7.6 (to 2-4 mg/mL), before adding 20 eq. maleimide-NODAGA. This step 

was made at room temperature until completion of conjugation (ca. 3 h at rt), monitored by LC-MS. 

 

11.3.6. Labeling with 111In 

Radiolabeling was achieved with 111In in HCl 0.02 N purchased from Curium (Le Petten, Netherlands). 

In a typical experiment, 20 µg mAb-linker or ADC, 4 mg/mL in PBS, was mixed 1:1 v/v with ammonium 

acetate buffer (0.5 M, pH 5.5), and left to react at 37 °C for 60 min with a chelator to 111In ratio of 

1:300. The labeling efficiency was tested by γ-HPLC on an Agilent Technologies 1200 Series (Santa 

Clara, United States) with a Gabi Star gamma detector (Raytest, Straubenhardt, Germany) and a 

MassPREP Phenyl Guard Column (1000 Å, 20 µm, 2.1 mm X 10 mm, Waters, Milford, United States) 

The applied gradient is shown in table 4. For animal experiments, 10:1 molar equivalents of EDTA 

(Sigma-Aldrich, St. Louis, United States)/ mAb was added to the final labeled solution. 

Table 4 : HPLC gradient to test the labeling efficiency of the mAb-conjugates 

Time [min] Acetonitrile [%] 
+ 0.1% TFA 

Water [%] 
+ 0.1% TFA 

Flow [ml/min] 

0 20 80 1 

1 20 80 1 

1.1 75 25 1 

3 75 25 1 

3.1 20 80 1 

5 20 80 1 

 

11.3.7. Cell culture 

HER-2 expressing cell line Skov3-ip was kindly provided by P. Altevogt (German Cancer Research 

Center, Heidelberg, Germany) and maintained in RPMI 1640 media supplemented with 2 mM L-
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glutamine, 10% FCS, 100 µg/mL streptomycin, 100 µg/mL penicillin, and 0.25 µg/mL fungizone 

(BioConcept, Allschwil, Switzerland) in a humidified chamber at 37 oC and 5% CO2. 

 

11.3.8. Flow cytometry assay 

Cells were centrifuged at 1000g for 10 min, washed with 1x PBS and again centrifuged. The cells were 

resuspended in PBS containing 1% BSA (Amresco, Solon, United States). 100 μl of cell suspension 

containing 106 cells were prepared in the wells of a 96-well plate, which was stored on ice. 5 μg of 

Trastuzumab or humanized IgG1 (isotype, LifeTechnologies, Carlsbad, United States) was applied to 

the control wells with the cells and incubated for 15 min, resuspended and repeated, while gentle 

shaking on ice. 1% BSA in PBS buffer was used to wash the cells, and resuspended in 100 μL of the 

same buffer. 100 μl of the suspension was transferred to the other wells and 5 μg of the Trastuzumab-

dye conjugate was applied and preceded as above. Simultaneously, the control wells were treated with 

secondary goat anti-human IgG-FITC (1:75 dilution, Santa Cruz Biotechnology, United States). Flow-

cytometry was done with Guava easyCyte Flow Cytometer (Merck, Kenilworth, United States) and data 

were analyzed with FlowJo software (TreeStar Inc, San Francisco, United States). 

 

11.3.9. Lindmo assay 

The Lindmo[174] assay was performed with SKOV3-ip cells. Cells were detached in PBS containing 10 

mM EDTA and diluted into groups of 4, 2, 1, 0.5, and 0.25 Mio/tube with an end volume of 0.5 mL in 

PBS + 1% BSA (Amresco, Solon, United States). One series was additionally supplied with 15 µg 

Trastuzumab per tube as control for non-specific binding. Each tube was provided with 50 µL 111In 

labeled mAb-linker or ADC, giving 25’000 counts on a gamma counter. Using our standard labeling 

condition, this corresponds to approx. 200 ng ADC/L, or 1.3 nmol ADC/L. All the cells were incubated 

for 30 min at 37 °C at 230 rpm, before adding 2 mL ice-cold PBS + 1 % BSA. The tubes were centrifuged 

at 4 °C for 5 minutes at 1500 rpm, followed by removal of the supernatant. The washing step was 

repeated, before measuring the cells on a gamma counter and plotting the data in Excel.  
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11.4. Chapter 7: Trastuzumab biodistribution with linker NH2-K(N3)-CRAK-OH and 

comparative biodistributions of NODAGA-K(N3)-RAK-NH2 with and without toxin 

All animal experiments were made in compliance with the Swiss laws on animal protection. The 

cantonal committee on animal experiments approved the experiments and permission was given by 

the responsible cantonal authorities (Kanton Aargau, permission number: AG-75686). 6-week-old CD1-

Foxn1 nu mice (Charles River, Sulzfeld, Germany) were inoculated with 5x106 Skov3-ip cells (in 100 μl 

PBS) subcutaneously into the right flank. Tumors grew for 12-16 days. The mice were randomly 

grouped into 3 mice per cohort, prior to injection. Each mouse was injected via the tail vain with 150 

kBq 111In labeled ADC (100 μL in PBS), which was 1.4 µg ADC in total, or 0.056 mg ADC/Kg mouse, for 

the Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH species. Additionally, this ADC sample was 

co-injected with different amounts of native Trastuzumab (no peptide attached, no chelator or drug 

attached), going from 0 mg addition, to 1.5 mg Ab/kg Mouse, 5 mg/kg, 15 mg/kg, and 30 mg/kg for 

different cohorts. The mice were kept with water and food ad libitum. For each of this subgroup, mice 

were sacrificed after 48 h and 96 h and the % injected radioactivity per gram organ (tumor, blood, liver, 

spleen, kidney, muscle, bone, heart, lung, pancreas, stomach, intestines) was measured on a Packard 

Cobra II Auto-Gamma counter (GMI, Ramsey, United States). For the second biodistribution, the 

randomized cohorts consisted of 4 animals per group. 150 kBq 111In labeled ADC (100 μL in PBS) was 

injected via the tail vain. This corresponds to 3.8 µg, 3.7 µg, and 3.9 µg Trastuzumab-NODAGA-K(N3)-

RAK-NH2, Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, and d-Trastuzumab-NODAGA-

K(maytansine)-RAK-NH2, respectively. For each of this group, mice were sacrificed after 24 h, 48 h, 72 

h, and 96 h and the % injected radioactivity per gram organ (tumor, blood, liver, spleen, kidney, muscle, 

bone, heart, lung, pancreas, stomach, intestines) was measured on a Packard Cobra II Auto-Gamma 

counter. GraphPad Prism was used to perform statistical analysis (2-way ANOVA Bonferroni with p 

≤0.05). 

11.4.1. Statistical analysis 

All the statistics have been performed in Graphpad. An ANOVA 2-way analysis was made, with a 
Bonferroni's multiple comparisons test with an alpha or adjusted p-value of *= p ≤0.05, **= p ≤0.01, 
***=p ≤0.001, ****= p ≤0.0001. For the analysis of tumor to blood/liver ratios, ratios of each single 
mouse were calculated first before comparing with each other. 
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11.5. Chapter 8: Site-specific MTG mediated conjugation and SPECT of an EGFR-Nanobody 

with and without albumin binder 

11.5.1. Enzymatic conjugation of 7d12 with VG49 and VG56 

1 mg/mL 7d12 in PBS was incubated for 30 min at 37 °C with 6 U MTG/mg 7d12 and 40 eq. Linker VG49 

or VG56. All the reactions were blocked by 20 min incubation with 1 mM BTG-blocker (Zedira, 

Darmstadt, Germany) before separation of MTG. 7d12 concentrations were measured by a 

NanoPhotometer® P360 from Implen (Munich, Germany). 

 

11.5.2. Separation of 7d12-conjugate from MTG 

Separation of MTG was made by His-tag purification, as size exclusion with a Superdex 75 5/150 (GE 

Healthcare, Chicago, United States) did not separate the enzyme from the nanobody well enough. In 

brief (for 100 µg 7d12-conjugate): 30 µL Ni-NTA beads (Qiagen, Hilden, Germany) were washed with 

70 µL 1x PBS (4x) in an Eppendorf tube. To separate beads from solvent, the tube was centrifuged for 

1 min at 1000 rcf (Centrifuge 5415 R, Eppendorf, Hamburg, Germany), whereas the supernatant was 

pipetted off. After washing, our sample was added and incubated for 25 min at 8 °C. With further 

centrifugation steps, the sample was washed twice with 120 µL wash buffer (50 mM NaH2PO4, 300 mM 

NaCl, 20 mM imidazole (Sigma-Aldrich, St. Louis, United States)). Subsequently, the sample was 

incubated for 10 min at RT with 50 µL elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole). The supernatant with the eluted 7d12-Conjugate was then dialyzed in PBS with Slide-A-

Lyzer™ MINI Dialysis Device, 10K MWCO, 0.1 mL tubes (ThermoFisher Scientific, Waltham, United 

states). Dialysis was made in two steps, first for 30 min in 200 mL PBS, and in a second step over-night 

in another 200 mL. To concentrate 7d12 in solution, Amicon tubes 10 kDa cut-off were used as 

previously described. 

 

11.5.3. ESI-TOF LC-MS analysis of 7d12-conjugates 

7.5 µL 7d12 samples (0.02 mg/mL) were injected into a Waters LTC Premier ESI-TOF mass spectrometer 

(Waters, Milford, USA) coupled with a Waters 2795 Alliance HT HPLC (Waters, Milford, USA) for 

separation. An AerisTM 3.6 um WIDEPORE XB-C18 100x21 mm column from Phenomenex (Torrance, 

USA) was used with the following gradient: 
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Table 5: HPLC gradient for 7d12 analysis 

Time [min] Acetonitrile [%] Water [%] 2-Propanole [%] Flow [ml/min] 

0 10 90 0 0.4 

2 10 90 0 0.4 

8 70 30 0 0.4 

10 100 0 0 0.4 

 

Analysis and deconvolution was made with the software MassLynx 4.1 and the MaxEnt 1 algorithm 

(Waters, Milford, USA). Differences in peak intensity of the corresponding deconvoluted masses were 

used to calculate the conjugation efficiency. 

