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Abstract 
 

Antibody-drug conjugates (ADCs) are therapeutic entities which leverage the specificity of 

antibodies to selectively deliver potent cytotoxins to specific cell types, such as cancer cells. 

The pharmacology of an ADC is critically dependent on its stability, homogeneity, and drug-

to-antibody ratio (DAR) – all of which are controlled by the chemistry used to attach the drug 

to the antibody. Thus, to optimise these ADC characteristics, significant effort has been 

invested in the development of bioconjugation methods which yield homogenous ADCs with 

stable linkages and well-defined modification sites. However, despite many recent advances 

in the field, significant limitations remain. For instance, many methods necessitate the use of 

antibody engineering which typically requires laborious case-by-case optimisation. 

Additionally, efficient modulation of DAR in integer increments while maintaining 

homogeneity and stability remains exceptionally challenging.  

The primary aim of this work was the establishment of a linker technology that yields 

homogenous, stable, and functional ADCs from native antibodies. The secondary aim of this 

work was the derivatisation of these linkers to allow for the facile modulation of DAR in 

integer increments. Both of these goals could be achieved by the development of a novel class 

of disulfide rebridging linkers, based on the previously reported divinylpyrimidine (DVP) 

motif. 

This report details the development of a novel set of disulfide rebridging linkers, which 

contain four DVP motifs (termed ‘TetraDVPs’). The TetraDVP motif can conjugate to eight 

distinct cysteine residues, allowing simultaneous rebridging of all four interchain disulfides in 

an IgG1 antibody with a single linker molecule, a strategy which generates antibody 

conjugates with excellent homogeneity. Derivatisation of the initial TetraDVP linker with 

varying numbers of payload attachment handles enabled facile modulation of drug loading. 

Thus, antibody conjugates were functionalised with varying numbers of biologically relevant 

moieties (e.g. fluorophores, cytotoxins) through bioorthogonal chemistry.  Assessment of the 

biological activity of the resultant conjugates demonstrated exceptional stability in human 

plasma along with potent and selective cytotoxicity in a series of cell-based assays. 
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Chapter 1 - Introduction 

1.1 Cancer therapy 

According to recent reports by Cancer Research UK, over 360,000 people in the UK are 

diagnosed with cancer every year.1 In fact, it is estimated that 1 in 2 people in the UK born 

after 1960 will be diagnosed with some form of cancer during their lifetime.  While survival 

rates have increased significantly in recent years, only 54% of patients survive for more than 

5 years after their initial diagnosis.2  

Chemotherapy has been utilised as a means of treating cancer since the 1940s.3,4 At present, 

nearly a third of cancer patients in the UK receive chemotherapy as part of their treatment.5 

Chemotherapy entails the administration of cytotoxic small molecules which accumulate 

within tumour cells and cause cell death via a variety of mechanisms.6 For example, DNA 

cross-linking agents such as cisplatin, carboplatin and oxaliplatin react with nuclear DNA by 

forming covalent linkages between adenine and guanine bases (Figure 1). These cross-links 

result in a distortion of the DNA structure, which inhibits transcription and ultimately leads to 

cell cycle arrest and apoptosis.7,8 Another common class of chemotherapy agents –  

microtubule inhibitors (MTI) – induce apoptosis by stabilising or destabilising microtubules, 

thereby interfering with mitotic function and cell cycle progression.9,10 Taxanes (e.g. 

paclitaxel) and vinca alkaloids (e.g. vinblastine) are both types of MTIs which function via 

microtubule stabilisation and depolymerisation respectively.11,12  



2 

 

 

Figure 1: DNA-crosslinking agents (top) and microtubule inhibitors (bottom) are commonly used small molecule 

chemotherapeutics. 

While these traditional chemotherapy agents kill tumour cells with admirable efficiency, they 

lack the ability to adequately differentiate between diseased and healthy cells. This lack of 

selectivity can lead to patients experiencing severe adverse effects in response to therapy and 

force premature termination of treatment.6,13,14 Thus, a plethora of research has been 

dedicated to the design of targeted therapeutics which specifically target cancer cells while 

sparing normal cells.15  

Many cancerous cells are distinguishable from healthy cells through the overexpression or 

mutation of certain proteins, which may be inhibited using targeted small molecule 

therapeutics. For example, most cases of chronic myeloid leukaemia are characterised by a 

genetic mutation which causes the expression of BCR-ALB, a unique tyrosine kinase fusion 

protein which is permanently active and accelerates cell proliferation.16 A targeted approach 

to the treatment of such cases is the administration of imatinib, a small molecule inhibitor of 

BCR-ALB (Figure 2).17 Oestrogen receptor (ER) positive breast cancer is another type of cancer 

that may be modulated with small molecule inhibitors. The ER transcription factor is a driving 

force in approximately 75% of breast cancers and can be regulated using selective ER 

modulators (SERMs) such as tamoxifen or selective ER degraders (SERDs) such as 

fulvestrant.18–20 However, while these small molecule drugs have undoubtedly had a positive 

effect on cancer survival rates, they still frequently result in the death of healthy cells and 

harmful side effects. This is partly due to the fact that small molecule inhibitors – particularly 
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tyrosine kinase inhibitors – are not entirely selective and usually have a broad spectrum of 

proteins with which they interfere.16,21,22 

 

Figure 2: Small molecule inhibitors such as imatinib, tamoxifen or fulvestrant target cancer cells by inhibiting 

proteins which are unique to or overexpressed by the cancer. 

In recent years, the search for more selective cancer therapies has resulted in a growing 

interest in biotherapeutics. The field of biotherapeutics (also referred to as ‘biologics’) 

encompasses all therapeutics that are based on protein, peptide or oligonucleotide 

structures. The most prominent class of biotherapeutics are monoclonal antibodies (mAb) 

which accounted for five of the top ten best-selling drugs in 2019.23 

Antibodies are proteins with the ability to bind to antigens (typically cell surface receptors) 

with high affinity and selectivity. Many cancers are characterised through the overexpression 

of certain receptors and can thus be selectively targeted using mAbs. Once an antibody has 

bound its target antigen it may then inhibit cell proliferation by blocking the receptor 

signalling pathway, or kill the malignant cell by mobilising the immune system via 

complement dependent cytotoxicity (CDC) or antibody-dependent cell-mediated cytotoxicity 

(ADCC).24,25  For example, the first mAb to be approved for cancer therapy, rituximab, targets 

CD20, an antigen expressed by non-Hodgkin lymphoma cells, and subsequently induces cell 

death via a combination of CDC, ADCC and direct blockage of cell signalling pathways.26,27 

Since the approval of rituximab by the US Food and Drug Administration (FDA) in 1997, over 

80 therapeutic mAbs have reached the market and many more are under evaluation in clinical 

trials.28,29 However, despite their widespread success, antibody therapeutics are not without 

their faults. For instance, many antibodies are not sufficiently potent as a monotherapy to 

eradicate the cancer and must be administered in combination with traditional chemotherapy 
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drugs.30 Furthermore, cancers frequently develop resistance to antibodies, rendering the 

therapy ineffective after only a few cycles of treatment.31 Thus, new antibody modalities with 

enhanced potency such as antibody-drug conjugates (ADCs) are attracting increased 

attention.  

Apart from antibodies, the field of biotherapeutics includes small biologics such as microRNAs 

(miRNA), small interfering RNAs (siRNA), antisense oligonucleotides and peptide-drug 

conjugates (PDCs),32–35 as well as complex immunotherapies such as chimeric antigen 

receptor T cells (CAR-T) or clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas therapy.36–38 While all of these modalities represent highly promising concepts, 

most are still in early stage development and issues with cost, safety and delivery remain to 

be overcome before they can be considered feasible for widespread use. Therefore, 

antibodies are predicted to remain a key driver of the biopharmaceutical market for the 

foreseeable future.29,39  

1.2 Antibody-drug conjugates (ADCs) 

The concept of antibody-drug conjugates (ADCs) is derived from the idea of combining the 

powerful cell-killing ability of cytotoxic small molecules with the target specificity of 

antibodies. An ADC is a complex macromolecule consisting of three components: a 

monoclonal antibody (mAb), a cytotoxic drug (also often referred to as a ‘payload’ or 

‘warhead’), and a linker to connect the two and modulate various properties of the 

therapeutics, such as solubility and drug loading (Figure 3).  

 

Figure 3: General structure of an antibody-drug conjugate (ADC). 

Much like the mechanism of action (MoA) of an unmodified antibody, the typical MoA of an 

ADC involves binding of the mAb to an antigen on the surface of a target cell (Figure 4). The 

ADC is subsequently internalised, typically via receptor-mediated endocytosis. Once inside 
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the cell, the ADC is trafficked through several cellular compartments including the lysosome, 

where the antibody is degraded. Degradation of the antibody causes release of the payload 

which then initiates apoptosis of the target cell through various mechanisms, such as the 

inhibition of DNA replication or microtubule formation.40 Some ADCs contain additional 

release mechanisms in the form of cleavable linkers, which allow for payload release 

independent of antibody degradation in response to intracellular stimuli such as low pH or 

protease enzymes.41 This aspect is described in more detail in Chapter 1.5.1.1. Depending on 

the nature of payload release, it may also be possible for the free payload to diffuse into other 

nearby cells; This is called the ‘bystander effect’ and can be useful in the treatment of cancers 

with heterogeneous antigen expression or solid tumours which may otherwise be difficult to 

penetrate.42 

 

Figure 4: Typical mechanism of ADC internalisation and drug release.  

In order to create a successful ADC, all three components – antibody, linker and warhead – 

need to carefully chosen and optimised. Thus, despite the first ADC being reported as early 

as 1958,43 ADCs did not reach the market until 2000 when gemtuzumab ozogamicin 

(Mylotarg®) gained FDA approval for the treatment of acute myeloid leukaemia (AML).44,45 

Yet even then ADCs struggled to gain a foothold in the clinic, and Mylotarg® was voluntarily 

removed from the market in 2010 due to post-approval studies showing that the drug 
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provided no clinical benefit over standard chemotherapy and in some cases led to acute 

adverse effects. Mylotarg® was eventually reintroduced to the market in 2017 with lower 

dosing strategies, aimed at a more specific patient population.46 

While Mylotarg®’s initial removal from the market was a disappointment, it also provided 

valuable lessons to the community which in turn sped up the pace of ADC development. Thus, 

in 2011 brentuximab vedotin (Adcetris®) was approved for the treatment of relapsed or 

refractory Hodgkin’s lymphoma and anaplastic large cell lymphoma.47,48 In 2013, trastuzumab 

emtansine (T-DM1, Kadcyla®) was approved for the treatment of HER2-positive metastatic 

breast cancer.49–51 Apart from the re-introduction of Mylotarg®, 2017 also saw the approval 

of inotuzumab ozogamicin (Besponsa®) to treat acute lymphoblastic leukaemia (ALL).52–54 In 

2019, ADCs truly found their stride as three new constructs were approved within a single 

year: polatuzumab vedotin (Polivy®) for the treatment of relapsed or refractory diffuse large 

B-cell lymphoma (DLBCL), enfortumab vedotin (Padcev®) for the treatment of metastatic or 

locally advanced urothelial cancer, and trastuzumab deruxtecan (Enhertu®) for the treatment 

of HER2-positive metastatic breast cancer.55–58 Following on from there, 2020 witnessed the 

approval of sacituzumab govitecan (Trodelvy®) for the treatment of triple-negative breast 

cancer and belantamab mafodotion (Blenrep®) for the treatment of multiple myeloma.59–62 

The most recent ADC to receive FDA approval was loncastuximab tesirine (Zynlonta®), which 

was approved for the treatment of relapsed or refractory DLBCL in 2021.63 Overall, there are 

currently ten ADCs on the market and over 80 others in clinical/preclinical trials (Figure 5).29 

Despite the apparent popularity of ADCs in recent years, there remains room for 

improvement. For example, all clinically approved ADCs (with the exception of Enhertu® and 

Trodelvy®) are heterogeneous in terms of the number of payload molecules attached to each 

antibody and the attachment location on the antibody and thus consist of different ADC 

populations with differing pharmacokinetic profiles (vide infra).40 Furthermore, many ADCs 

suffer from premature payload release due to the use of semi-stable linkers.64 These factors 

complicate pharmacokinetic assessment and increase the risk of adverse effects in response 

to treatment. Thus, there remains an unmet need for optimisation of the three ADC 

components – antibodies, linkers, and payloads – and the synthetic methods used to combine 

them.  
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Figure 5: Structures of FDA approved ADCs, with linkers shown in blue and payloads shown in red.  
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1.3 The Antibody 

All ADCs in ongoing clinical and preclinical development are based on antibodies of the 

immunoglobulin G (IgG) isotype, which is the most abundant type of antibody in the human 

body.65 All IgG antibodies are composed of two heavy chains (~50 kDa) and two light chains 

(~25 kDa). Each light chain is subdivided into a variable domain (VL) and a constant domain 

(CL). Similarly, each heavy chain is subdivided into a variable domain (VH) and three constant 

domains (CH1, CH2 and CH3). The light chains and the VH and CH1 domains of the heavy chains 

form the fragment antigen-binding (Fab) regions, which contain the antigen binding sites.66 

The CH2 and CH3 domains of the heavy chains form the fragment crystallisable (Fc) region 

which ensures recognition of the antibody by the immune system (Figure ).65,67 The CH2 

domains are glycosylated at N297. This glycosylation pattern is heterogeneous across 

different IgGs, and some antibodies can exist as a mixture of glycoforms.68 The antibody’s 

structure is maintained by a combination of non-covalent interactions and disulfide bonds 

(intrachain and interchain). 

 

Figure 6: General structure of an IgG1 antibody with four interchain disulfide bonds. 

IgGs can be divided into four subclasses: IgG1, IgG2, IgG3 and IgG4. The four subclasses have 

approximately 90% sequence homology, but vary in terms of serum stability, number of 

interchain disulfide bonds, and their ability to activate the immune system via ADCC or the 

complement pathway (Figure 7).67 Traditionally, IgG1 has been utilised the most in ADC 

development, due to its favourable balance of long serum half-life and moderate to strong 

immune activation; however, IgG4 has also been utilised in cases where less immune 

activation is desirable.69 Both IgG1 and IgG4 contain a total of 16 disulfide bonds per antibody. 

Of these 12 are intrachain bonds and 4 are interchain bonds. While interchain bonds are 
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highly solvent exposed and may easily be reduced and/or modified by chemical methods, the 

intrachain bonds are buried within the globular fold of the protein and therefore unreactive 

to chemical modification unless harsh denaturing conditions are applied.70 From a structural 

perspective, the main difference between IgG1 and IgG4 is that native IgG4 molecules possess 

the ability to undergo dynamic Fab arm exchange which may result in the formation of hybrid 

antibodies in vivo and lead to undesired off-target effects. However, this can be prevented 

through a S228P mutation in the hinge region of the heavy chain.71,72 All clinically approved 

ADCs are based on IgG1 antibodies, except Mylotarg® and Besponsa® which are based on 

IgG4 antibodies with S228P mutations.  

 

Figure 7: Overview of IgG subclasses for potential use in ADCs; aHinge region disulfides are labile, enabling 

spontaneous Fab arm exchange with other IgG4 antibodies in vivo; bFab arm exchange is prevented through 

S228P mutation in the hinge region. 

An antibody suitable for ADC development should target an antigen which is either exclusively 

expressed by cancer cells or expressed at much higher levels relative to those of non-

cancerous cells, thus minimising cross-reactivity with healthy tissues.73 Additionally, the mAb 

should be human-derived or humanised, as such antibodies carry a lower immunogenicity risk 

than animal-derived antibodies.74 Furthermore, the target antigen should be expressed in 



10 

 

large numbers (at least 10,000 – 1,000,000 antigens per cell, depending on cancer type) and 

internalise efficiently upon antibody binding.73,75 The potency of an ADC is closely related to 

the expression level, internalisation rate, and cellular trafficking pathway of its target antigen, 

thus these factors should be considered carefully in the design process.76,77     

1.4 The Payload 

The payload is responsible for killing the target cells. Early ADC research utilised existing 

chemotherapy agents such as methotrexate or doxorubicin as payloads;78 however, these 

cytotoxins were found to have insufficient potency when used as part of an ADC.79 This is 

predominantly because the number of ADC molecules that can enter each target cell is limited 

by the density of target antigens on the cell surface and thus the rate of internalisation of the 

antibody-antigen complex is much lower than the rate of internalisation of simple small 

molecule chemotherapy drugs.64 Therefore, research is now focusing on the use of more 

potent payloads, many of which were specifically designed for use in ADCs (Figure 8). 
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Figure 8: Examples of widely used ADC payloads include DNA targeting agents such as caliceamicins and PBD 

dimers, tubulin inhibitors such as auristatins and maytansinoids, and topoisomerase inhibitors such as 

camptothecins. Arrows indicate the typical site of linker attachment.  

Most ADC payloads are analogues of natural products. For example, N-Ac-γ-calicheamicin – 

the active payload of Mylotarg® and Besponsa® – is a derivative of the natural product 

calicheamicin γ first isolated from the bacterial species Micromonospora echinospora.80 N-Ac-

γ-calicheamicin is a powerful cytotoxin which induces DNA double-strand breaks by binding 

to the DNA minor groove and undergoing a Bergman cyclisation which generates a highly 

reactive diradical species that splits the DNA.80,81  

Other commonly employed payload classes are the auristatins and the maytansinoids which 

induce cell death via tubulin inhibition. Five of the ten approved ADCs employ one of these 

two payload classes (Adcetris®, Kadcyla®, Polivy®, Padcev®, Blenrep®).  
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Among the more recently introduced payloads are the topoisomerase I inhibitor 

camptothecin and its synthetic analogues SN-38, exatecan and DXd.81 In living cells, 

topoisomerase I relaxes and untangles the DNA in preparation for DNA replication. Inhibition 

of this enzyme by camptothecins causes arrest of the replication fork and apoptosis.82,83 

SN-38 and DXd form part of the approved ADCs Trodelvy® and Enhertu®. 

The most recently introduced payload class are the pyrrolobenzodiazepine (PBD) dimers. PBD 

dimers are highly potent DNA damaging agents with the ability to form both intra- and 

interchain cross-links in the minor grove of the DNA.84,85 The PBD dimer tesirine is the payload 

component of Zynlonta®. 

A number of other ADC warheads are currently being evaluated in clinical trials. Among them 

are DNA alkylating agents such duocarmycins, antimitotic drugs such as tubulysins, and RNA 

polymerase inhibitors such as α-amanitin.39,86–88  

Most warheads are relatively hydrophobic in nature. This means that the number of payloads 

attached to each antibody needs to be chosen carefully. While ADCs with a high drug-to-

antibody ratio (DAR) can be expected to be more potent than those with fewer payloads 

attached, the increase in hydrophobicity makes them more prone to aggregation and rapid 

clearance.89 The optimal DAR depends on the types of linker and warhead used. For example, 

for maytansinoids and auristatins the ideal DAR is considered to be in the range of 3-4, 

whereas PBD dimers perform optimally at a DAR of 1-2.90,91  

1.5 The Linker 

The ADC linker is responsible for connecting the cytotoxic warhead to the mAb. To achieve 

this, the linker reagent must be a bifunctional molecule with orthogonal functional groups to 

allow chemoselective attachment to the antibody and the payload. The chemical 

transformations used for this purpose should be highly efficient and reproducible, to allow 

large scale production with minimal batch-to-batch variability.92 Furthermore, it is crucial that 

the linkages resulting from these reactions are stable in circulation for several days as 

decomposition of the conjugate could cause premature payload release and systemic toxicity. 

At the same time, a linker should incorporate an efficient mechanism for releasing the 

payload upon internalisation of the ADC into the target cell. It is crucial that the linker enables 

traceless release of an unmodified warhead or that the chosen payload is not inhibited by the 
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attached linker. Aside from these absolute requirements, the linker can also be used to 

modulate the physical properties of the ADC. For example, many linkers include polyethylene 

glycol (PEG) spacers as a means of enhancing solubility. 

1.5.1 Release mechanisms 

ADC linkers can be categorised in a number of different ways. One such way is the 

classification of linkers as ‘cleavable’ or ‘non-cleavable’ according to their mechanism of 

payload release. 

1.5.1.1 Cleavable linkers 

Cleavable linkers contain inbuilt release mechanisms which effect controlled payload release 

at the site of the target cell in response to specific intracellular stimuli. Depending on the 

nature of these stimuli, cleavable linkers can be further subcategorised as ‘chemically 

cleavable’ or ‘enzyme-cleavable’.  

Chemically cleavable linkers were the first type of cleavable linker to be employed in the clinic. 

Among these are acid-labile linkers such as hydrazones and carbonates which exploit the 

acidic environment of the lysosome (pH 4.5-5.0) to release the free payload via hydrolysis 

during cellular trafficking. The linkers of Mylotarg®, Besponsa® and Trodelvy® contain such 

acid-cleavable motifs (Figure 9).41,93 
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Figure 9: Examples of ADCs containing chemically cleavable linkers. (A) Structure of Trodelvy® with acid-

cleavable carbonate shown in blue. (B) Structure of Mylotarg®/Besponsa® with acid-cleavable hydrazone shown 

in blue and thiol-cleavable disulfide shown in red. 

Reducible disulfides are another type of chemically cleavable linkage. The cytoplasm contains 

high concentrations (1-10 mM) of free thiols such as glutathione (GSH), a small cysteine-

containing tripeptide capable of disulfide reduction. In contrast, blood plasma contains thiols 

in much lower concentrations, and its dominant thiol-containing molecule – human serum 

albumin (HSA) – is fairly unreactive due to the buried position of its cysteine residue.94 This 

difference allows for the controlled thiol-mediated cleavage of disulfide-containing linkers in 

the intracellular compartment. While calicheamicin-based ADCs Mylotarg® and Besponsa® 

both contain reducible disulfides, this type of cleavable group has primarily been employed 

in combination with maytansinoid payloads. Several studies have been dedicated to the 

optimisation of steric protection around the disulfide to further increase selectivity for 

intracellular cleavage.75,95,96 In spite of these efforts, most chemically cleavable linkers tend 

to suffer from poor in vivo stability. Thus, most ADCs in clinical trials today rely on enzyme-

cleavable linkers.  

 

The most frequently used enzyme-cleavable linkers are those containing valine-citrulline (Val-

Cit) or valine-alanine (Val-Ala) dipeptide motifs which are cleaved by the protease cathepsin B 
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in the lysosome. These are often employed in combination with the self-immolative 

p-aminobenzyloxycarbonyl (PABC) group. PABC undergoes spontaneous 1,6-elimination upon 

enzymatic cleavage, releasing the free drug along with CO2 and quinone methide 

(Figure 10).97,98 Adcetris®, Polivy®, Padcev® and Zynlonta® all contain Val-Ala/Cit-PABC motifs.  

 

Figure 10: (A) Structure of Adcetris®/Padcev®/Polivy® with enzyme-cleavable Val-Cit-PABC motif shown in blue. 

(B) Cleavage mechanism of Val-Cit-PABC in response to cathepsin enzymes.  