 

11.5.4. Labeling with 111In of 7d12-VG49 and 7d12-VG59 

Radiolabeling was achieved with 111In in HCl 0.02 N purchased from Curium (Le Petten, Netherlands). 

In a typical experiment, 15 µg 7d12-VG49/56, 0.5-1.5 mg/mL in PBS, was mixed 3:2 v/v with ammonium 

acetate buffer (0.5 M, pH 5.5), and was left to react at 37 °C for 60 min with a chelator to 111In ratio of 

approx. 1:100. The labeling efficiency was tested by γ-HPLC on an Agilent Technologies 1200 Series 

(Santa Clara, United States) with a Gabi Star gamma detector (Raytest, Straubenhardt, Germany) and 

a Reprosil C18 column (200 Å, 3 µm, Dr. Maisch, Ammerbuch, Germany). The applied gradient is shown 

in table 6. For animal experiments, 10:1 molar equivalents of EDTA (Sigma-Aldrich, St. Louis, United 

States)/ 7d12 were added to the final labeled solution. 

Table 6: HPLC gradient used to test labeling efficiencies of 7d12-conjugates 

Time [min] Acetonitrile [%] 
+ 0.1% TFA 

Water [%] 
+ 0.1% TFA 

Flow [ml/min] 

0 5 95 1 

10 80 20 1 

10.1 95 5 1 

12 95 5 1 
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11.5.5. Cell culture 

EGFR expressing cell line A431 were purchased by the American Type Culture Collection (ATCC, 

Manassas, United States) and maintained in DMEM media supplemented with 2 mM L-glutamine, 10% 

FCS, 100 µg/mL streptomycin, 100 µg/mL penicillin, and 0.25 µg/mL fungizone (BioConcept, Allschwil, 

Switzerland) in a humidified chamber at 37 oC and 5% CO2. 

11.5.6. Lindmo assay 

The Lindmo assays were performed as previously described in Chapter 11.3.9, with A431 cells and  

Cetuximab instead of Trastuzumab as blocking mAb. 

11.5.7. SPECT imaging 

All animal experiments were made in compliance with the Swiss laws on animal protection. The 

cantonal committee on animal experiments approved the experiments and permission was given by 

the responsible cantonal authorities (Kanton Aargau, permission number: AG-75686). 6-week-old CD1-

Foxn1 nu mice (Charles River, Sulzfeld, Germany) were inoculated with 5x106 A431 cells (in 100 μl PBS) 

subcutaneously into the right flank. Tumors grew for 12-16 days. The mice were randomly grouped 

into 2 mice per cohort, prior to injection.  Each mouse was injected via the tail vain with 5 MBq 111In 

labeled 7d12-VG49 or 7d12-VG56 (100 μL in PBS). The labeling solution of both 7d12-species contained 

additionally non-conjugated 7d12, to reach an injection amount of 10 µg per mouse, resulting in 0.4 

mg 7d12/kg mouse. The mice were kept with water and food ad libitum and images were taken 1 h, 4 

h, 24 h, and 72 h post injection with a multi-pinhole NanoSPECT/CTplus (Bioscan Inc., France, and 

Mediso, Hungary). An initial CT scan was acquired of 7.5 min (tube voltage 55 kV, tube current 145 µA) 

for all the time points. For 1 h, 4 h, and 24 h p.i., the SPECT time was 45 min, with a frame duration of 

60 sec. For 72 h p.i, SPECT time was 1.5 h with a frame duration of 120 sec. During scanning, mice were 

kept under anesthesia with an isoflurane (1.5-2.5%) and oxygen mixture, and a constant airflow of 37 

°C was applied. HiSPECT and VivoQuant Software was used to reconstruct and analyze the images. A 

Gauss-reconstruction filter was applied (full width at half max, 1 mm) and an adjusting scaling was 

made to visualize the organs (0.0001-0.0025 kBq/voxel, with a voxel size of 0.3 mm with the used 

apparatus ap008). 
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13.  Annex 

13.1. Chapter 4: MTG mediated Conjugation of primary amine containing peptides to Q295 

13.1.1. LC-MS conjugation analysis of synthetized peptides 

Table A 1: LC-MS conjugation efficiency results of the listed peptides with Trastuzumab. Standard conjugation conditions 
were used. Top are the most efficient peptides listed whereas at the bottom the least sufficient ones are shown. 

Sequence (N-terminal acetylated  

and C-terminal amidated) 
Mass [Da] Conjugation efficiency [%] Average [%] Standard error [%] 

RAK 414.5 94.1 94.9 94.2    94.4 0.4 

RAAK 485.6 93.3 94.9 93.7    94.0 0.7 

RAKNA 599.7 92.1 93 90.3    91.8 1.1 

RGKGR 613.7 94 91.5 88.9 92 90 89.3 91.0 1.8 

RHK 480.6 91.5 92.4 89    91.0 1.4 

SAKAS 503.4 89 90.8 90.6    90.1 0.8 

RKAA 485.6 92.7 88.5 88.2    89.8 2.1 

KAR 414.5 87.6 92.2 85.5    88.4 2.8 

HAKAH 603.7 87.7 91.1 86.5    88.4 1.9 

RKR 499.6 84.7 88 89.7    87.5 2.1 

KYR 506.6 87.5 87.3 86.7    87.2 0.3 

RAKAR 641.8 90.4 85.6 78.9 88.1 90.8 87 86.8 4.0 

RSKSR 673.8 89.4 86.1 84.7    86.7 2.0 

RARAK 641.8 88.6 82 85.3    85.3 2.7 

RYK 506.6 76.5 85.3 70.8    77.5 6.0 

ARKRA 641.8 82.2 76.4 73.9 74.6 73.8 79.3 76.7 3.1 

RAKA 485.6 85.4 69.9 72.8    76.0 6.7 

DRKRD 729.8 74.2 75.8 67.9    72.6 3.4 

RAAKR 641.8 80.3 59.3 74.6    71.4 8.9 

KHR 480.6 69.8 68.5 67.3    68.5 1.0 

DAKAR 600.7 70.4 69.7 63.4    67.8 3.1 

RRK 499.6 72.3 54.6 71.5    66.1 8.2 

RYKYR 826 70.1 62 62.3    64.8 3.7 

KYRYR 826 68.9 60.7 58.7    62.8 4.4 

KRR 499.6 51 67.5 67.1    61.9 7.7 
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KRAAR 641.8 55.3 57.4 56.5    56.4 0.9 

DAKA 444.5 51.5 48.8 49.1    49.8 1.2 

KRAA 485.6 55.9 49.9 41.7    49.2 5.8 

KDAA 444.5 47.1 51.9 44.1    47.7 3.2 

RYRYK 826 27.8 25.2 25    26.0 1.3 

HEALKNHY (no N/C- protection) 1011.1 24.1 26.4     25.3 1.2 

DDK 417.4 13.4 12.1 9    11.5 1.8 

RDKDR 729.8 10.2 8.2 9.5    9.3 0.8 

EAKAE 587.6 0 0 0    0.0 0.0 

DAKAD 559.6 0 0 0    0.0 0.0 

KDD 417.4 0 0 0    0.0 0.0 

FKETAA (no N/C- protection) 665.7 0 0     0.0 0.0 

KADDD (no N/C- protection) 562.5 0 0     0.0 0.0 

NKALPAP (no N/C- protection) 709.8 0 0     0.0 0.0 

DDKAY (no N/C- protection) 610.6 0 0     0.0 0.0 

AKETAA (no N/C- protection) 589.7 0 0     0.0 0.0 

KDAVA (no N/C- protection) 502.6 0 0     0.0 0.0 

 

 

Figure A 1: Deconvoluted mass spectra of the native Trastuzumab heavy chain. The two peaks at 50593 Da and 50755 Da 
correspond to two different glycosylations. 

only fHer to test if the +213 Da peak disappears
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48000 48500 49000 49500 50000 50500 51000 51500 52000 52500 53000 53500 54000 54500 55000 55500

%

0

100

WJ22_fHer_native_1902220  132 (8.607) M1 [Ev-41454,It21] (Gs,0.550,1135:1762,1.00,L33,R33); Cm (128:148) TOF MS ES+ 
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Figure A 2: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAK-NH2 (MW: 414.5 
Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50758 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 50992 Da and 51156 Da; Detected conjugated HC’s: 50992 Da and 51154 
Da. The conjugation efficiency, calculated from the intensity, is 94.1%. 

Figure A 3: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAAK-NH2 (MW: 485.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51061 Da and 51223 Da; Detected conjugated HC’s: 51062 Da and 51223 
Da. The conjugation efficiency, calculated from the intensity, is 93.3%. 

 

 

1 mg/mL fHer, 80 eq P247, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50400 50600 50800 51000 51200 51400 51600 51800 52000 52200

%

0

100

WJ22_fHer_P247_050719  65 (6.228) M1 [Ev-125129,It27] (Gs,0.550,1010:2422,1.00,L33,R33); Cm (60:89) TOF MS ES+ 
6.93e450992.00

69295

50845.00
5618

50594.00
4826

50758.00
3481

51154.00
63050

51017.00
6083

51315.00
8395

51178.00
6311

Ac-RAK-NH2 94.1% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50300 50400 50500 50600 50700 50800 50900 51000 51100 51200 51300 51400 51500 51600 51700 51800 51900 52000 52100

%

0

100

WJ22_fHer_P246_120719  66 (6.278) M1 [Ev-113902,It26] (Gs,0.550,991:2249,1.00,L33,R33); Cm (64:90) TOF MS ES+ 
4.93e451223.00

49321
51062.00

48912

50915.00
552050592.00

4057 50754.00
3010 51035.00

3275

51197.00
6077

51385.00
6303

51247.00
5431

51270.00
3936 Ac-RAAK-NH2 93.3% Conj. 
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Figure A 4: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAKNA-NH2 (MW: 
599.7 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50753 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51175 Da and 51336 Da; Detected conjugated HC’s: 51175 
Da and 51337 Da. The conjugation efficiency, calculated from the intensity, is 92.1%. 