Alternative methods of enzymatic release may utilise β-galactoside motifs which are cleaved 

by β-galactosidase enzymes, or pyrophosphate diesters which are sequentially cleaved by 

pyrophosphatases and acid phosphatases.99,100 Additionally, Bargh et al. of the Spring group 

have recently developed arylsulfate-containing ADC linkers which have been shown to cleave 

efficiently in the presence of lysosomal arylsulfatases to facilitate payload release.101 It is also 

possible to combine multiple enzyme-cleavable motifs in a single linker as has been 

exemplified by the Spring group and others.102,103   

1.5.1.2 Non-cleavable linkers 

Non-cleavable linkers lack specific release mechanisms. Instead, the drug is released upon 

lysosomal degradation of the mAb into its constituent amino acids. This mechanism releases 

the payload with the linker and point-of-attachment amino acid appendage still attached 

(Figure 11). Whether these appendages influence the payload’s cell-killing ability depends on 

the size and structure of the linker as well as the nature of the warhead. Studies have shown 

that it is possible to pair certain payloads – such as auristatins and PBD dimers – with non-
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cleavable linkers without diminishing their cytotoxicity.104–106 However, in many other cases 

non-cleavable ADCs have been shown to exert reduced potency compared to their cleavable 

counterparts. In addition to this, non-cleavable ADCs may be more prone to resistance 

mechanisms compared to cleavable ADCs. This is because their cytotoxicity is critically 

dependent on antibody degradation which in turn is dependent on efficient lysosomal 

trafficking; therefore, genetic mutations resulting in altered expression of lysosomal 

transporters constitute a major mechanism of acquired resistance to non-cleavable ADCs.77 

Cleavable ADCs are less dependent on lysosomal trafficking and thus less affected by such 

mutations.   

There are two well-established non-cleavable linkers: succinimidyl-4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (SMCC), which utilises antibody lysine residues 

for attachment, and maleimidocaproyl (mc), which enables attachment of the payload to 

cysteine residues. The approved ADCs Kadcyla® and Blenrep® make use of these linkers.  

 

Figure 11: Non-cleavable linkers which lack a specific payload release mechanism result in a maintained 

attachment of the payload to the linker and the conjugating amino acid appendage after lysosomal degradation 

of the antibody. 

1.5.2 Antibody modification 

The main purpose of ADC linkers is to conjugate the payload to the antibody. The type of 

chemistry used for this purpose can greatly affect the performance of the ADC, as it 

determines the conjugation site and DAR, and impacts the overall stability of the construct. 

While attachment of the payload to the linker is usually a straightforward procedure, 

attachment of the linker and/or linker-payload to the antibody can pose a formidable 

challenge. Reactions used for protein modification must meet a strict set of requirements to 

ensure efficient and robust conjugation. As such, the reaction must work under aqueous 
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conditions, as high concentrations of organic co-solvents (>15%) lead to denaturation of 

proteins. For similar reasons, the reaction must occur at near physiological pH and 

temperatures (ca. pH 5-9, 37 °C). Furthermore, due to the low reaction concentrations 

employed in protein chemistry (low micromolar), the conjugation reagent must be highly 

reactive. At the same time, the reagent must be exceptionally chemoselective, due to the vast 

number of amino acid residues exposed on the antibody’s surface.107,108 Adhering to this set 

of rules, a large toolbox of protein modification reactions have been developed to modify IgG 

antibodies via conjugation to natural amino acids, genetically incorporated unnatural amino 

acids (UAA) or antibody glycans.108,109 The following sections will provide an overview of these 

methods.   

1.5.2.1 Stochastic conjugation methods  

The side chains of natural amino acids contain a plethora of functional groups which may be 

targeted for bioconjugation. In this context, nucleophilic side chains such as the amino group 

of lysine and the thiol group of cysteine represent the most attractive targets, as they can be 

easily functionalised via reaction with complementary electrophilic groups on the linker. 

Indeed, all ten of the currently FDA-approved ADCs are generated via modification of lysine 

or cysteine residues on the surface of the antibody.  

1.5.2.1.1 Lysine 

Lysine residues can be easily functionalised using electrophilic N-hydroxysuccinimide (NHS) 

esters. As such, Mylotarg®, Besponsa® and Kadcyla® are all synthesised via reaction of 

surface-exposed lysines with NHS ester derivates of their respective payloads.45,50,110 

However, standard IgG antibodies contain approximately 80 lysine residues, more than half 

of which are accessible for chemical modification.111 Due to this high abundance, synthesising 

an ADC with a precise DAR and control of the conjugation site via lysine modification is 

virtually impossible. This is best exemplified by the procedure used for the synthesis of 

Mylotarg® which generates a heterogeneous mixture of ADCs with >40 different conjugation 

sites and drug loadings ranging from 0 to 8, with almost 50% of antibodies not having any 

calicheamicin payload attached.112 As already discussed in Chapter 1.4, the DAR affects the 

pharmacokinetic profile of an ADC in multiple ways. Similarly, the site of conjugation is critical 

to the pharmacology of an ADC for a variety of reasons. For instance, attachment of the 
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payload near the antigen binding region of the antibody may impede antigen recognition, 

with the potential to lower the targeting capability and thus the efficacy of the ADC. 

Furthermore, several studies have shown that the conjugation site can affect the aggregation 

potential of the ADC as well as the stability of the linkage between the linker and the 

antibody.113–116 Thus, stochastic conjugation methods such as lysine conjugation may yield a 

mixture of different ADC products with different pharmacological properties. 

In addition to NHS esters, a number of other lysine-selective reagents have been developed 

(Figure 12).117 These include phenylisothiocyanates and β-lactams, which introduce the 

payload in a single step,118–120 as well as acid fluorides and sulfonyl acrylates, which initially 

introduce a payload attachment handle (such as an azide) that subsequently facilitates drug 

attachment in a second step.121,122 For example, acid fluorides have been used to introduce 

azides which can be further functionalised using strain-promoted azide-alkyne cycloaddition 

(SPAAC), and sulfonyl acrylates to install acrylate electrophiles which allow for further 

modification via aza-Michael addition. 

 

Figure 12: Methods for the modification of antibody lysine residues. 
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1.5.2.1.2 Cysteine 

Cysteine residues are a particularly attractive target for protein bioconjugation due to their 

low natural abundance and the exceptionally high nucleophilicity of the thiolate side chain. 

All IgG1 cysteine residues are present in the form of disulfide bonds, of which four are 

interchain bonds and the rest are intrachain bonds.70 The interchain disulfides can be reduced 

selectively, revealing up to eight reactive thiol groups. Subsequent reaction with soft 

electrophiles affords selective bioconjugation at the eight different sites. In some cases, 

including the approved ADCs Enhertu® and Trodelvy®, a resulting DAR 8 conjugate has been 

achieved with high homogeneity, efficacy, and safety.59,123 However, due to differences in 

toxicity and hydrophobicity, a DAR of 8 is not suitable for many linker-payloads. The 

generation of ADCs with average DARs of 2–4 can be achieved by a combination of partial 

disulfide reduction/reoxidation and controlled linker-payload stoichiometry.124 However, this 

process is difficult to control, and the resulting ADCs are inescapably heterogeneous – 

although with less variability than that seen with stochastic lysine conjugation.125,126 

Moreover, a recent study has shown that the loss of the interchain disulfides – the only 

covalent bonds connecting the four antibody chains – may be associated with reduced 

stability and biological activity of the antibody.127 

Cysteine conjugation is most commonly achieved via 1,4-conjugate addition to N-substituted 

maleimides. Indeed, all of the seven FDA-approved ADCs which are linked through cysteine 

residues are synthesised using maleimide conjugation. Maleimides are popular reagents due 

to their synthetic accessibility and fast reaction kinetics. However, the generated 

thiosuccinimide linkage is inherently unstable, and can undergo retro-Michael addition to 

release the deconjugated linker-payload (Figure 13).128,129 In circulation, the released linker-

payload may subsequently react with thiol-containing biomolecules such as HSA or diffuse 

into nearby cells, thus causing untargeted systemic toxicity. The stability of maleimide 

bioconjugates can be greatly improved by post-conjugation hydrolysis of the succinimide ring 

to the maleamic acid. For regular N-alkyl maleimides, this process takes several days; 

however, the rate of hydrolysis can be increased significantly through alteration of the 

N-substituent. As such, a number of “self-hydrolysing” maleimides containing PEG or aryl 

substituents have been developed.130,131 
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Figure 13: Cysteine conjugation using maleimides yields thiosuccinimide conjugates which may undergo retro-

Michael addition to reform the original conjugation reagent or hydrolyse to form stable maleamic acid 

conjugates. 

To forgo the need for post-conjugation hydrolysis, a number of alternative cysteine 

conjugation reagents, which result in the formation of inherently stable linkages, have been 

developed. These include vinylpyrimidines,132 ethynylphosphonamidates,133 

3-arylpropionitrile (APN),134 palladium oxidative-addition complexes,135 N-methylpyridinium 

salts,136 α-halocarbonyls,128 and others (Figure 14). 

 

Figure 14: Alternative methods for the modification of antibody cysteine residues. 
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1.5.2.2 Site-selective conjugation methods  

While all the FDA-approved ADCs and a large proportion of ADCs in clinical trials rely on 

stochastic cysteine/lysine conjugation – which yield heterogeneous conjugates with respect 

to DAR and conjugation site – advances in site-selective protein modification have enabled 

the development of a new generation of ADCs with improved homogeneity and increasingly 

predictable pharmacology. Methods employed for this purpose include the genetic 

incorporation of additional natural or unnatural amino acids, enzymatic modifications of 

amino acid sidechains and antibody glycans, and disulfide rebridging. The following sections 

will provide a brief overview of these methods.     

1.5.2.2.1 Antibody engineering 

The most widely employed method of achieving site-selective modification of antibodies is 

the alteration of the antibody primary sequence through genetic engineering to incorporate 

additional reactive amino acids. As such, genetic modification of the number of accessible 

cysteine residues has become a popular method to achieve site-selective conjugation. 

Junutula et al. pioneered the field by developing THIOMABs – a class of antibody in which 

selected serine, valine or alanine residues are mutated to cysteine via site-directed 

mutagenesis.113,137 ADCs generated via modification of these engineered cysteine residues 

have been shown to be more homogenous and display improved efficacy and toxicity profiles 

compared to heterogeneous ADCs made via modification of interchain disulfides.137 However, 

the site of cysteine insertion is crucial in this context, as sub-optimal positioning may have 

detrimental effects on the biophysical properties of the ADC.113,114,138,139 Thus, careful 

optimisation of the insertion site is required for each ADC candidate.  

THIOMABs have been used for the generation of ADCs with DARs of 2, 4, 6 or 10, including 

dual-functional ADCs containing both MMAE and PBD dimer payloads.140–142 THIOMAB ADCs 

with different DARs can be accessed in a number of ways. For example, a DAR 6 ADC was 

generated through the incorporation of six additional cysteine residues, each of which was 

reacted with a maleimide linker containing a single payload. In another example, a DAR 4 ADC 

was generated through incorporation of two cysteine residues, which were each reacted with 

a maleimide linker linked to two payload molecules.  
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Conceptually, THIOMABs should allow for the use of cysteine conjugation for payload 

attachment without any disturbance to the interchain disulfides. However, in practice, most 

THIOMABs are generated with the engineered cysteine residues capped as disulfides with 

cysteine or glutathione, and therefore a procedure for partial reduction using tris(2carboxy- 

ethyl)phosphine (TCEP) or dithiothreitol (DTT), purification, and selective re-oxidation of the 

interchain disulfide bonds is typically required to reveal the engineered thiols in their free 

form prior to bioconjugation (Figure 15).143  

 

Figure 15: Uncapping of THIOMAB antibodies via non-selective disulfide reduction followed by reoxidation of 
interchain disulfide bonds.  