 

Figure A 5: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RGKGR-NH2 (MW: 
613.7 Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51191 Da and 51353 Da; Detected conjugated HC’s: 51191 
Da and 51353 Da. The conjugation efficiency, calculated from the intensity, is 88.9%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
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100

WJ22_fHer_P239_120719  66 (6.279) M1 [Ev-117698,It25] (Gs,0.550,989:2268,1.00,L33,R33); Cm (63:91) TOF MS ES+ 
5.12e451175.00

51215

50592.00
4745

51029.00
438450753.00

3728

51337.00
47368

51199.00
5840

51499.00
6044

Ac-RAKNA-NH2 92.1% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000 53200 53400

%

0

100

WJ22_fHer_P261_050719  64 (6.178) M1 [Ev-123139,It27] (Gs,0.550,948:2244,1.00,L33,R33); Cm (59:92) TOF MS ES+ 
6.09e451191.00

60890

50594.00
7746

50756.00
7087

51045.00
4867

51353.00
57813

51515.00
7366

Ac-RGKGR-NH2 88.9% Conj. 
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Figure A 6:Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RHK-NH2 (MW: 480.6 
Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50756 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51191 Da and 51353 Da; Detected conjugated HC’s: 51058 Da and 51220 
Da. The conjugation efficiency, calculated from the intensity, is 91.5%. 

 

 

 

Figure A 7: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-SAKAS-NH2 (MW: 503.4 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 

1 mg/mL fHer, 80 eq P265, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50400 50600 50800 51000 51200 51400 51600 51800 52000 52200

%

0

100

WJ22_fHer_P265_050719  63 (6.127) M1 [Ev-133281,It25] (Gs,0.550,940:2412,1.00,L33,R33); Cm (60:86) TOF MS ES+ 
5.56e451058.00

55552

50912.00
5586

50595.00
5102

50756.00
4897

50830.00
1844

51032.00
4024

51220.00
51588

51082.00
6837
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Ac-RHK-NH2 91.5% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
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WJ22_fHer_P263_120719  67 (6.329) M1 [Ev-119840,It29] (Gs,0.550,965:2257,1.00,L33,R33); Cm (64:93) TOF MS ES+ 
5.40e451079.00

54033

50592.00
5297

50754.00
5006

50933.00
4441

51241.00
45171

51102.00
5814

51403.00
6012

Ac-SAKAS-NH2 90.6% Conj. 
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of native Trastuzumab. Calculated conjugated HC’s: 51078 Da and 51240 Da; Detected conjugated HC’s: 51079 Da and 51241 
Da. The conjugation efficiency, calculated from the intensity, is 90.6%. 

 

 

Figure A 8: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RKAA-NH2 (MW: 485.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51061 Da and 51223 Da; Detected conjugated HC’s: 51061 Da and 51223 
Da. The conjugation efficiency, calculated from the intensity, is 92.7%. 

Figure A 9: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KAR-NH2 (MW: 414.5 
Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50756 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 50991 Da and 51154 Da; Detected conjugated HC’s: 50991 Da and 51153 
Da. The conjugation efficiency, calculated from the intensity, is 87.6%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
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2.75e451061.00

27480

50915.00
296850592.00
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50754.00
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51036.00
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1 mg/mL fHer, 80 eq P248, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6
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Figure A 10: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-HAKAH-NH2 (MW: 
603.7 Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51181 Da and 51343 Da; Detected conjugated HC’s: 51181 
Da and 51343 Da. The conjugation efficiency, calculated from the intensity, is 87.7%. 

 

 

Figure A 11: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RKR-NH2 (MW: 499.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51075 Da and 51237 Da; Detected conjugated HC’s: 51075 Da and 51237 
Da. The conjugation efficiency, calculated from the intensity, is 89.7%. 

 

1 mg/mL fHer, 80 eq P267, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000 53200 53400
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0

100
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6920
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4831
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1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
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Figure A 12: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KYR-NH2 (MW: 506.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51082 Da and 51244 Da; Detected conjugated HC’s: 51082 Da and 51244 
Da. The conjugation efficiency, calculated from the intensity, is 87.5%. 

 

Figure A 13: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAKAR-NH2 (MW: 
641.8 Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51218 Da and 51381 Da; Detected conjugated HC’s: 51219 
Da and 51380 Da. The conjugation efficiency, calculated from the intensity, is 88.1%. 

 

 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
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1 mg/mL fHer, 80 eq P23, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6
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Figure A 14: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RSKSR-NH2 (MW: 
673.8 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51249 Da and 51411 Da; Detected conjugated HC’s: 51249 
Da and 51411 Da. The conjugation efficiency, calculated from the intensity, is 89.4%. 

 

Figure A 15: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RARAK-NH2 (MW: 
641.8 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51217 Da and 51379 Da; Detected conjugated HC’s: 51217 
Da and 51379 Da. The conjugation efficiency, calculated from the intensity, is 88.6%. 
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1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6
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Figure A 16: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RYK-NH2 (MW: 506.6 
Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50755 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51083 Da and 51245 Da; Detected conjugated HC’s: 51083 Da and 51245 
Da. The conjugation efficiency, calculated from the intensity, is 76.5%. 

 

Figure A 17: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-ARKRA-NH2 (MW: 
641.8 Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50757 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51220 Da and 51382 Da; Detected conjugated HC’s: 51220 
Da and 51382 Da. The conjugation efficiency, calculated from the intensity, is 73.9%. 

1 mg/mL fHer, 80 eq P260, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6
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4415
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Ac-RYK-NH2 76.5% Conj. 
 

1 mg/mL fHer, 80 eq P240, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6
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5.44e451220.00

54380

50595.00
18835

50570.00
2347

50757.00
16681
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1828 Ac-ARKRA-NH2 73.9% Conj. 
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Figure A 18: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAKA-NH2 (MW: 485.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51061 Da and 51223 Da; Detected conjugated HC’s: 51061 Da and 51223 
Da. The conjugation efficiency, calculated from the intensity, is 85.4%. 

 

 

Figure A 19: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-DRKRD-NH2 (MW: 
729.8 Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51308 Da and 51469 Da; Detected conjugated HC’s: 51307 
Da and 51469 Da. The conjugation efficiency, calculated from the intensity, is 74.2%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50200 50400 50600 50800 51000 51200 51400 51600 51800 52000

%

0

100

WJ22_fHer_P243_120719  66 (6.279) M1 [Ev-115228,It25] (Gs,0.550,965:2176,1.00,L33,R33); Cm (62:91) TOF MS ES+ 
4.17e451061.00

41680

50592.00
7713

50567.00
1527

50754.00
6249

50915.00
4735

51036.00
2916

51223.00
39991

51084.00
5410

51247.00
5627 51384.00

4515

51269.00
3946

Ac-RAKA-NH2 85.4% Conj. 
 

1 mg/mL fHer, 80 eq P269, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000 52250 52500 52750 53000 53250 53500 53750 54000

%

0

100

WJ22_fHer_P269_050719  65 (6.228) M1 [Ev-119130,It25] (Gs,0.550,982:2290,1.00,L33,R33); Cm (61:88) TOF MS ES+ 
4.34e451307.00

43438

50756.00
14568

50595.00
13644

50570.00
2058

51161.00
4198

50919.00
1890

51469.00
37745

51493.00
4663

51630.00
3549

Ac-DRKRD-NH2 74.2% Conj. 
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Figure A 20: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAAKR-NH2 (MW: 
641.8 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51217 Da and 51379 Da; Detected conjugated HC’s: 51217 
Da and 51379 Da. The conjugation efficiency, calculated from the intensity, is 80.3%. 

 

 

 

Figure A 21: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KHR-NH2 (MW: 480.6 
Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50756 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51058 Da and 51220 Da; Detected conjugated HC’s: 51058 Da and 51220 
Da. The conjugation efficiency, calculated from the intensity, is 69.8%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600

%

0

100

WJ22_fHer_P238_120719  65 (6.228) M1 [Ev-105869,It26] (Gs,0.550,1020:2164,1.00,L33,R33); Cm (61:90) TOF MS ES+ 
4.00e451217.00

40039

50592.00
10394

50568.00
1760

50754.00
8728

50613.00
1934

51071.00
3320

50916.00
1319

51379.00
38032

51352.00
4755

51541.00
4745

51564.00
1769 Ac-RAAKR-NH2 80.3% Conj. 

 

1 mg/mL fHer, 80 eq P266, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000 53200

%

0

100

WJ22_fHer_P266_050719  65 (6.228) M1 [Ev-110124,It27] (Gs,0.550,1036:2236,1.00,L33,R33); Cm (60:92) TOF MS ES+ 
5.20e451058.00

52001

50594.00
23150

50570.00
3157

50756.00
20235

50913.00
5668

51220.00
48415

51245.00
6099

Ac-KHR-NH2 69.8% Conj. 
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Figure A 22: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-DAKAR-NH2 (MW: 
600.7 Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51177 Da and 51338 Da; Detected conjugated HC’s: 51176 
Da and 51338 Da. The conjugation efficiency, calculated from the intensity, is 70.4%. 

 

 

Figure A 23: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RRK-NH2 (MW: 499.6 
Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51075 Da and 51237 Da; Detected conjugated HC’s: 51075 Da and 51237 
Da. The conjugation efficiency, calculated from the intensity, is 72.3%. 

 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800

%

0

100

WJ22_fHer_P241_120719  67 (6.329) M1 [Ev-112439,It26] (Gs,0.550,971:2170,1.00,L33,R33); Cm (64:90) TOF MS ES+ 
3.84e451176.00

38426

50593.00
16449

50568.00
2203

50754.00
13909

50615.00
2057

51150.00
3342

51030.00
2888

51338.00
33626

51362.00
4412 51501.00

3852

52366.00
1355

51524.00
1307

Ac-DAKAR-NH2 70.4% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000 53200 53400

%

0

100

WJ22_fHer_P253_120719  66 (6.279) M1 [Ev-111476,It27] (Gs,0.550,1006:2151,1.00,L33,R33); Cm (61:98) TOF MS ES+ 
3.92e451075.00

39225

50592.00
14539

50568.00
217349655.00

1464

50754.00
13543

51049.00
3783

50870.00
1870

51237.00
34224

51399.00
4913

52490.00
1654

51650.00
1572

52659.00
1496

Ac-RRK-NH2 72.3% Conj. 
 



  
  

  

113 

 

 

Figure A 24: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RYKYR-NH2 (MW: 
826.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51401 Da and 51563 Da; Detected conjugated HC’s: 51402 
Da and 51564 Da. The conjugation efficiency, calculated from the intensity, is 70.1%. 

 

 

Figure A 25: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KYRYR-NH2 (MW: 
826.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51401 Da and 51563 Da; Detected conjugated HC’s: 51402 
Da and 51563 Da. The conjugation efficiency, calculated from the intensity, is 68.9%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000

%

0

100

WJ22_fHer_P255_120719  66 (6.278) M1 [Ev-103919,It25] (Gs,0.550,1038:2193,1.00,L33,R33); Cm (63:91) TOF MS ES+ 
3.57e451402.00

35652

50592.00
16723

50567.00
2824

50445.00;1428

50754.00
13664

51374.00
3291

51254.00
2090

50916.00
1950

51564.00
35523

51726.00
3736

52792.00
1218

52657.00
1180

Ac-RYKYR-NH2 70.1% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600

%

0

100

WJ22_fHer_P257_120719  66 (6.278) M1 [Ev-113759,It26] (Gs,0.550,991:2212,1.00,L33,R33); Cm (61:90) TOF MS ES+ 
3.48e451563.00

34840
51402.00

33776

50592.00
17153

50567.00
279550445.00

191450208.00
1398

50754.00
13853

50614.00
3066

51375.00
2769

50916.00
1837

51254.00
1821

51426.00
4253

51587.00
5390

51727.00
4034

51748.00
1378 52507.00

1173

Ac-KYRYR-NH2 68.9% Conj. 
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Figure A 26: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KRR-NH2 (MW: 499.6 
Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51076 Da and 51237 Da; Detected conjugated HC’s: 51075 Da and 51237 
Da. The conjugation efficiency, calculated from the intensity, is 67.1%. 

 

 

Figure A 27: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KRAAR-NH2 (MW: 
641.8 Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50757 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51220 Da and 51382 Da; Detected conjugated HC’s: 51220 
Da and 51382 Da. The conjugation efficiency, calculated from the intensity, is 55.3%. 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000

%

0

100

WJ22_fHer_P252_120719  66 (6.279) M1 [Ev-105037,It29] (Gs,0.550,978:2142,1.00,L33,R33); Cm (63:86) TOF MS ES+ 
3.52e451075.00

35179

50593.00
17763

50568.00
2198

50754.00
15518

51049.00
3179

51029.00;1837

51237.00
32789

51399.00
3972

Ac-KRR-NH2 67.1% Conj. 
 

1 mg/mL fHer, 80 eq P235, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49750 50000 50250 50500 50750 51000 51250 51500 51750 52000 52250 52500 52750 53000 53250

%

0

100

WJ22_fHer_P235_050719  65 (6.228) M1 [Ev-121184,It28] (Gs,0.550,960:2214,1.00,L33,R33); Cm (59:91) TOF MS ES+ 
4.76e451220.00

47574

50595.00
39925

50570.00
3855

50450.00
2504

50757.00
34814

51073.00
4537

51382.00
44833

51543.00
4851

52411.00
1561

Ac-KRAAR-NH2 55.3% Conj. 
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Figure A 28: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-DAKA-NH2 (MW: 
444.5 Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50757 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51023 Da and 51185 Da; Detected conjugated HC’s: 51022 
Da and 51184 Da. The conjugation efficiency, calculated from the intensity, is 51.5%. 

 

Figure A 29: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KRAA-NH2 (MW: 485.6 
Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50754 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51062 Da and 51223 Da; Detected conjugated HC’s: 51061 Da and 51223 
Da. The conjugation efficiency, calculated from the intensity, is 55.9%. 

 

 

1 mg/mL fHer, 80 eq P242, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000 52250 52500 52750 53000 53250

%

0

100

WJ22_fHer_P242_050719  65 (6.228) M1 [Ev-126774,It25] (Gs,0.550,976:2326,1.00,L33,R33); Cm (59:92) TOF MS ES+ 
3.63e451022.00

36292
50595.00

34318

50569.00
3953

50449.00
2689

49576.00
1493

49762.00
1415

50757.00
29525

50918.00
4176

51184.00
31631

51209.00
3741

52062.00
1289

Ac-DAKA-NH2 51.5% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50200 50300 50400 50500 50600 50700 50800 50900 51000 51100 51200 51300 51400 51500 51600 51700 51800 51900

%

0

100

WJ22_fHer_P245_120719  67 (6.329) M1 [Ev-109187,It26] (Gs,0.550,988:2195,1.00,L33,R33); Cm (64:88) TOF MS ES+ 
2.85e451061.00

28488

50593.00
23207

50567.00
2718

50449.00
1349

50754.00
19934

50615.00
2645

50916.00
5926

50777.00
1811

51036.00
2458

51223.00
26235

51084.00
4509

51197.00
3520

51247.00
3975

51269.00
2952

51384.00
2646

Ac-KRAA-NH2 55.9% Conj. 
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Figure A 30: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KDAA-NH2 (MW: 
444.5 Da) with Trastuzumab using method 1. The two peaks at 50595 Da and 50757 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51023 Da and 51185 Da; Detected conjugated HC’s: 51022 
Da and 51184 Da. The conjugation efficiency, calculated from the intensity, is 47.1%. 

 

Figure A 31: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RYRYK-NH2 (MW: 
826.0 Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51402 Da and 51563 Da; Detected conjugated HC’s: 51401 
Da and 51563 Da. The conjugation efficiency, calculated from the intensity, is 27.8%. 

1 mg/mL fHer, 80 eq P950, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49600 49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800

%

0

100

WJ22_fHer_P950_050719  66 (6.278) M1 [Ev-105166,It24] (Gs,0.550,992:2180,1.00,L33,R33); Cm (61:87) TOF MS ES+ 
2.07e450595.00

20710

50569.00
2151

50450.00
115649575.00

891
49762.00

882

50757.00
18668 51022.00

18177

50919.00
2551

51184.00
16832

51207.00
2454

51345.00
1359 52269.00

1011
52062.00

956

Ac-KDAA-NH2 47.1% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49800 50000 50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200 52400 52600 52800 53000 53200 53400

%

0

100

WJ22_fHer_P258_120719  67 (6.330) M1 [Ev-95969,It24] (Gs,0.550,1006:2068,1.00,L33,R33); Cm (63:87) TOF MS ES+ 
3.19e450593.00

31928

50567.00
3241

50446.00
2380

49714.00
987

50754.00
27427

51401.00
11684

50916.00
3979

51376.00
1660

51563.00
11179

51586.00
1732 Ac-RYRYK-NH2 27.8% Conj. 
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Figure A 32: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide H-HEALKNHY-OH (MW: 
1011.1 Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51588 Da and 51750 Da; Detected conjugated HC’s: 51588 
Da and 51749 Da. The conjugation efficiency, calculated from the intensity, is 24.1%. 

 

 

Figure A 33: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-DDK-NH2 (MW: 417.4 
Da) with Trastuzumab using method 1. The two peaks at 50593 Da and 50755 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 50993 Da and 51155 Da; Detected conjugated HC’s: 50992 Da and 51155 
Da. The conjugation efficiency, calculated from the intensity, is 12.1%. 

H-HEALKNHY-OH 24.1% Conj. 
 

1 mg/mL fHer, 80 eq P261, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
50200 50400 50600 50800 51000 51200 51400 51600 51800 52000 52200

%

0

100

WJ22_fHer_P274_120719  67 (6.330) M1 [Ev-114953,It29] (Gs,0.550,993:2259,1.00,L33,R33); Cm (63:92) TOF MS ES+ 
4.91e450593.00

49130

50567.00
3925

50446.00
3808

50755.00
42870

50615.00
5446

50916.00
5444

50801.00
2650

51155.00
4701

50992.00
4375

51285.00
1560

Ac-DDK-NH2 12.1% Conj. 
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Figure A 34: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RDKDR-NH2 (MW: 
729.8 Da) with Trastuzumab using method 1. The two peaks at 50594 Da and 50756 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51307 Da and 51469 Da; Detected conjugated HC’s: 51307 
Da and 51468 Da. The conjugation efficiency, calculated from the intensity, is 10.2%. 