An alternative to the installation of additional cysteine residues is the incorporation of UAAs 

with bioorthogonal reactivity. The process of introducing UAAs into proteins was pioneered 

by Noren et al. and involves the incorporation of a degenerate stop codon (TAG) representing 

the desired UAA into the gene encoding the protein of interest. An orthogonal amino acyl-

tRNA synthetase (aaRS)-tRNA pair that recognises this codon is then used to install the UAA 

into the protein sequence during translation.144,145 Using this process, a variety of different 

UAAs have been incorporated into antibodies (Figure 16).146 These include 

p-acetylphenylalanine, which can undergo oxime ligation with alkoxy-amine-containing 

payloads (Figure 16A), and cyclopentadiene-lysine, which reacts irreversibly with maleimide-

functionalised payloads via Diels-Alder cycloaddition (Figure 16B).147–150 Furthermore, a 

variety of azide-containing UAAs have been used to enable payload attachment via copper-

catalysed azide-alkyne cycloaddition (CuAAC) or SPAAC (Figure 16C).151,152 The resulting ADCs 

have been shown to display improved homogeneity and pharmacology compared to 

heterogeneous ADCs. However, as with THIOMABs, the position of the inserted amino acids 

needs to be carefully optimised on a case-by-case basis as inadequate placement may lead to 

protein aggregation and reduced activity.153,154 
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Figure 16: Selected methods for the generation of ADCs using UAAs via (A) oxime ligation, (B) Diels-Alder 
cycloaddition or (C) azide-alkyne cycloaddition.  

1.5.2.2.2 Enzymatic methods 

Enzymes have been frequently used to achieve site-selective antibody modification due to 

their high levels of substrate and reaction specificity. As such, enzymatic reactions can directly 

attach a payload to a specific amino acid sequence or introduce a reactive functionality on 

the antibody that can be further functionalised with the desired payload.  

The most commonly used enzyme for this purpose is microbial transglutaminase (MTGase). 

MTGase is capable of catalysing the formation of an amide bond between a glutamine side 

chain and a broad variety of alkylamine substrates.155 The conserved Q295 residue in the CH2 

domain of IgG1 has been found to be an excellent substrate for this reaction. However, in 

native IgG1 access to this site is blocked by the adjacent glycosylation at N297. Therefore, to 

enable modification of Q295, the glycan must first be removed. This can be done by treatment 

with the deglycosylation enzyme PNGase F, or via genetic engineering of a N297A mutation, 

which prevents biosynthetic antibody glycosylation. Aglycosylated antibodies produced in 

this way have been modified via MTGase-mediated reaction with alkylamine substrates 

containing one or two azide groups, thus enabling attachment of one or multiple payloads via 

SPAAC to yield ADCs with DARs of 2 or 4 (Figure 17).156,157 While the ADCs displayed high 

homogeneity and favourable efficacy compared to heterogeneous ADCs, it is yet unclear if 

the necessary deglycosylation has a significant impact on antibody pharmacokinetics. Studies 
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have shown that aglycosylated antibodies may be more prone to denaturation, aggregation 

and proteolytic degradation than their glycosylated counterparts.158,159 However, whether 

this variance in biophysical stability translates to a real difference in pharmacokinetic profiles 

in humans remains to be determined.160   

 

Figure 17: Synthesis of homogenous ADCs via MTGase-mediated transglutamination at Q295. 

An alternative strategy to the modification of Q295 is to direct the site of MTG-mediated 

transglutamination via the insertion of a glutamine-containing recognition sequence (‘Q-tag’). 

The first such sequences – the LLQG motif – was designed by Strop et al. and could be inserted 

at a range of different positions in the antibody structure to yield ADCs with DARs of 2, 4, 6 

or 8 (Figure 18A).115,161,162 Similar to the other genetic engineering approaches discussed in 

Chapter 1.5.2.2.1, the site of insertion was shown to have a significant effect on conjugation 

efficiency and pharmacokinetics and thus required careful optimisation for each individual 

ADC candidate.115,163 

Recognition tags have been developed for a variety of different enzymes. For example, the 

CXPXR consensus sequence (X = any amino acid except proline) – also known as SMARTag® – 

can be genetically incorporated at the C-termini of an antibody to enable formylglycine-

generating enzyme (FGE)-mediated oxidation of the inserted cysteine residues to 

formylglycine. Aldehyde modified antibodies generated in this way have been conjugated 

with hydrazine-functionalised payloads via hydrazine-iso-Pictet–Spengler (HIPS) ligation to 

yield homogenous DAR 2 ADCs (Figure 18B).164,165 Other enzymes for which recognition tags 

have been developed include prenyltransferase,166 bacterial sortase,167 and SpyLigase.168   
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Figure 18: Examples of enzymatic bioconjugation methods using recognition tags. (A) MTGase-mediated 
modification of Q-tag recognition sequence; (B) FGE-mediated modification of SMARTag recognition sequence. 

1.5.2.2.3 Disulfide rebridging 

Disulfide rebridging involves the reduction of the four interchain disulfide bonds of an IgG1 

followed by reaction with a cysteine-selective cross-linking reagent. This process enables the 

reconnection of the polypeptide chains while simultaneously installing drug molecules or 

bioorthogonal functionalities amenable to further modification. By covalently reconnecting 

the cysteine residues, a stabilising effect akin to that of the precursor disulfide bonds is 

maintained and a controlled loading of one linker molecule per disulfide can be achieved. 

Depending on the number of drug molecules attached to each linker, a DAR of 4, 8 or 16 can 

be attained in this way.169 Since the conjugation utilises native cysteine residues in the 

antibody hinge region, no alteration of the genetic code or the glycosylation pattern is 

required. Furthermore, there is usually little need for case-by-case optimisation since the 

interchain disulfide bonds are highly conserved across all antibodies of the same isotype.67 

A variety of different disulfide rebridging groups have been developed (Figure 19).108 Among 

the most commonly used are bissulfones,170–172 next-generation maleimides (NGMs),173–176 

and pyridazinediones (PDs);177–181 however, in recent years numerous other reagents have 

emerged, including arylene dipropiolonitrile (ADPN),182 divinylheteroarenes (such as 

divinylpyrimidine [DVP] and divinyltriazine [DVT]),183–185 dibromomethyl heterocycles 

(C-Lock™),106 diethynyl phosphinates,186 and dichloroacetone.187 

Classical disulfide rebridging reagents react with two cysteine residues per linker molecule. 

As reduction of the interchain disulfides of a human IgG1 antibody yields eight reactive 



26 
 

cysteine residues, most standard reagents therefore have a scope of DAR values which is 

limited to multiples of four. However, such DAR values are not suitable for all payloads. 

Therefore, Lee et al. recently developed a bis-dibromopyridazinedione (bis-diBrPD) linker 

capable of reacting with four cysteine residues. The linker comprised a single alkyne, and thus 

enabled the synthesis of a DAR 2 ADC via post-conjugation CuAAC with azide-functionalised 

doxorubicin.188 In a similar bid, Novartis utilised a 1,3-dichloroacetone linker to rebridge 

disulfides in an IgG1, and subsequently performed oxime ligation with a linker-payload 

containing two hydroxylamine groups to generate a DAR 2 ADC.189 Finally, 

MedImmune/Spirogen have succeeded in generating a homogenous DAR 1 ADC via 

rebridging of an engineered Flexmab antibody – which contains only a single reducible 

disulfide – with a PBD dimer functionalised with two maleimide groups.190 
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Figure 19: Disulfide rebridging linkers used for the synthesis of homogenous ADCs. 
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The main drawback of disulfide rebridging is the formation of half antibody species which 

originate from non-native intrachain rebridging of the hinge region disulfides (Figure 20). 

These half antibody species lack the native covalent link between the two heavy chains but 

remain held together by strong non-covalent interactions. Depending on reagent and reaction 

conditions, the half antibody content of rebridged ADCs can range from 5-95%.108 A recent 

study suggests that half antibodies may suffer from reduced thermal stability and receptor 

binding affinities compared to unmodified or natively rebridged antibodies;127 therefore, the 

development of methods to reduce half antibody formation is highly desirable. One such 

method was developed by Lee et al. who designed a dithioaryl(TCEP)pyridazinedione reagent, 

which could effectuate both disulfide reduction and rebridging, thus reducing the residence 

time of the reduced cysteine residues and their potential for scrambling.191 This “2-in-1” 

reagent led to reduced half-antibody formation in comparison to a two-step reduction-

rebridging protocol. However, it was noted that the reagent suffered from low synthetic 

tractability and poor oxidative stability, hampering its wide-spread application.192 Therefore, 

the development of additional methods to reduce half antibody formation is warranted. 

 

Figure 20: Classical disulfide rebridging results in a mixture of natively rebridged full antibody and non-natively 
rebridged half antibody species. 

  



29 
 

Chapter 2 – Project Overview and Aims 
 

The primary aim of this project is the development of a novel method for the site-selective 

generation of homogenous ADCs. Ideally, this method should be applicable to any IgG1 

without the need for genetic engineering or extensive case-by-case optimisation. Disulfide 

rebridging has emerged as an attractive conjugation method for the synthesis of ADCs which 

fulfils these criteria. However, this approach remains limited by its propensity to form 

fragmented antibody species (‘half antibodies’) during rebridging. Therefore, the 

development of a new method of rebridging which alleviates the problem of half antibody 

formation is desirable. 

In addition to the issue of half antibody formation, disulfide rebridging – along with all current 

antibody modification methods – is limited in its ability to modulate the DAR while 

maintaining homogeneity. Even slight differences in DAR can have a profound effect on ADC 

pharmacology.90,170 Therefore, the investigation of ADCs with different DARs during the 

preclinical stages of the drug development process could expedite clinical efforts and reduce 

attrition. While many bioconjugation methods allow alteration of the number of drugs 

attached to each antibody, most of these methods generate a mixture of species with an 

average DAR, rather than a single ADC species with a precise DAR. DAR heterogeneity has 

been linked to reduced therapeutic performance, making the development of methods which 

yield ADCs with precise DARs highly desirable.137,156,175 Additionally, many contemporary 

antibody modification methods require alterations in the primary structure of the antibody 

to facilitate the generation of ADCs with different DARs – a process which usually requires 

extensive case-by-case optimisation, thus decelerating the drug development process. Lastly, 

all current methods – even those that succeed at generating a precise DAR without the need 

for genetic engineering – are limited to producing ADCs with even DAR values (2, 4, 6, etc.) as 

any modification made on one of the heavy/light chains is always mirrored on the other 

heavy/light chain. The development of methods that enable access to the full scope of integer 

DAR values ≥1 would be advantageous to allow for more thorough investigation into the 

effect of DAR on therapeutic performance. For these reasons, the primary objective of this 

project is the development of a new class of disulfide rebridging linkers which not only 

overcome the problem of half antibody formation, but enable the generation of ADCs with 
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precise DAR via a modular strategy to access conjugates with DARs from across a wider range 

of integer values than those that are currently attainable.  

As outlined in Chapter 1.5.2, suitable linkers should be stable, reasonably soluble in aqueous 

media, and generate a linkage which is stable in human plasma for several days. Furthermore, 

the bioconjugation reaction should be fast, efficient, and proceed with high conversion 

without negatively affecting the structure or biological activity of the antibody. Lastly, 

functionalisation of the linker with a variety of payloads should be synthetically tractable and 

not significantly affect the activity of the attached payload.  

 

The work described in this thesis can be divided into two distinct sections. 

Chapter 3 describes investigations into the use of bis-divinylpyrimidine (BisDVP) linkers as a 

novel method for functional disulfide rebridging. Following a convergent synthetic strategy, a 

BisDVP linker was synthesised, and then reacted with a model antibody to evaluate its 

rebridging ability. Compared to a MonoDVP linker, the BisDVP was found to reduce half 

antibody formation, but not prevent it altogether.  

In Chapter 4, the concept of combining multiple DVP motifs in a single linker molecule was 

further investigated by the design and synthesis of a series of TetraDVP linkers. Antibody 

bioconjugation studies showed the TetraDVP scaffold to be capable of rebridging all four 

interchain disulfides of an IgG1 and thus prevent half antibody formation completely. 