 

 

13.1.2. Summarized conjugation efficiencies for non- N- and C-terminal acylated and amidated 

peptide linkers 

Table A 2: Conjugation efficiencies of different peptides (protected vs. non-protected) to Trastuzumab using standard 
conditions. Especially the last five peptides, synthetized for the computational project, show different efficiencies of up to 30%. 
N=4, NRAKAR=6, NVRKRV=3 

 

 

Sequence N-terminal Acetylated 

C-terminal Amidated 

N-terminal Acetylated 

No c-terminal protection 

No protection 

RAKAR  87±4% - 89±2% 

RAK-K(N3) 88±1% - 91±1 

YDADK 3±1% 0% - 

AVRAK 90±1% 71±3% - 

VRKRV 83±1% 77±1% - 

YGKGY 77±1% 43±2% - 

KARAGAGADADAD 25±1% 45±5% - 

1 mg/mL fHer, 80 eq P268, 6 U MTG/mL, 20 h at 37 °C, Trizma pH 7.6

mass
49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000 52250 52500 52750 53000 53250 53500

%

0

100

WJ22_fHer_P268_050719  65 (6.228) M1 [Ev-116822,It25] (Gs,0.550,986:2252,1.00,L33,R33); Cm (61:92) TOF MS ES+ 
5.98e450594.00

59826

50568.00
3848

50756.00
48327

51468.00
6353

51307.00
588450918.00

5601

Ac-RDKDR-NH2 10.2% Conj. 
 



  
  

  

119 

13.1.3. Influence on the conjugation efficiency of antibody formulation buffers 

Table A 3: Conjugation efficiency of Trastuzmab, Daratumumab, and Nivolumab with RAKAR using standard conditions. In the 
first row, the mAbs were directly taken out of their formulation buffer. In the right row, the mAbs were first rebuffered into 
Trizma pH 7.6. Only small differences were found for Trastuzumab and Daratumumab. Nivolumab tends to conjugate better 
when taken out directly from formulation buffer. nTrastuzumab formulated= 7, nDaratumumamb/Nivolumab formulated, Nivolumab in Trizma= 4, 
nTrastuzumab/Daratumumab in Trizma= 6. 

 

 

 

 

13.1.4. Sequence alignment between Trastuzumab and Nivolumab  

A Nivolumab sample has been conjugated with Peptide Ac-RAK-NH2, deglycosylated, and sent to the 

functional genomics center of Zurich to confirm all the three sites of attachment seen with our sample. 

The sequence coverage of heavy chain from IgG4 was 91.74%. The site Q288(EE288QFNSTRYR) was 

confirmed by numerous MS/MS spectra. Based on PSM, it should be the major site. In addition, the 

Q304(VVSVLTVLH304QDWLNGK) was also modified by one Ac-RAK-NH2 peptide. Furthermore, there 

was a very low proportion of modified Q observed at position 431 

(WQEGNVFSCSVMHEALHNHYT431QK). The major conjugation site Q288 corresponds to Q295 on 

Trastuzumab, as a sequent alignment in Figure A 35 shows (top row: Trastuzumab, bottom row: 

Nivolumab). Marked in red are the observed positions that have our linker attached.  

 

Score Expect Method Identities Positives Gaps 

733 bits(1892) 0.0 Compositional matrix adjust. 383/450(85%) 401/450(89%) 10/450(2%) 

Query  1    EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRY  60 

            +VQLVESGGG+VQPG SLRL C ASG    ++ +HWVRQAPGKGLEWVA I+       Y 

Sbjct  1    QVQLVESGGGVVQPGRSLRLDCKASGITFSNSGMHWVRQAPGKGLEWVAVIWYDGSKRYY  60 

 

Query  61   ADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSS  120 

            ADSVKGRFTIS D SKNT +LQMNSLRAEDTAVYYC+          DYWGQGTLVTVSS 

Sbjct  61   ADSVKGRFTISRDNSKNTLFLQMNSLRAEDTAVYYCAT-------NDDYWGQGTLVTVSS  113 

 

Query  121  ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS  180 

            ASTKGPSVFPLAP S+STS  TAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS 

Sbjct  114  ASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS  173 

 

Query  181  GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGG  240 

            GLYSLSSVVTVPSSSLGT+TY CNV+HKPSNTKVDK+VE K       CP   APE LGG 

Sbjct  174  GLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKRVESKYGPPCPPCP---APEFLGG  230 

 

 mAb in formulation buffer Buffer exchanged mAb 
into Trizma pH 7.6 

Trastuzumab 87 ± 3% 90 ± 4% 

Daratumumab 90 ± 4% 82 ± 3% 

Nivolumab 108 ± 2% 83 ± 1% 



  
  

  

120 

Query  241  PSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYN  300 

            PSVFLFPPKPKDTLMISRTPEVTCVVVDVS EDPEV+FNWYVDGVEVHNAKTKPREEQ+N 

Sbjct  231  PSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFN  290 
 

Query  301  STYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREE  360 

            STYRVVSVLTVLHQDWLNGKEYKCKVSNK LP+ IEKTISKAKGQPREPQVYTLPPS+EE 

Sbjct  291  STYRVVSVLTVLHQDWLNGKEYKCKVSNKGLPSSIEKTISKAKGQPREPQVYTLPPSQEE  350 
 

Query  361  MTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRW  420 

            MTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYS+LTVDKSRW 

Sbjct  351  MTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRW  410 

 

Query  421  QQGNVFSCSVMHEALHNHYTQKSLSLSPGK  450 

            Q+GNVFSCSVMHEALHNHYTQKSLSLS GK 

Sbjct  411  QEGNVFSCSVMHEALHNHYTQKSLSLSLGK  440 

 

Figure A 35: Shown is a sequent alignment between the HC of Trastuzumab (top row) and Nivolumab (bottom row). The middle 
row shows possible differences between the two HC’s. Marked in red are the three positions Q288 (Q295, European 
numbering), Q304 (Q311), and Q431 (Q438) which have been detected from the functional genomics center Zurich. 

 

13.1.5. MTG separation from the antibody reaction mix, Protein A and size exclusion 

Figure A 36: Shown is the spectra of an FPLC purification based on size exclusion of a Trastuzumab reaction sample with the 
enzyme MTG. A SDS-Page gel confirms successful separation between our mAb-linker conjugate from MTG. 
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Figure A 37: Shown is a SDS-PAGE gel with antibody/MTG samples at different stages during a protein A purification. 
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13.2. Chapter 5: Computational screening for suitable MTG-substrates 

 

13.2.1. LC-MS conjugation analysis of synthetized peptides 

Table A 4: Conjugation efficiencies of the synthetized peptides with Trastuzumab. Standard conjugation conditions were used. 
Additionally the mass and the positive/negative prediction on the SOM are listed. 

 

 

Figure A 38: Deconvoluted mass spectra of the native Trastuzumab heavy chain. The two peaks at 50593 Da and 50755 Da 
correspond to two different glycosylations. 
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Figure A 39: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-FINKISH-NH2 (MW: 
899.1 Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50753 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51061 Da and 51223 Da; Detected conjugated HC’s: 
51472 Da and 51634 Da. The conjugation efficiency, calculated from the intensity, is 92.6%. 

Figure A 40: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RAVAK-NH2 (MW: 
584.7 Da) with Trastuzumab using method 1. The two peaks at 50590 Da and 50752 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51158 Da and 51320 Da; Detected conjugated HC’s: 51158 
Da and 51320  Da. The conjugation efficiency, calculated from the intensity, is 92.1%. 

 

 

1 mg/mL fHer, 80 eq. JW12, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6
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1 mg/mL fHer, 80 eq. JW15, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6

mass
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Figure A 41: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-IFSK-NH2 (MW: 534.7 
Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50753 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51107 Da and 51271 Da; Detected conjugated HC’s: 51107 Da and 51269 
Da. The conjugation efficiency, calculated from the intensity, is 91.9%. 

 

Figure A 42: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RFK-NH2 (MW: 490.6 
Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50752 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51063 Da and 51226 Da; Detected conjugated HC’s: 51063 Da and 51225 
Da. The conjugation efficiency, calculated from the intensity, is 88.1%. 

 

 

1 mg/mL fHer, 80 eq. JW11, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6
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1 mg/mL fHer, 80 eq. JW17, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6
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Figure A 43: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-AVRAK-NH2 (MW: 
585.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51160 Da and 51322 Da; Detected conjugated HC’s: 51160 
Da and 51322 Da. The conjugation efficiency, calculated from the intensity, is 91.1%. 

 

Figure A 44: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-PKARA-NH2 (MW: 
582.7 Da) with Trastuzumab using method 1. The two peaks at 50590 Da and 50751 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51156 Da and 51317 Da; Detected conjugated HC’s: 51155 
Da and 51317 Da. The conjugation efficiency, calculated from the intensity, is 87.2%. 
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1 mg/mL fHer, 80 eq. JW18, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6

mass
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Figure A 45: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-AARAKARAA-NH2 

(MW: 926.1 Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50751 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51498 Da and 51660 Da; Detected conjugated HC’s: 51499 
Da and 51661 Da. The conjugation efficiency, calculated from the intensity, is 84.2%. 

 

 

 

 

Figure A 46: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-RVRK-NH2 (MW: 598.8 
Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50752 Da correspond to two different glycosylations 
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of native Trastuzumab. Calculated conjugated HC’s: 51172 Da and 51334 Da; Detected conjugated HC’s: 51172 Da and 51333 
Da. The conjugation efficiency, calculated from the intensity, is 84.0%. 

 

Figure A 47: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-VRKRV-NH2 (MW: 
698.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51273 Da and 51435 Da; Detected conjugated HC’s: 51273 
Da and 51435 Da. The conjugation efficiency, calculated from the intensity, is 84.3%. 

 

Figure A 48: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-YGKGY-NH2 (MW: 
628.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51203 Da and 51365 Da; Detected conjugated HC’s: 51203 
Da and 51365 Da. The conjugation efficiency, calculated from the intensity, is 77.5%. 
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1 mg/mL fHer, 80 eq. D177, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6
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Figure A 49: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-TVKVT-NH2 (MW: 
587.7 Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50752 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51160 Da and 51323 Da; Detected conjugated HC’s: 51160 
Da and 51321 Da. The conjugation efficiency, calculated from the intensity, is 62.0%. 