Furthermore, the synthesis of a set of TetraDVP linkers containing different numbers of alkyne 

functionalities enabled the generation of antibody conjugates with modular cargo loading via 

post-conjugation CuAAC with azide-functionalised fluorophores and cytotoxins. Finally, 

biological evaluation of the modified antibodies demonstrated their exquisite stability, 

binding affinity, and cell-selective cytotoxicity. 
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Chapter 3 – BisDVP Disulfide Rebridging 

Linkers 

3.1 Introduction 

Classical disulfide rebridging reagents typically react with two cysteine residues. As reduction 

of the interchain disulfides of a human IgG1 antibody yields eight reactive cysteine residues, 

most standard reagents modify antibodies in a 4:1 ratio, and therefore have a scope of DAR 

values which is limited to multiples of four. It was hypothesised that increasing the number 

of cysteine reactive groups on each linker would decrease the linker-to-antibody ratio and 

thus expand the scope of DAR values attainable. Furthermore, it was anticipated that this 

approach could reduce the risk of losing the covalent link between the two antibody heavy 

chains that is often observed with standard disulfide rebridging reagents. 

Disulfide rebridging linkers which bridge multiple disulfide bonds have previously been 

explored by Lee et al. who designed a series of bis-dibromopyridazinedione (bis-diBrPD) 

linkers capable of connecting four cysteine residues within an IgG1 antibody.188 These bis-

diBrPD linkers enabled the generation of ADCs and antibody-fluorophore conjugates (AFCs) 

with encouragingly low levels of half antibody formation and drug loadings of two or four 

through the incorporation of either one or two alkyne handles per linker molecule 

(Figure 21A). 

 

Figure 21: Structures of disulfide rebridging linkers for the rebridging of four cysteine residues. (A) Bis-diBrPD 
linkers developed by Lee et al.188 (B) General structure of the proposed BisDVP linker.  

Inspired by the positive results obtained by Lee et al., the development of a Bis-

divinylpyrimidine (BisDVP) linker was proposed to further investigate the potential of 

cysteine-reactive linkers that can react with four cysteine residues for the generation of 

homogenous ADCs (Figure 21B).  
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The design of the BisDVP linker was guided by several factors. Firstly, to enable the functional 

rebridging of four cysteine residues and subsequent payload attachment, the linker must 

contain two DVP motifs and one or multiple payload attachment handles. A payload 

attachment handle can be any functional group capable of undergoing a bioorthogonal 

reaction (e.g. CuAAC, SPAAC) to attach a payload molecule. For the initial BisDVP design, an 

alkyne group was chosen for payload attachment via CuAAC as alkyne attachment handles 

are known to have high stability and synthetic tractability. Secondly, the two DVP motifs must 

be separated by a sufficiently long spacer to reach across multiple disulfide bonds in an IgG1 

antibody. Guided by structural data of IgG1 molecules for which crystal structures have been 

obtained,193 it was estimated that the maximum distance between any two interchain 

disulfides is approximately 20 Å. This distance requirement was taken into consideration 

during linker design. Lastly, the linker should be synthetically tractable, which was deemed 

achievable through disconnection of the linker into a symmetrical core scaffold and a known 

DVP building block via amide coupling (Scheme 1). 

 

Scheme 1: Retrosynthetic disconnection of the proposed BisDVP linker. 

 

3.2 Divinylpyrimidine (DVP) Linker Synthesis 

To synthesise the desired BisDVP linker, initial efforts focused on the synthesis of DVP building 

block 4. The compound had previously been synthesised in the group via a three-step 

procedure involving a nucleophilic aromatic substitution (SNAr) reaction on 2,4,6-

trichloropyrimidine, followed by a Suzuki cross-coupling and ester hydrolysis (Scheme 2).101 

However, the yield of the first step is known to be low yielding, with an average yield of <25% 

reported by previous group members. Since a sizable quantity of 4 was thought to be required 

for this project, it was desirable to optimise the synthetic procedure and improve the yield of 

the SNAr reaction. 
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Scheme 2: Previously developed synthesis of DVP building block 4 via SNAr reaction.  

Synthesis of 2-aminopyrimidines from 2,4-dichloropyrimidine or 2,4,6-trichloropyrimidine is 

generally low yielding due to the preference of amine nucleophiles to substitute at the 

4-carbon position of the substrate. Thus, the undesired 4-aminopyrimidine product is usually 

the major isomer. While slight modifications of reaction conditions are unlikely to overturn 

the regioselectivity of the reaction, it has been shown that changes in product ratios can be 

achieved with the aid of computational models.194 It was thus proposed that the synthesis of 

2-aminopyrimidine 1 may be optimised by a combination of traditional ‘one factor at a time’ 

optimisation and Design of Experiments (DoE).  

To enable accurate reaction monitoring by nuclear magnetic resonance (NMR) spectroscopy, 

it was deemed important to first find a solvent system in which all reaction components are 

completely soluble. Accordingly, a solvent screen for the reaction of 2,4,6-trichloropyrimidine 

with ethyl 4-aminobutyrate hydrochloride was conducted. It was found that acetone – the 

solvent previously used by other group members for this reaction – resulted in poor 

dissolution of both the reaction mixture and the amine component on its own (Table 1, 

Entry 2). Other aprotic solvents such as chloroform and acetonitrile yielded similar results 

(Table 1, Entries 4-5). Dimethylsulfoxide (DMSO) provided good dissolution of the amine 

starting material; however, upon addition of base and trichloropyrimidine, precipitation was 

observed (Table 1, Entry 1). Finally, methanol resulted in complete dissolution of both the 

reaction mixture and the amine starting material on its own (Table 1, Entry 3). Therefore, 

methanol was selected as the solvent of choice for further reaction optimisation.   
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Table 1: Optimisation of the reaction of 2,4,6-trichloropyrimidine and ethyl 4-aminobutyrate hydrochloride by 
solvent screening. 

 

Following the establishment of a suitable solvent system, optimisation of reagent 

stoichiometry and reaction temperature was carried out using DoE. DoE is a statistical 

technique for planning experiments and analysing the obtained information in a systematic 

manner. Given a set of experimental variables, DoE can be used to determine the minimum 

set of experiments that need to be conducted to ascertain 1) the impact of each variable on 

product formation and 2) how different variables interact with one another. Based on the 

data obtained from these experiments, a mathematical model is then created to aid the 

selection of the optimal reaction conditions.195,196 DoE is often considered superior to 

traditional ‘one factor at a time’ optimisation methods as the latter rarely consider 

interactions between different reaction variables.  

For the DoE optimisation of the SNAr reaction of 2,4,6-trichloropyrimidine and ethyl 4-

aminobutyrate hydrochloride, the following reaction parameters were chosen:  

• Temperature range: 0-50 °C 

• Amine equivalents: 1.0-2.0  

• Base equivalents: 2.0-5.0 

Given these parameters and using a 'Central Composite Face' design, which allows for 

determination of all variable interactions and squared terms, a set of 17 experiments was 
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designed and carried out (Table 2). The experiments were conducted in deuterated methanol 

to allow for reaction monitoring and determination of product ratios by 1H NMR.  

Table 2: Optimisation of reaction temperature and reagent stoichiometry for the reaction of 2,4,6-

trichloropyrimidine and ethyl 4-aminobutyrate hydrochloride by DoE. Starting material and product ratios were 

determined by integration of 1H NMR spectra of crude reaction mixtures. 

 

Using the data displayed in Table 2, a model for the reaction was generated by Connor J. 

Taylor using MODDE software. This model was used to produce 4D contour plots displaying 

the disappearance of starting material and appearance of products in response to the three 

variables selected for investigation (Figure 22). These plots show that the three variables – 

temperature, amine equivalents and base equivalents – indeed interact with one another. For 

example, the effect of temperature on the formation of the undesired 4-substituted product 

isomer 2 is more pronounced if fewer equivalents of amine are used and vice versa. Generally, 

the formation of the desired isomer 1 appears to be optimal at medium to high amine 
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equivalents (1.5-2.0 equiv.) and medium base equivalents (3.5 equiv.), along with medium to 

high temperature (25-50 °C).   

 

Figure 22: 4D contour plots for the (A) disappearance of 2,4,6-dichloropyrimidine, (B) appearance of desired 

product isomer 1 and (C) appearance of undesired product isomer 2 in response to variable reaction conditions. 

Plots were generated by Connor J. Taylor using MODDE software.  

Using the data obtained from the DoE optimisation, the SNAr reaction of 2,4,6-

trichloropyrimidine with ethyl 4-aminobutyrate hydrochloride was optimised to give the 

desired product 1 in 37% yield (Scheme 3), representing an increase in product output by 

nearly 50%. Additionally, the data presented here later contributed to the development of a 

novel automated computational approach to kinetic model identification.197 
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Scheme 3: Optimised reaction of 2,4,6-trichloropyrimidine with ethyl 4-aminobutyrate hydrochloride. 

Having synthesised a sufficient quantity of intermediate 1, Suzuki cross-coupling with 

potassium vinyltrifluoroborate was undertaken to produce DVP ester 3 in 89% yield. Finally, 

intermediate 3 was subjected to base-mediated ester hydrolysis to generate DVP acid 4 in 

quantitative yield, thus concluding the synthesis of the desired DVP building block (Scheme 4).   

 

Scheme 4: Synthesis of DVP 4 from dichloropyrimidine intermediate 1. 

3.3 BisDVP Linker Synthesis 

Following the successful synthesis of DVP building block 4, the synthesis of the alkyne-

containing core scaffold (shown in Scheme 1) was investigated. It was proposed that this 

scaffold could be accessed by alkylation of the secondary amine of diethylenetriamine with 

an alkyne-functionalised electrophile.  

To enable selective alkylation at this position, it was deemed prudent to initially block the 

primary amines of diethylenetriamine using protecting group chemistry. As such, 

diethylenetriamine was reacted with 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile 

(Boc-ON) in line with the published procedure by Pittelkow et al.,198 to achieve selective Boc 

protection of the primary amines, affording intermediate 5 in 92% yield (Scheme 5). The 

reaction was found to be very robust with no decrease in yield observed on multi-gram (>5.5 g 

product) scale.  
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Scheme 5: Boc protection of diethylene triamine using Boc-ON. 

With intermediate 5 in hand, installation of the alkyne handle was attempted via alkylation 

of the secondary amine. However, initial attempts at direct alkylation of polyamine 5 with 6-

chlorohex-1-yne or 6-iodohex-1-yne did not result in any notable product formation 

(Scheme 6).  

 

Scheme 6: Attempted modification of polyamine 5 with 6-chlorohex-1-yne or 6-iodohex-1-yne. 

Therefore, a three-step procedure was employed to introduce the alkyne handle, involving 

initial reaction of intermediate 5 with methyl 2-bromoacetate, followed by ester hydrolysis 

and amide coupling with propargylamine (Scheme 7). Due to the electron-withdrawing 

properties of the methyl ester, methyl 2-bromoacetate could be alkylated easily, yielding the 

desired product 6 in 94% yield. Similar to the synthesis of polyamine 5, the generation of 

methyl ester 6 was found to be highly scalable and could be used to generate >6.5 g of product 

in a single batch. Ester hydrolysis of 6 under basic conditions proceeded with full conversion 

in less than 2 hours as determined by thin-layer chromatography (TLC). Following work-up, 

the resulting carboxylic acid intermediate 7 was directly used in the next reaction without 

further purification. Amide coupling of 7 with propargylamine in the presence of 

triethylamine and hexafluorophosphate benzotriazole tetramethyl uronium (HBTU) gave the 

desired alkyne-containing core scaffold 8 in 58% yield over two steps. 
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Scheme 7: Modification of polyamine 5 with methyl 2-bromoacete, followed by ester hydrolysis and installation 

of the alkyne via amide coupling with propargylamine. 

Having synthesised all the required building blocks, efforts commenced to assemble the final 

BisDVP linker. As such, potential conditions for the Boc deprotection of scaffold 8 were 

investigated. Initial treatment of di-Boc scaffold 8 with trifluoroacetic acid (TFA) in CH2Cl2 

yielded a complex mixture of products (Scheme 8). However, Boc deprotection with HCl in 

dioxane/CH2Cl2 succeeded in generating a single product (9) which precipitated out of the 

reaction mixture as a white solid. Hydrochloride salt 9 was found to be highly hygroscopic and 

turn into a sticky orange oil after exposure to air for approximately 30 minutes. Attempts to 

use this ‘wet’ hydrochloride salt in an amide coupling did not result in any product formation, 

indicating that exposure to air renders the compound inert to further modification. Therefore, 

compound 9 was re-synthesised and used in the next reaction immediately, taking care to 

limit air exposure to <2 minutes.  

 

Scheme 8: Investigation of reaction conditions for the Boc deprotection of intermediate 8.  

In the final step of the BisDVP synthesis, intermediate 8 was deprotected using the optimised 

conditions and subsequently coupled to DVP building block 4 in the presence of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) hydrochloride, hydroxybenzotriazole (HOBt) 

monohydrate and triethylamine to produce BisDVP linker 10 in 55% yield (Scheme 9).  
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Scheme 9: Synthesis of BisDVP linker 10 from intermediate 8. 

3.3 Trastuzumab Bioconjugation 

To evaluate the bioconjugation potential of DVP 4 and BisDVP 10, the linkers were reacted 

with the anti-HER2 antibody trastuzumab. Trastuzumab is a humanised IgG1 and a 

constituent of the FDA-approved ADCs Kadcyla® and Enhertu® – both of which are approved 

for the treatment of HER2-positive breast cancer – thus making it a model system of clinical 

relevance. Accordingly, interchain disulfide bonds in trastuzumab were reduced with TCEP in 

tris-buffered saline (TBS) for one hour at 37 °C, followed by addition of 4 or 10 and incubation 

at 37 °C in 10% DMSO/TBS (pH 8) for four hours to yield antibody-linker conjugates (ALCs) 11 

and 12 (Figure 23A).  

To gain a qualitative‡ understanding of the products formed in the reactions, ALCs 11 and 12 

were initially analysed by liquid chromatography-mass spectrometry (LC-MS). LC-MS showed 

that DVP conjugate 11 comprised four DVP linkers bound to each antibody and consisted 

primarily of half antibody species with only a minor amount of the full antibody observed 

(Figure 23B). This is consistent with prior observations made within the Spring group.101,183,184 

Similarly, BisDVP conjugate 12 also comprised a mixture of full and half antibody species; 

however, only two linkers were bound to each antibody molecule, indicating that BisDVP 

linkers are indeed capable of rebridging two disulfides per linker molecule as intended 

(Figure 23C).  

 
‡ Under electrospray ionisation (ESI), different polypeptides ionise differently. Therefore, peak intensities in 

LC-MS cannot be used as a quantitative measure of product ratios and should be used for qualitative assessment 

only.   
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Figure 23: Reaction of trastuzumab with DVP and BisDVP linkers. (A) Reaction conditions. (B) Analysis of 

conjugate 11 by LC-MS. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 73,061 Da (half 

antibody) and 146,123 Da (full antibody), observed 73,046 and 146,077 Da. (C) Analysis of conjugate 12 by 

LC-MS. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 73,224 Da (half antibody) and 

146,448 Da (full antibody), observed 73,216 and 146,418 Da.  
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To obtain a comparative measure of the relative ratios of full and half antibody species found 

in each of the conjugates, conjugates 11 and 12 were analysed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE analysis revealed that the BisDVP 

conjugate displayed a reduced amount of half antibody species compared to the DVP 

conjugate. While the reaction with DVP 4 predominantly yielded the half antibody product, 

analysis of BisDVP conjugate 12 showed the full antibody product to be the main component 

(Figure 24). Additionally, conjugate 12 displayed a lower abundance of other side products, 

such as heavy chain dimers (HH) compared to conjugate 11. These results indicate that the 

rebridging of multiple disulfides by a single linker molecule indeed increases of probability of 

reforming the covalent linkages between the four antibody chains, thus validating the 

hypothesis that linkers containing multiple DVP motifs may be used for the synthesis of ADCs 

with improved homogeneity. 

 

Figure 24: SDS-PAGE analysis of conjugates on 12% polyacrylamide gel with Coomassie staining. Lanes: M = 

molecular weight marker, 1 = trastuzumab, 2 = reduced trastuzumab, 3 = 11, 4 = 12. 

 

3.4 Functionalisation with AlexaFluor™ 488 

Having successfully established the ability of BisDVP linkers to modify IgG1 antibodies such as 

trastuzumab, the ability of the resulting ALCs to undergo CuAAC for the attachment of 

functional payloads was explored. For this purpose, AlexaFluor™ 488 azide was chosen as a 

model payload. AlexaFluor™ 488 is a fluorophore with strong absorbance at 495 nm, which 

allows for facile analysis of its corresponding antibody-fluorophore conjugates (AFCs) by 

UV-vis spectrophotometry.  
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AFCs are invaluable tool compounds used in chemical and molecular biology for the detection 

and/or localisation of antigens. For example, AFCs can be used for fluorescence-based 

imaging and temporal tracking of antigens in cells and tissues or facilitate fluorescence-

activated cell sorting (FACS) to separate antigen-positive from antigen-negative cells.199,200 

AFCs are also routinely used in the diagnosis of diseases – particularly viral infections – 

through visualisation of disease-associated markers in patient samples.201,202 

Since BisDVP conjugate 12 contains two alkyne handles, the CuAAC with AlexaFluor™ 488 

azide should yield an AFC with a fluorophore-to-antibody ratio (FAR) of 2. Accordingly, 

conjugate 12 was reacted with 6 equivalents of AlexaFluor™ 488 azide in the presence of 

CuSO4·5H2O (10 equiv.), tris(benzyltriazolylmethyl)amine (THPTA, 50 equiv.) and sodium 

ascorbate (75 equiv.) in 10% DMSO/PBS at 37 °C for 2 hours (Table 3, Entry 1) and then 

analysed by UV-vis spectrophotometry. To minimise the risk of photobleaching, this reaction 

and all subsequent reactions with AlexaFluor™ 488 azide were conducted in the dark. Using 

Equation 1, the FAR was determined to be 0.7, indicating <50% conversion.  

To improve conversion, the CuAAC reaction was repeated with increased reagent 

stoichiometry with regards to AlexaFluor™ 488 azide, CuSO4·5H2O, THPTA and sodium 

ascorbate and a prolonged reaction time of 16 hours. These conditions successfully led to the 

generation of AFC 13 with a FAR of 2.0 (Table 3, Entry 2 and Figure 25A).  

Equation 1: Determination of fluorophore-to-antibody ratios (FAR) by UV-vis spectroscopy. Sample buffer 

was used as blank for baseline correction with extinction coefficients ε280 = 215,380 M-1 cm-1 for trastuzumab 

and ε495 = 71,000 M-1 cm-1 for AlexaFluor™ 488. The correction factor for absorbance of AlexaFluor™ 488 at 

280 nm is 0.11. 

𝐹𝐴𝑅 =  
𝐴𝑏𝑠495/𝜀495

(𝐴𝑏𝑠280 − 0.11 × 𝐴𝑏𝑠495)/𝜀280
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Table 3: Optimisation of CuAAC between BisDVP conjugate 12 and AlexaFluor™ 488 azide. 

 

To verify that the observed absorbance is indeed a sign of covalent attachment of the 

fluorophore to the antibody and does not originate from small molecule contaminants, AFC 

13 was analysed by LC-MS and SDS-PAGE with in-gel fluorescence. The resolution of the LC-MS 

traces was slightly decreased compared to that of the precursor ALC 12, indicating that the 

charged nature of the AlexaFluor™ 488 molecules may be interfering with protein ionisation 

and detection. Nonetheless, the expected masses of both the full and half antibody species 

of AFC 13 could be detected, indicating that covalent attachment had indeed taken place 

(Figure 25C). SDS-PAGE analysis further substantiated this claim by showing the presence of 

two fluorescent bands corresponding to the full and half antibody species of AFC 13 

(Figure 25B). These results verify that BisDVP linkers can be utilised for the construction of 

functional antibody conjugates with a cargo loading of two.   
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Figure 25: Analysis of AFC 13 by UV-vis spectroscopy, LC-MS and SDS-PAGE. (A) UV-vis spectrum of AFC 13. (B) 

Analysis of 13 by SDS-PAGE on 8% polyacrylamide gel. Lanes were loaded with 3 µg of sample. Lanes: M = 

molecular weight marker, 1 = 13 (Coomassie straining), 2 = 13 (in-gel fluorescence). (C) Analysis of AFC 13 by 

LC-MS. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 73,881 Da (half antibody) and 

147,762 Da (full antibody), observed 73,881 Da and 146,772 Da. The peak at 34,774 Da corresponds to PNGase F.  

3.5 Conclusions 

In this chapter, the synthesis of a BisDVP linker and its application for the functional 

modification of IgG1 antibodies were described. It was shown that BisDVP linkers can modify 

antibodies and generate ALCs with linker-to-antibody ratios of two through the functional 

rebridging of two disulfide bonds per linker molecule. Furthermore, these ALCs could be 

further modified through CuAAC to generate a fluorescent conjugate with a FAR of two.  

The rebridging of two disulfides per linker molecule was shown to decrease the formation of 

half antibodies and other side products compared to the synthesis of ALCs using DVP linkers 

which only rebridge one disulfide per linker molecule. However, despite these improvements, 

the formation of half antibody species was not fully eradicated, indicating that further linker 

optimisation is required to achieve the generation of fully homogenous antibody conjugates.  



46 

 

Chapter 4 – TetraDVP Disulfide Rebridging 

Linkers 

4.1 Introduction 

Initial investigations into BisDVP linkers suggested that disulfide rebridging reagents capable 

of bridging multiple disulfides have the potential to fulfil the primary aims of this work, i.e. 

the generation of antibody conjugates with modular DAR and reduced half antibody content. 

However, it was demonstrated that the rebridging of two disulfides with one linker is not 

sufficient to fully prevent half antibody formation. Furthermore, although BisDVPs carry the 

potential to access a wider range of DAR values than classical disulfide rebridging reagents 

(multiples of two vs. multiples of four), the development of methods that enable access to 

the full scope of integer DAR values ≥1 is desirable. 

It was proposed that the desired improvements in DAR modularity and half antibody 

prevention could be achieved by the design of a linker capable of rebridging eight cysteine 

residues, and thus interconnecting all four interchain disulfides in an IgG1 antibody. Such an 

‘all-in-one’ rebridging approach should be able to prevent the loss of covalent linkages 

between the antibody polypeptide chains. Furthermore, modification of the antibody with 

the linker in a 1:1 ratio should facilitate access to a wider range of DAR values, including odd 

values (e.g. 1, 3, etc.) which are extremely challenging to achieve by other site-selective 

bioconjugation methods.  

To this end, a series of tetra-divinylpyrimidine (TetraDVP) linkers was designed (Figure 26). 

The proposed structure encompasses four DVP units to enable reaction with eight cysteine 

residues, and a variable number of alkyne motifs to facilitate payload attachment via CuAAC. 

Apart from these factors, the general design emulates that of BisDVP 10 to aid synthetic 

tractability. 
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Figure 26: General TetraDVP structure for all-in-one rebridging of all four interchain disulfide bonds in an IgG1. 

Functionalisation with one or multiple alkyne groups should enable attachment of different numbers of payload 

molecules via CuAAC. 