 

Figure A 50: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KTT-NH2 (MW: 389.5 
Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50753 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 50962 Da and 51126 Da; Detected conjugated HC’s: 50962 Da and 51125 
Da. The conjugation efficiency, calculated from the intensity, is 30.6%. 
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Figure A 51: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-KARAGAGADADAD-
NH2 (MW: 1230.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51805 Da and 51967 Da; Detected conjugated HC’s: 51804 
Da and 51966 Da. The conjugation efficiency, calculated from the intensity, is 31.6%. 

 

 

Figure A 52: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-TEKAN-NH2 (MW: 
602.6 Da) with Trastuzumab using method 1. The two peaks at 50590 Da and 50752 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51176 Da and 51338 Da; detected conjugated HC’s: 51175 
Da and 51336 Da. The conjugation efficiency, calculated from the intensity, is 21.8%. 
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Figure A 53: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-LAKE-NH2 (MW: 500.6 
Da) with Trastuzumab using method 1. The two peaks at 50589 Da and 50752 Da correspond to two different glycosylations 
of native Trastuzumab. Calculated conjugated HC’s: 51073 Da and 51236 Da; Detected conjugated HC’s: 51076 Da and 51240 
Da. The conjugation efficiency, calculated from the intensity, is 25.7%. 

 

 

Figure A 54: Selected deconvoluted mass spectrum of mAb heavy chains after conjugation of peptide Ac-YDADK-NH2 (MW: 
652.0 Da) with Trastuzumab using method 1. The two peaks at 50592 Da and 50754 Da correspond to two different 
glycosylations of native Trastuzumab. Calculated conjugated HC’s: 51227 Da and 51389 Da; Detected conjugated HC’s: 51227 
Da and 51388 Da. The conjugation efficiency, calculated from the intensity, is 4.3%. 
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1 mg/mL fHer, 80 eq. D171, 6 U MTG/mg AB, 20h at 37 °C, Trizma pH 7.6
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3.26e450592.0

32624

50446.0
3181

50754.0
28311

50915.0
3172

51227.0
1502

51388.0
1236 Ac-YDADK-NH2 4.3% Conj. 

 



  
  

  

131 

13.2.2. 9x9 SOMs and SOM with 75% Threshold  

 Figure A 55: 9x9 Self organizing map with 81 neurons (SOM). The input data is the peptide screening shown in chapter 5.2. 
The neurons are colored according to activity ranging from red (only actives) to blue (only inactives). The threshold for activity 
was >60% conjugation efficiency towards Trastuzumab. White neurons do not contain data points. The SOM map is toroidal. 
Visualization was done with SomVIS. Left: Descriptor pepCATS, with a cross-correlation distance of 3. 63 Dimensions. Right: 
ppCALI, with a cross-correlation distance of 3. 570 Dimensions. 

 

 

Figure A 56: 5x5 Self organizing map with 25 neurons (SOM). The neurons are colored according to activity ranging from red 
(only actives) to blue (only inactives). The threshold for activity was >75% conjugation efficiency towards Trastuzumab. 
White neurons do not contain data points. The SOM map is toroidal. Compared to the the SOM with a threshold of >60% 
(Figure 25), less active red neurons are visible (The same peptides were used to train as described in 5.2). The visualisation 
was done with SomVIS. 
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13.2.3. SOM with all sequences shown 

Table A 5: Sequences form our screening together with the complete list of random fed sequences in their according neuron. 
The coordinates are 0-4 from left to right and 0-4 from top to bottom. The peptides with the additions _0 and _1 come from 
our experimental screening and were used to generate the SOM, whereas _0 are negative peptides, and _1 are positive (above 
60% Conjugation efficiency) peptides. 

HAKAH_1 
HAKAHR 
SAKAS_1 
TAKA 
LAKA 
CAKA 
SAKS 

EAKAE_0 
RADAKAEEE 
DEEKCEE 
LEKA 
REEK 
EEK 
EKNE 
ENK 

RAKNA_1 
RRAKANN 
AKNAANA 
ANAAKNA 
KNAAN 
NAAKN 
KNA 
NAK 

KRAAR_0 
RAAKR_1 
KRAA_0 
RAAK_1 
RKAA_1 

ARKRA_1 

NKALPAP_0, HEALKNHY_0 
RANDALKF, RAKNDALF 
RANDALFK, RKANDALF 
RANDKALF, PAVIKAN 
PAVIANK, FSSKALL 
RANDAKLF, PKAVIANK 
FLIPKNAR, HARNGAK 
PAVIAKN, FLANKE 
KPAVIAN, ARGENTINAK 
IDEALK, ELNAKAN, PAVKIAN 
DAIKLENYS, KAPTAIN 
CRITICALK, PAKVIAN 
EANNKNNAE, DAILENYSK 
KAP, FLKAN, MKANIA, KFLAN 
NAANK, NKP, AVIKAN 
KAPTWN, KALIF 
MANIAK, MAKNIA 
FINKISH, FKLAN 
YANNKI, YANNIK, MANIKA 
SYNAGK, PANIKS, FIKNISH 
YKANNI, INKELN, VIKAN 
PNKAN, YANKNI, FINISHK 
KFINISH, DAIPK, NYYKA 
FINKEN, PKANA, KAIP 
PANIK, TIKIIP, YAKNNI 
FRINKEN, LIFKIN, PEKAN 
ALK, PNKNP, YKLLL, KFFP 
KINISH, LIAK, LIPIK, KANIS 
TANK, GEEKEL, VVLVKVLVV 
PAVK, LWKWL, LKWWL 
NANK, EPKVS, IFSK 
MNKNM, NVVK, PIAK 
HINK, LGAK, PINK, PKP 
FPK, PISK, NKNE, NMKNM 
KFNF, NKW, LKW, KSNF 
WWFK, FFFK, NNKN 
IPIK, KLL, KVNV, NNKNN 
NKNN, LIK, LKL, KANN, NNK 
KNS, KPN, KNNN, PKN, WKN 
 

AKETAA_0 
FKETAA_0 
TAKE 
KATAN 
TTAKATT 
TEKAN 
LAKE 
MAKE 
TVKVT 
TIKIT 
KAT 
KTT 
 

 
KDAA_0 
KDAVA_0 
KMA 

 

TKAAR, NKSAARK 
EDEAARAK, TKAAP 
VARKA, TAKAAP 
NSKAAR, SLAAKAR 
KAAP, SLARDARK 
NSAAKR, RANKDALF 
KRANDALF, KARTAIN 
NAAKAAN, TKAAN 
PKAAP, RATAK 
KNASCAR 
PRATAK 
PAAKP 
APKPA 
RANAWAK 
RAAAAAAKAAAAR 
MKMAA 
FSKSAN 
NKAAN 
VKGA 
RAFTK 
NVKGA 
AAK 
AVIATIK 
VKSA 
SSAK 
KAC 
RCAK 
MEKA 
AKW 
YYAAK 
KAW 
AKF 
AAAAAAAAKAAAA 
KAI 
GAK 

 

NSAKARK, KARH, RANDKAR 
PKARR, KARL, SHKRAN 
NASCKAR, VKAR, SARK 
HANRGAK, KARWL 
HANGARK, RKCP, HKHR 
NKAR, KART, KLRH, AKR 
FLIPKIR, CERKAIN, FRKRF 
NARK, DKLR, DARK, VKVR 
SSRK, VRKRV, KWCP, PARK 
TTRK, CVKVR, KFRM 
FRISPEK, KFRF, SECRETK 
RINIKSH, EKMR, KVRV 
PRKAN, VVRK, SKR, SKR 
EVKR, RIIKIIR, MIIKIIR 
RHHHKHHHR, VIFKFIV 
NERK, IKR, YAIKS, RTVKV 
RHHTKT, VKR, THKHN 
SSGK, KMRM, NKR, PPRK 
RVVK, RVVK, MHKHM 
VKMC, KRLI, RISK, CRITK 
HRK, SKH, FMKMF, RKME 
GVKVG, KISS, ESKF, RTTK 
HVKV, KRL, RINK 
STK, EVVK, FCK, WKR, TVK 
ERK, PWCK, VGTK, FFK 
RKW, VWK, VVVKVVV 
KRF, KRM, VCK, RKV 
CWKW, KWW, MKH, VVK 
KWV, KVV, HKH, KMNM 
HKS, WWWWWIK, HKM 
PKW, EKS, WKW, KII, TKT 
TKT, WWK, KVN 
 

RDKDR_0 
DRDK 
RRDKDRR 
 

KADDD_0 
KDD_0 
KDD 
DDK_0 
DNDKDND 

DDKAY_0 
YDKDY 
KAY 
KYY 
KYY 
KMY 

RSKSR_1, RRSK 
DKSR, SSKS 
SKSS, SKS 
SSKSS, ISKSI 
KSSS, GGSKSGG 
NSKSNN, IKSS, KSS, RKS 
VKS, KSN, GSK 

KRR_1 
RRKRR 
RKR_1 
RRRK 
RMRKRMR 
RVRK 
PKR 

RYRYK_0 
RYKYR_1 
KYRYR_1 
CYKYR 
YYRK 
FYKY 
GYKYG 
YKY 
YYKYY 
YRK 
YYYKYYY 

YDADK, YDADK, DYAYK 
DKVR, DKMR, EDEKA 
DEREKERED, DRECK 
DMKR, DEREK, DERNK 
MDKR, ENDEK, MENKY 
RKMD, RKLD, NKMD 
DVKV, YLKLY, DKVV 
NKLD, DVVK, HWDK 
MFKFM, DKW, KTYY 
ISIK, DTK, ENEK, ENEKENE 
KENE, VEK, KDM, KDE 
MKY, YKE, EKY, MMMK 
KEM, DKN, IKI, EKE, KMN 

KCRAK_1 
 

 

RGKGR_1 
GRGK 
GRGK 
KGRG 
GGRGKGRGG 
RAKGGG 
GRRK 
RGGK 
KGNGR 
KRG 
YGKGY 
GRKNG 
KGNG 
KGI 

RRK_1 
RAK_1 
RHK_1 
RHK 
RYK_1 
RPK 
RCK 
RVK 
RFK 
RGK 
RWK 
REK 
RNK 
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SDRAKARDS, KARY 
ELPRIKIR, SMARTK 
HARNK, KLRY 
DARTK, RIKAN 
SYRK, KYVAG 
EMREK, FRFK 
YCVRK, KYNAG 
NYYKYYN, YAKW 
RVKVT, LYKYL 
YKR, RIKN, AKY, YKV 

DAKAR_1, DAKA, DAKA_0 
DAKAD_0, ARAGAKADADAD 
ARAKAGADADAD 
KARAGAGADADAD 
ARAGAGAKDADAD 
ARAGAKGADADAD 
AKRAGAGADADAD 
ARAKGAGADADAD 
ARAGAGADADADK 
ADAKTA, GAGAKDADAD 
PAKAP, NSDAK, NAKAN 
NAKAN, ANAKANA 
MKANA, AKA, DLKL, KAM 

RAKAR_1 
RARAK_1 
RAKA_1 
ARAK 
DARAKARAD 
KARARARAR 
AARAKARAA 
ENDERARAKARAR 
MKARA 
PKARA 
AVRAK 
RAVAK 
 

KHR_1 
KYR_1 
KAR_1 
KFR 
KDR 
KCR 
KWR 
KVR 
KNR 
KER 
 

 

RRAKARR 
RVKVR 
RVKVR 
RRFKFRR 
NGRAK 
RHKIP 
RIKL 
RMKMN 
MRMK 
RIKI 
WRK 
RKN 

 
 

 

 

 

13.3. Chapter 6: Chemo-enzymatic functionalization of native antibodies with mono- and 

bifunctional peptide linkers and toxins 

 

13.3.1. Flow cytometry assay with Trastuzumab-Ac-RAKAR-K(FAM)-NH2 

 

Figure A 57: FC binding results with the green fluorescence on the x-axis and counts on the y-axis. The cells without having any 
fluorescence dye attached are shown in blue. The isotype control is shown in orange. Top: Trastuzumab-Ac-RAKAR-K(FAM)-
NH2 binding is similar with the native (left, fHer) and deglycosylated (right, dHer) species. Bottom: Perjeta binding is similar 
with the native (left) and deglycosylated (right) species. 

fHer dHer 

fPer dPer 

Isotype 

Cells 
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13.3.2. Lindmo assays 

Figure A 58: Selected Lindmo assay: Left: Saturation binding plot of Trastuzumab-NH2-K(maytansine)-C(NODAGA)-RAK-OH 
binding to Skov3ip cells. The x-axes shows the number of cells, the y-axis shows the counts per minute from 111In. Right: Plotted 
are the total added cpm / specific bound cpm on the y-axis and the 1/ number of cells on the x-axis. The black line is the linear 
regression. The immunoreactive fraction can be calculated with IF=1/intercept*100 and was 105.8%. 

 

 

 

 

 

 

 

Figure A 59: Left: Saturation binding plot of Trastuzumab-NODAGA-K(N3)-RAK-NH2 binding to Skov3ip cells. The x-axes shows 
the number of cells, the y-axis shows the counts per minute from 111In. Right: Plotted are the total added cpm / specific bound 
cpm on the y-axis and the 1/ number of cells on the x-axis. The black line is the linear regression. The immunoreactive fraction 
can be calculated with IF=1/intercept*100 and was 111.1%. 
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Figure A 60: Left: Saturation binding plot of Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 binding to Skov3ip cells. The x-
axes shows the number of cells, the y-axis shows the counts per minute from 111In. Right: Plotted are the total added cpm / 
specific bound cpm on the y-axis and the 1/ number of cells on the x-axis. The black line is the linear regression. The 
immunoreactive fraction can be calculated with IF=1/intercept*100 and was 110.9%. 

 

 

13.3.3. DBCO-PEG4-Ahx-maytansine clicking efficiencies using 2.5-10 eq. vs. Trastuzumab with 

Ac-RAK-K(N3)-NH2 conjugated 

 

Figure A 61: Coupling yields of toxin DBCO-PEG4-Ahx-maytansine with Trastuzumab-Ac-RAK-K(N3)-NH2 using three different 
conditions over time (2.5-, 5-, and 10 equivalents, reaction in Trizma pH 7.6 50 mM). Quantitative coupling was reached after 
5 hours at room temperature with 10 equivalents of toxin per azide-group on the mAb. N=1 
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13.3.4. High resolution MS (MALDI) of NODAGA-K(N3)-RAK-NH2  

Figure A 62: High resolution MALDI/ESI MS confirms the mass of NODAGA-K(N3)-RAK-NH2 of 884.5 Da. The sample was 
submitted to and measured by the Molecular and Biomolecular Analysis Service (MoBiAS) ETHZ. 
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13.4. Chapter 7: Trastuzumab biodistribution with linker NH2-K(N3)-CRAK-OH and 

comparative biodistributions of NODAGA-K(N3)-RAK-NH2 with and without toxin 

13.4.1. Biodistribution data of 111In labeled Trastuzumab-NH2-K(maytansine)-CRAK-OH 

Table A 6: Biodistribution values after 48 h of compound Trastuzumab-NH2-K(maytansine)-CRAK-OH with different co-
injected amounts of native Trastuzumab. N=3 

  48 h post-injection of 111In labeled Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH 

  0 mg/Kg 1.5 mg/Kg 5 mg/Kg 15 mg/Kg 30 mg/Kg 

Tumor 31.8 ± 3.7 44.3 ± 26.1 33.3 ± 6.8 23.5 ± 6.5 15.8 ± 5.0 

Liver 7.6 ± 1.1 4.3 ± 0.8 5.1 ± 1.3 4.9 ± 0.1 6.0 ± 0.3 

Spleen 10.9 ± 4.6 4.3 ± 0.7 4.9 ± 1.8 4.3 ± 0.6 4.6 ± 0.3 

Blood 7.7 ± 2.7 12.8 ± 2.2 10.1 ± 1.7 11.6 ± 1.5 14.7 ± 1.9 

Kidneys 4.4 ± 0.6 4.7 ± 0.6 4.7 ± 0.2 5.0 ± 0.5 5.9 ± 0.5 

Pancreas 1.7 ± 0.1 1.6 ± 0.3 2.2 ± 1.0 1.6 ± 0.2 2.0 ± 0.1 

Stomach 2.1 ± 0.3 1.6 ± 0.2 1.6 ± 0.3 1.7 ± 0.3 2.0 ± 0.2 

Intestines 2.6 ± 0.8 1.6 ± 0.2 1.8 ± 0.4 1.7 ± 0.2 2.2 ± 0.2 

Lung 4.5 ± 1.0 6.0 ± 0.9 5.0 ± 0.8 5.8 ± 0.9 8.1 ± 0.9 

Muscle 0.9 ± 0.2 1.3 ± 0.2 1.2 ± 0.1 1.1 ± 0.2 1.6 ± 0.3 

Bone 2.4 ± 0.5 1.6 ± 0.3 1.8 ± 0.4 1.5 ± 0.5 1.6 ± 0.6 

Heart 3.4 ± 0.9 4.7 ± 0.7 3.3 ± 0.5 3.8 ± 0.2 4.5 ± 0.5 

 

Table A 7: Biodistribution values after 96 h of compound Trastuzumab-NH2-K(maytansine)-CRAK-OH with different co-
injected amounts of native Trastuzumab. N=3, N0 mg/Kg=2 

   96 h post-injection of 111In labeled Trastuzumab-NH2-K(maytansine)-C(NODAGA)RAK-OH 

  0 mg/Kg 1.5 mg/Kg 5 mg/Kg 15 mg/Kg 30 mg/Kg 

Tumor 25.4 ± 3.4 36.1 ± 19.4 40.7 ± 4.9 33.2 ± 7.3 22.2 ± 4.4 

Liver 7.9 ± 0.8 4.8 ± 2.5 4.9 ± 1.0 4.6 ± 0.3 5.8 ± 0.8 

Spleen 11.0 ± 0.7 7.4 ± 6.1 6.3 ± 2.7 5.4 ± 0.1 13.1 ± 10.5 

Blood 3.2 ± 0.1 10.9 ± 3.9 7.8 ± 0.6 9.3 ± 0.6 10.8 ± 0.8 

Kidneys 4.0 ± 0.2 3.3 ± 0.7 4.1 ± 0.4 4.0 ± 0.2 4.7 ± 0.5 

Pancreas 1.3 ± 0.6 1.0 ± 0.3 1.3 ± 0.1 1.5 ± 0.1 1.8 ± 0.1 

Stomach 1.5 ± 0.7 1.3 ± 0.2 1.3 ± 0.3 1.5 ± 0.3 1.4 ± 0.2 

Intestines 2.4 ± 1.0 1.8 ± 0.7 1.7 ± 0.5 1.7 ± 0.1 1.8 ± 0.2 

Lung 2.4 ± 0.4 3.3 ± 1.8 4.4 ± 0.5 4.7 ± 0.7 5.1 ± 0.7 

Muscle 0.8 ± 0.2 0.8 ± 0.2 0.9 ± 0.1 1.1 ± 0.1 1.1 ± 0.2 

Bone 2.2 ± 0.5 1.6 ± 0.3 1.4 ± 0.4 1.8 ± 0.1 1.9 ± 0.1 

Heart 1.8 ± 0.3 2.4 ± 1.2 2.8 ± 0.1 2.9 ± 0.4 4.0 ± 0.3 
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Table A 8: Tumor to blood/liver ratios of the biodistribution with species Trastuzumab-NH2-K(maytansine)-CRAK-OH. 
Calculated from the corresponding ratio of each mouse. N=3 