4.2 TetraDVP Linker Synthesis 

4.2.1 Synthesis of TetraDVPs with one or two alkyne groups 

TetraDVP 15 was chosen as an initial target molecule to explore potential synthetic routes 

towards TetraDVP linkers. It was envisioned that TetraDVP 15 could be synthesised from 

building blocks 4, 7 and 8 – all of which are intermediates in the BisDVP synthesis described 

in Chapter 3 and thus known to be synthetically tractable (Scheme 10).  

 

Scheme 10: Retrosynthetic analysis of TetraDVP 15. 

Accordingly, alkyne-containing precursor 8 was deprotected using HCl, followed by amide 

coupling with two equivalents of carboxylic acid intermediate 7 in the presence of 

triethylamine, EDC hydrochloride and HOBt monohydrate to give the tetra-N-Boc core 

scaffold 14 in good yield (Scheme 11). Subsequently, the core scaffold was deprotected with 
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HCl and coupled to four equivalents of DVP 4 in the presence of triethylamine and HBTU to 

produce TetraDVP linker 15 in a moderate 28% yield. 

 

Scheme 11: Synthesis of TetraDVP 15 from di-N-Boc building block 8. 

TetraDVP 15 contains one alkyne group; therefore, if the linker is indeed capable of modifying 

an antibody in a 1:1 ratio, it would enable the attachment of a single payload molecule via 

CuAAC to generate a DAR 1 ADC. To broaden the scope of attainable DAR values beyond 

DAR 1, a second TetraDVP was designed. This linker – TetraDVP 21 – was designed to include 

two alkyne groups, thus theoretically enabling the synthesis of DAR 2 ADCs. It was envisioned 

that TetraDVP 21 could be synthesised via a route analogous to the synthesis of TetraDVP 15 

in which the alkyne precursor 8 was replaced by bis-alkyne 19 (Scheme 12). 

 
Scheme 12: Retrosynthetic analysis of TetraDVP 21. 
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The bis-alkyne building block 19 was synthesised from triethylenetetramine using a synthetic 

approach similar to that applied for the synthesis of mono-alkyne building block 8, which was 

described in Chapter 3.3. Accordingly, triethylenetetramine was reacted with Boc-ON to 

generate Boc-protected polyamine 16. Subsequently, polyamine 16 was alkylated with 

methyl bromoacetate to produce di-ester 17 in good yield. Ester hydrolysis of di-ester 17 led 

to the formation of carboxylic acid intermediate 18. Following work-up, the carboxylic acid 

intermediate was immediately used in the next reaction, consisting of an amide coupling with 

propargylamine in the presence of HBTU and triethylamine to generate bis-alkyne building 

block 19 in 12% yield over two steps (Scheme 13). The low yield of bis-alkyne 19 can be 

explained by a combination of factors, including incomplete conversion during amide 

coupling and complications during purification, which were caused by the high polarity of the 

compound (Rf 0.07 in 80% EtOAc/petroleum ether (PE)). Similarly, the reduced yield of di-Boc-

tetramine 16 compared to di-Boc-triamine 5 (57% vs 92% yield) was caused by the high 

polarity of compound 16, which resulted in a challenging purification process.     

 

Scheme 13: Synthesis of bis-alkyne building block 19 from triethylenetetramine via Boc protection, alkylation 

with methyl bromoacetate, ester hydrolysis and amide coupling to propargylamine.  
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With bis-alkyne 19 in hand, the assembly of TetraDVP 21 commenced. Accordingly, bis-alkyne 

19 was deprotected using HCl, followed by amide coupling with two equivalents of carboxylic 

acid intermediate 7 in the presence of triethylamine and HBTU to give the tetra-N-Boc core 

scaffold 20 in moderate yield (Scheme 14). Subsequently, the core scaffold was deprotected 

with HCl and coupled to four equivalents of DVP 4 in the presence of triethylamine and HBTU 

to produce TetraDVP 21 in 40% yield.  

 

Scheme 14: Synthesis of TetraDVP 21 from bis-alkyne building block 19. 

4.2.2 Synthesis of a TetraDVP with three alkyne groups 

While the original synthetic strategy described in Chapter 4.2.1 did lead to the successful 

generation of two TetraDVP linkers – and thus proved that this class of linkers is synthetically 

tractable – the route suffered from a number of drawbacks. For one, the need for elaborate 

building blocks such as di-Boc alkyne 8 and di-Boc bis-alkyne 19 – which each needed to be 

synthesised in 4 steps – and the excessive use of protecting group chemistry render the route 

reasonably lengthy and complex. Furthermore, an attempt to apply the existing route to 

longer polyamines, such as tetraethylenepentamine, proved extremely challenging as the 

increasingly high polarity of the starting material and early intermediates made purification 

increasingly challenging. Indeed, when the Boc protection of tetraethylenepentamine with 

Boc-ON was attempted, the desired product 22 was isolated in <30% yield (Scheme 15). 

Further elaboration of di-Boc pentamine 22 to the tris-alkyne scaffold via alkylation with 
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methyl bromoacetate, ester hydrolysis and amide coupling with propargylamine did not 

result in any product formation.   

 

Scheme 15: Attempted Boc protection of tetraethylenepentamine. 

Accordingly, an alternative synthetic route towards TetraDVP linkers was devised by 

Dr Anders Højgaard Hansen from the Technical University of Denmark (DTU) (Scheme 16).  

 

Scheme 16: Revised disconnection of the TetraDVP linker for the synthesis of linkers with ≥3 alkyne groups. 
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The revised route involves disconnection of the TetraDVP linker to give an alkyne-containing 

tetra-N-Boc intermediate as before; however, in contrast to the previous route, this 

intermediate is further disconnected to give an alkyne-containing α-bromo carbonyl 

compound and a tetra-N-Boc intermediate containing one or multiple reactive secondary 

amines. Thus, fewer Boc deprotection steps are required to reach the final target and 

introduction of the alkyne is achieved at a later stage, enabling the synthesis of analogues 

with different payload attachment handles in fewer steps. The tetra-N-Boc intermediate can 

be further disconnected into a commercially available polyamine and the previously 

synthesised building block 6, allowing for simple derivatisation of linker length and number 

of payload attachment handles. Crucially, this approach also removes the need for the 

generation of exceedingly polar Boc-polyamine intermediates such as pentamine 22. Finally, 

the alkyne-containing α-bromo carbonyl compound can be disconnected into bromoacetyl 

bromide and an alkyne-containing amine which may or may not be commercially available, 

depending on the complexity of the desired spacer unit.   

To test the feasibility of this new synthetic strategy, the revised route was initially used to 

synthesise a TetraDVP with three alkyne groups. This synthesis was carried out Dr Anders 

Højgaard Hansen. Accordingly, bromoacetyl bromide was first reacted with propargylamine 

in line with the published procedure by Goswami et al.203 to give alkyne-containing α-bromo 

carbonyl compound 23 in 93% yield (Scheme 17).  

 

Scheme 17: Reaction of bromoacetyl bromide with propargylamine to yield α-bromo carbonyl 23. 

Following this promising result, synthesis of the tetra-N-Boc core scaffold 24 was attempted 

via direct amidation of tetraethylenepentamine with methyl ester 6. It was found that high 

reaction temperatures (110 °C) and an excess of compound 6 (>5 equivalents) were necessary 

to achieve adequate conversion. However, the use of these forcing conditions was deemed 

acceptable as most of the excess reagent 6 could be recovered during column 

chromatography. Thus, scaffold 24 was generated in 44% yield (Scheme 18).  
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Scheme 18: Synthesis of tetra-N-Boc scaffold 24 from tetraethylenepentamine. 

With alkyne 23 and polyamine scaffold 24 in hand, the two building blocks were reacted under 

basic conditions to give the alkyne-containing core scaffold 25 in 49% yield (Scheme 19).  

 

Scheme 19: Synthesis of tris-alkyne scaffold 25 from precursors 23 and 24. 

Following the successful synthesis of tetra-N-Boc scaffold 25, the assembly of tris-alkyne 

TetraDVP 26 was attempted. Accordingly, scaffold 25 was deprotected using HCl and 

subsequently reacted with DVP 4. However, in contrast to the synthesis of linkers 15 and 21, 

which proceeded efficiently in the presence of triethylamine and HBTU, the reaction of 

deprotected tris-alkyne scaffold 25 with DVP 4 under these conditions yielded only trace 

amounts of the desired linker 26. To overcome this reactivity issue, fluoro-

dipyrrolidinocarbenium hexafluorophosphate (BTFFH) was added dropwise to a mixture of 

DVP 4 and the deprotected tris-alkyne scaffold to active the carboxylic acid by acid fluoride 

formation in situ. This approach led to the generation of TetraDVP 26 in 20% yield 

(Scheme 20).  
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Scheme 20: Synthesis of TetraDVP 26 via Boc deprotection of tris-alkyne scaffold 25 and subsequent coupling to 

DVP 4.  

4.2.3 Synthesis of TetraDVPs with one or two alkyne groups (revisited) 

In light of the promising results obtained by Anders Højgaard Hansen regarding the synthesis 

of a TetraDVP 26, it was postulated that the new synthetic strategy might also improve the 

synthetic tractability and overall yield of TetraDVPs 15 and 21. Accordingly, the synthesis of 

these linkers was revisited.  

Initially, diethylenetriamine and triethylenetetramine were reacted with methyl ester 6 to 

generate tetra-N-Boc scaffolds 27 and 28 in 78% and 49% yield, respectively (Scheme 21). The 

two scaffolds were subsequently alkylated using α-bromo carbonyl 23 to produce mono-

alkyne scaffold 14 and bis-alkyne scaffold 20 in good yield. Finally, the two alkyne-containing 

tetra-N-Boc scaffolds were deprotected with HCl and coupled to DVP 4 as before to yield 

TetraDVP linkers 15 and 21. 
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Scheme 21: Synthesis of TetraDVPs 15 and 21 via the revised synthetic route. 

Direct comparison of the two syntheses of TetraDVP 15 and 21 showcased that the revised 

route not only afforded the desired linkers in fewer steps (6 vs 8 steps longest linear sequence 

[LLS]) and but also with higher overall yield (Table 4). The difference in yield was particularly 

pronounced for linker 21, for which an overall yield of 12% was obtained (cf. 0.7% in the 

original route).    

Table 4: Comparison of the original and revised synthetic routes towards TetraDVPs 15 and 21. 

 

Given these favourable results, the revised route was chosen as the preferred route for future 

analogue synthesis.   
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4.2.4 Synthesis of TetraDVPs with four alkyne groups 

Following the successful synthesis of TetraDVP linkers containing one, two or three alkyne 

groups, the synthesis of a TetraDVP linker with four alkynes was attempted, to enable the 

generation of ADCs with DARs of 1, 2, 3 or 4. However, application of the synthetic route 

established in Chapter 4.2.2 for this purpose proved challenging, as the required polyamine 

starting material – pentaethylenehexamine – could not be procured in sufficiently pure form. 

Therefore, an alternative linker design needed to be devised.  

It was proposed that an alternative tetra-alkyne scaffold could be accessed from intermediate 

28 via alkylation with a branched α-bromo carbonyl compound containing two alkyne groups. 

Accordingly, two potential linker structures – 35 and 36 – were designed. In TetraDVP 35 

(designed by Dr Anders Højgaard Hansen), the alkyne handles branch off an amide nitrogen 

close to the backbone of the scaffold (Figure 27). While this design was thought to be the 

most synthetically tractable, there were concerns about the close proximity of the branching 

point to the backbone introducing steric hindrance around the alkyne functionality which 

might inhibit attachment of payloads via CuAAC. Therefore, a second linker – TetraDVP 36 – 

was designed to include an additional spacer between the alkynes and the linear backbone of 

the linker.   