  Tumor to blood ratio     

  48 h     96 h     

0 mg/kg 4.3 ± 0.8 7.4 ± 1.2 

1.5 mg/kg 3.6 ± 1.8 3.8 ± 1.9 

5 mg/kg 3.3 ± 0.6 5.2 ± 0.2 

15 mg/kg 2.0 ± 0.5 3.5 ± 0.5 

30 mg/kg 1.1 ± 0.4 2.1 ± 0.4 
 

  Tumor to liver ratio     

  48 h     96 h     

0 mg/kg 4.3 ± 0.9 6.3 ± 4.4 

1.5 mg/kg 10.4 ± 5.0 9.9 ± 6.4 

5 mg/kg 6.7 ± 1.1 8.7 ± 2.2 

15 mg/kg 4.8 ± 1.1 7.2 ± 0.9 

30 mg/kg 2.6 ± 0.7 3.9 ± 1.0 
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13.4.2. Biodistribution data of 111In labeled Trastuzumab-NODAGA-K(N3)-RAK-NH2, 

Trastuzumab-NODAGA-K(maytansine)-RAK-NH2, and Trastuzumabdeglyc.-NODAGA-

K(maytansine)-RAK-NH2 

 

Table A 9: Biodistribution values of compound Trastuzumab-NODAGA-K(N3)-RAK-NH2 at time points 24 h, 48 h, 72 h, and 96 
h. N=4 

  111In labeled Trastuzumab-NODAGA-K(N3)-RAK-NH2       

  24 h     48 h     72 h     96 h     

Tumor 26.5 ± 8.3 41.4 ± 16.3 48.6 ± 8.9 46.9 ± 12.3 

Liver 3.6 ± 0.5 4.2 ± 0.8 3.5 ± 0.8 3.8 ± 0.5 

Spleen 3.7 ± 0.5 4.1 ± 0.6 3.6 ± 0.4 4.1 ± 0.5 

Blood 10.9 ± 1.2 11.2 ± 1.3 9.2 ± 1.2 7.5 ± 0.8 

Kidneys 8.2 ± 0.5 7.8 ± 1.1 6.8 ± 0.7 6.1 ± 0.4 

Pancreas 2.0 ± 0.1 1.8 ± 0.5 1.7 ± 0.2 1.7 ± 0.1 

Stomach 1.8 ± 0.3 1.7 ± 0.5 1.6 ± 0.3 1.5 ± 0.2 

Intestines 2.0 ± 0.2 2.0 ± 0.5 1.4 ± 0.3 1.2 ± 0.1 

Lung 5.8 ± 0.7 5.7 ± 1.1 5.1 ± 0.4 4.3 ± 0.1 

Muscle 1.3 ± 0.1 1.2 ± 0.2 1.3 ± 0.2 0.9 ± 0.1 

Bone 2.3 ± 0.0 2.4 ± 0.6 2.5 ± 0.3 2.3 ± 0.3 

Heart 3.3 ± 0.4 3.5 ± 0.6 3.0 ± 0.5 2.4 ± 0.3 

 

Table A 10: Biodistribution values of compound Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 at time points 24 h, 48 h, 72 
h, and 96 h. N=4 

111In labeled Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 

  24 h     48 h     72 h     96 h     

Tumor 21.4 ± 4.8 30.7 ± 16.5 28.2 ± 19.3 41.3 ± 15.4 

Liver 8.4 ± 5.8 8.6 ± 3.8 9.0 ± 4.4 5.3 ± 0.9 

Spleen 9.9 ± 9.6 11.0 ± 6.9 9.9 ± 5.4 5.7 ± 1.0 

Blood 9.7 ± 4.2 8.2 ± 6.3 5.9 ± 5.8 7.9 ± 2.8 

Kidneys 7.3 ± 0.3 7.4 ± 1.1 5.8 ± 1.4 5.9 ± 0.7 

Pancreas 1.8 ± 0.2 1.8 ± 0.4 1.6 ± 0.4 1.8 ± 0.2 

Stomach 2.1 ± 0.4 2.0 ± 0.3 1.7 ± 0.3 1.7 ± 0.3 

Intestines 2.9 ± 1.2 2.8 ± 0.8 2.2 ± 0.3 1.4 ± 0.3 

Lung 5.6 ± 1.7 4.8 ± 2.3 3.7 ± 2.4 4.7 ± 1.3 

Muscle 1.2 ± 0.3 1.2 ± 0.2 0.9 ± 0.3 1.2 ± 0.4 

Bone 3.3 ± 1.8 3.5 ± 1.3 3.2 ± 0.7 2.3 ± 0.4 

Heart 3.8 ± 0.8 3.3 ± 1.1 2.7 ± 0.9 2.9 ± 1.1 
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Table A 11: Biodistribution values of compound Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 at time points 24 h, 48 
h, 72 h, and 96 h. N=4 

111In labeled Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 

  24 h     48 h     72 h     96 h     

Tumor 24.7 ± 13.1 42.9 ± 21.4 38.0 ± 22.4 36.1 ± 17.6 

Liver 10.0 ± 6.2 6.5 ± 2.3 6.1 ± 2.1 5.3 ± 1.2 

Spleen 12.6 ± 10.4 7.3 ± 4.5 7.5 ± 3.1 6.9 ± 4.4 

Blood 8.4 ± 5.9 10.7 ± 6.6 7.5 ± 4.9 8.4 ± 4.7 

Kidneys 4.6 ± 0.9 4.8 ± 1.7 3.6 ± 1.4 4.0 ± 1.5 

Pancreas 1.6 ± 0.2 1.8 ± 0.2 1.4 ± 0.2 1.6 ± 0.3 

Stomach 2.4 ± 0.5 2.0 ± 0.1 1.7 ± 0.3 1.7 ± 0.4 

Intestines 3.3 ± 1.7 2.3 ± 0.8 2.0 ± 0.1 1.6 ± 0.4 

Lung 4.7 ± 2.9 6.3 ± 2.9 4.9 ± 2.8 5.0 ± 2.3 

Muscle 1.2 ± 0.6 1.3 ± 0.6 1.1 ± 0.3 1.2 ± 0.4 

Bone 3.7 ± 2.0 2.4 ± 0.9 2.5 ± 0.4 2.2 ± 0.4 

Heart 4.4 ± 1.2 4.0 ± 1.3 2.7 ± 1.1 2.8 ± 0.8 

 

Table A 12: Tumor to blood/liver ratio of the biodistribution. Calculated from the corresponding ratio of each mouse. N=4 

  Tumor to blood ratio               

  24 h     48 h     72 h     96 h     

Trastuzumab-NODAGA-K(N3)-RAK-NH2 2.4 ± 0.7 3.7 ± 1.2 5.3 ± 0.2 6.4 ± 2.1 

Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 2.5 ± 0.7 4.9 ± 1.9 8.4 ± 4.9 5.3 ± 0.7 

Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 4.2 ± 2.6 5.9 ± 3.5 5.7 ± 1.4 4.8 ± 1.4 

             

  Tumor to liver ratio               

  24 h     48 h     72 h     96 h     

Trastuzumab-NODAGA-K(N3)-RAK-NH2 7.5 ± 2.6 9.9 ± 2.5 13.9 ± 1.2 12.7 ± 4.4 

Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 3.6 ± 2.0 4.6 ± 3.2 4.6 ± 3.6 8.2 ± 3.5 

Trastuzumabdeglyc.-NODAGA-K(maytansine)-RAK-NH2 3.5 ± 2.3 7.9 ± 4.2 7.8 ± 5.9 7.2 ± 3.1 
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Figure A 63: Organ uptake ratio between tumor and blood/liver of the three In-111 labelled ADC constructs Trastuzumab-
NODAGA-K(N3)-RAK-NH2 (red), Trastuzumab-NODAGA-K(maytansine)-RAK-NH2 (blue), and Trastuzumabdeglyc.-NODAGA-
K(DM)-RAK-NH2 (green) at time points 24/48/72 and 96 h. N=4, Statistical analysis: 2-way Anova Bonferroni analysis in 
Graphpad with p ≤0.05. 

 

 

 

13.5. Chapter 8: Site-specific MTG mediated conjugation and SPECT of an EGFR-Nanobody 

 

13.5.1. Sequence of 7d12 with myc- and His-tag 

QVKLEESGGGSVQTGGSLRLTCAASGRTSRSYGMGWFRQAPGKEREFVSGISWRGDSTGYADSVKGRFTISRDNA

KNTVDLQMNSLKPEDTAIYYCAAAAGSAWYGTLYEYDYWGQGTQVTVSSLEEQKLISEEDLHHHHHH 

Complementarity-determining region 1,2 and 3 

Framework regions 1,2,3 and 4 

Figure A 64: Amino acid sequence of nanobody 7d12. In yellow shade, the complementary-determining region is displayed. 
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13.5.2. Labeling of 7d12-VG49 and 7d12-VG56 with 111In, and Lindmo with 7d12-VG56 

 

 

 

 

 

 

 

 

 

 

Figure A 65: Selected HPLC spectra of 111In labeled 7d12-VG56 (top) and 7d12-VG49 (bottom). The efficiency was 98% and 
94%, respectively. The small green peak at the beginning is free non-labeled 111In. 

 

 

Figure A 66: Lindmo assay results of VHH 7d12-VG56 with A431 cells. The immunoreactive fraction was 84%. Non-specific 
binding was determined by blocking with an excess of mAb Cetuximab. The linear regression has an R2 of 0.9844. Analysis was 
made in Excel. N=3 for each group of cells. 
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