 

Figure 27: Proposed TetraDVP structures with four alkyne groups. 
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The first step in the synthesis of both linkers was the generation of bis-alkyne intermediate 

29 from 2,2'-azanediylbis(ethan-1-ol) via Boc protection and subsequent alkylation with 

propargyl bromide. This protocol was carried out by Dr Anders Højgaard Hansen and yielded 

the desired bis-alkyne 29 in 35% yield over two steps (Scheme 24).   

 

Scheme 24: Synthesis of bis-alkyne intermediate 29. 

Bis-alkyne 29 was subsequently used in the synthesis of two different α-bromo carbonyl 

compounds. For the first linker, Boc-amine 29 was deprotected using TFA and reacted with 

bromoacetyl bromide to give α-bromo carbonyl 30 in 60% yield over two steps. This synthesis 

was performed by Dr Anders Højgaard Hansen. For the second linker, bis-alkyne 29 was 

deprotected using HCl and alkylated with tert-butyl (5-bromopentyl)carbamate to afford 

tertiary amine 31 in good yield. Intermediate 31 was then further elaborated via Boc 

deprotection and reaction with bromoacetyl bromide to give α-bromo carbonyl 32 in 55% 

yield over two steps (Scheme 25). 

 

Scheme 25: Synthesis of α-bromo carbonyl compounds 30 and 32 from bis-alkyne 29. 
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With all required building blocks in hand, the assembly of TetraDVPs 35 and 36 commenced. 

Accordingly, α-bromo carbonyl compounds 30 and 32 were each reacted with tetra-N-Boc 

scaffold 28 to afford tetra-alkyne tetra-N-Boc intermediates 33 and 34 in 67% and 45% yield, 

respectively (Scheme 26). The synthesis of compound 33 carried out by Dr Anders Højgaard 

Hansen. 

 

Scheme 26: Generation of tetra-alkyne tetra-N-Boc scaffolds 33 and 34. 

Finally, tetra-N-Boc amines 33 and 34 were deprotected using HCl and coupled to DVP 4 to 

afford TetraDVP linkers 35 and 36 in 10% yield over two steps (Scheme 27), thus successfully 

concluding the generation of a panel of TetraDVP linkers with one, two, three or four alkyne 

handles. The reason for the low yield in the final step is unclear but may be related to the 

increased complexity and polarity of the linkers, which made purification challenging.  
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Scheme 27: Synthesis of TetraDVP linkers 35 and 36 from intermediates 33 and 34. 

4.3 Trastuzumab Bioconjugation  

Following the successful synthesis of five TetraDVP linkers, the bioconjugation potential of 

this class of linkers was investigated. If the linkers work as designed, each TetraDVP linker 

should be capable of rebridging all four interchain disulfides in an IgG1 antibody and thus 

facilitate efficient linking of the four polypeptide chains with minimal half antibody formation.     

Initial investigation into the bioconjugation potential of TetraDVP linkers focused on TetraDVP 

15, containing a single alkyne handle. Accordingly, the anti-HER2 antibody trastuzumab was 

reduced with TCEP at 37 °C for one hour, followed by incubation with 2 equivalents of 15 in 

10% DMSO/TBS (pH 8) at 37 °C for 4 hours (Figure 28A). LC-MS analysis of the reaction mixture 

showed complete conversion to an ALC (37) containing a single linker molecule (Figure 28B), 

showcasing that the TetraDVP linker is capable of reacting with the antibody in a 1:1 ratio. To 

probe if all eight of the cysteine-reactive vinyl groups of the linker had reacted with the 

antibody, ALC 37 was incubated with an excess of cysteine (>1000 equiv.) for 2 hours and re-

analysed by LC-MS. No change in the mass of ALC 37 was observed by LC-MS, indicating that 

no unreacted vinyl groups are present in the molecule. These results confirm that TetraDVP 
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linkers are indeed capable of rebridging all of the eight reactive cysteine residues of a reduced 

IgG1 antibody. 

 

Figure 28: Reaction of trastuzumab with TetraDVP linker 15. (A) Reaction conditions. (B) Analysis of the reaction 

between trastuzumab and 15 by LC-MS. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 

146,536 Da, observed 146,537 Da. 

To establish if the rebridging of four disulfides translates to a reduction in half antibody 

formation as intended, TetraDVP conjugate 37 was analysed by SDS-PAGE alongside the 

previously synthesised DVP-trastuzumab conjugate 11 and BisDVP-trastuzumab conjugate 12. 

Gratifyingly, SDS-PAGE analysis revealed that – unlike conjugates 11 and 12 – TetraDVP 

conjugate 37 comprised only trace amounts of half antibody (Figure 29). In fact, the only 
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observable side-product of the reaction was a minor amount of a HHL species in which only 

one of the light chains is covalently attached to the rest of the antibody. This analysis suggests 

that TetraDVP reagents significantly reduce the amount of half antibody formed during 

reaction. 

 

Figure 29: SDS-PAGE analysis of conjugates on 12% polyacrylamide gel with Coomassie staining. Lanes: M = 

molecular weight marker, 1 = trastuzumab, 2 = reduced trastuzumab, 3 = 11, 4 = 12, 5 = 37. Lane 1 was run under 

non-reducing conditions, lanes 2-5 were run under reducing conditions.  

To explore the robustness of the bioconjugation reaction and discover if a reduction in the 

presence of the HHL species may be achieved by optimisation of the reaction conditions, the 

reaction of trastuzumab with TetraDVP 15 was repeated under a range of different conditions 

(Figure 30). It was found that the reaction could be conducted with as little as 2.5% (v/v) of 

organic co-solvent and proceeded efficiently at protein concentrations between 1 – 5 mg/mL 

and temperatures of 4 – 37 °C, although a slight decrease in reactivity was observed at lower 

temperatures. Furthermore, it was observed that the order of addition of TCEP and linker had 

little impact on the outcome of the reaction, indicating that the two reagents do not interfere 

with one another. Across all experiments, the relative amounts of full antibody and HHL 

stayed consistent. Lastly, scale-up of the reaction showed that the bioconjugation could 

produce 1.4 milligrams of conjugate in a single batch while maintaining excellent product 

homogeneity and >90% protein recovery after removal of unreacted small molecule reagents. 

These results demonstrate that the TetraDVP reaction is both robust and scalable.  
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Figure 30: Optimisation of bioconjugation conditions for the reaction of trastuzumab with TetraDVP 15. Analysis 

was carried out by reducing SDS-PAGE on 12% polyacrylamide gels with Coomassie staining. Lanes were loaded 

with 5 µg of protein. Lanes: M = molecular weight marker. Reaction conditions are displayed above the 

corresponding lane.  

Having established the bioconjugation ability of TetraDVP 15, the reactivity of the remaining 

linkers was investigated. As such, trastuzumab was reduced with TCEP at 37 °C for one hour, 

followed by incubation with 2 equivalents of 21, 26, 35 or 36 in 10% DMSO/TBS (pH 8) at 37 °C 

for 4 hours to yield ALCs 38, 39, 40 and 41 (Figure 31).  

Despite slight variations in linker length, all four linkers displayed comparable reactivity to 

linker 15 and generated conjugates with outstanding homogeneity, as determined by LC-MS 

(Figure 32) and SDS-PAGE (Figure 33). These results show that the all-in-one rebridging 

approach is not restricted to a single linker scaffold and small variations in linker length and 

flexibility are well tolerated. This suggests that TetraDVPs have potential for modulating the 

drug loading of antibody conjugates.  

25

30

150

85

50

40

60

25

30

150

85

50

40

60

M

%DMSO

2.5% 5% 10%

Conc. / mg/mL

1 2.5 5

Temp. / °C

37 25 4

25

30

150

85

50

40

60

M M

Order of addition

A = TCEP (10 equiv.), 37 °C, 1 h, then 15 (2 equiv.), 37 °C, 4 h

B = 15 (2 equiv.), 37 °C, 1 h, then TCEP (10 equiv.), 37 °C, 4 h
C = TCEP (10 equiv.), 15 (2 equiv.), 37 °C, 5 h

A B C



63 

 

 

Figure 31: Reaction of trastuzumab with TetraDVP linkers 21, 26, 35 and 36.  

 

 

Figure 32: Analysis of trastuzumab and TetraDVP conjugates by LC-MS. 
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Figure 33: SDS-PAGE analysis of TetraDVP conjugates. Analysis was carried out by reducing SDS-PAGE on 12% 

polyacrylamide gels with Coomassie staining. Lanes: M = molecular weight marker, 1 = 37, 2 = 38, 3 = 39, 4 = 40, 

5 = 41. 

 

4.4 Functionalisation with AlexaFluor™ 488 

Having established the ability of TetraDVP linkers to generate highly homogenous antibody 

conjugates with different numbers of alkyne handles, the potential for further 

functionalisation of the TetraDVP conjugates via CuAAC was investigated. For this purpose, 

the reaction of TetraDVP conjugates 37-41 with AlexaFluor™ 488 azide was studied initially.  

Accordingly, TetraDVP conjugates 37-41 were reacted with AlexaFluor™ 488 azide in the 

presence of CuSO4·5H2O, THPTA and sodium ascorbate in 10% DMSO/PBS at 37 °C, and then 

analysed by UV-vis spectrophotometry. 

Reaction of ALC 37 – containing one alkyne handle – with 12 equivalents of AlexaFluor™ 488 

azide for 6 hours successfully yielded AFC 42 with a FAR of 1.0 (Table 5, Entry 1 and Figure 34). 

Similarly, reaction of ALC 38 and 39 – containing two or three alkyne handles – successfully 

generated AFCs 43 and 44 with FARs of 2.0 and 2.9, respectively (Table 5, Entries 2-3 and 

Figure 34). However, reaction of ALC 40 – containing four alkynes – did not yield an AFC with 

a fluorophore loading of four, but rather stalled at a FAR of 1.9 (Table 5, Entry 4).  Increasing 

reagent stoichiometry or reaction time did not result in increased conversion (Table 5, 

Entries 5-6).   
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Table 5: CuAAC reactions of TetraDVP ALCs with AlexaFluor™ 488 azide. 

 

 

Figure 34: Analysis of AFCs by UV-vis spectroscopy. 
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The poor reactivity of ALC 40 may be due to conformational rigidity effected by the tertiary 

amide functionality of its constituent linker 35 (Figure 35). These amides display restricted 

bond rotation, as evidenced by the 1H and 13C NMR of TetraDVP 35 and its precursors 30 and 

33, which all appear as a mixture of rotamers. It is possible that this lack of conformational 

flexibility restricts access to two of the four alkyne handles, thus causing the CuAAC with 

AlexaFluor™ 488 azide to stall after attachment of the first two fluorophore molecules. This 

hypothesis is further supported by the fact that the reaction of AlexaFluor™ 488 azide with 

ALC 41 – which does not contain any tertiary amides – successfully generated an AFC (42) 

with a FAR of 4.0 (Table 5, Entry 7 and Figure 34). These results indicate that TetraDVP linkers 

must possess a certain degree of conformational flexibility to enable efficient post-

conjugation functionalisation with azide-containing payloads.  

 

Figure 35: The conformational rigidity caused by the tertiary amides (shown in blue) of ALC 40 may be the cause 

of poor CuAAC reactivity. 

To verify that the observed absorbance of AFCs 42-46 is indeed caused by covalent 

attachment of the fluorophore to the antibody, AFCs 42, 43, 44 and 46 were analysed by SDS-

PAGE with in-gel fluorescence (Figure 36). The resulting images not only confirm the covalent 

attachment of the fluorophore to the antibody but display an increase in fluorescence 

intensity correlating with the number of alkyne moieties in the ALC precursor, indicating 

increased fluorophore loading. These observations showcase the viability of TetraDVPs for 

the construction of antibody conjugates with modular cargo loading and furthermore 

highlight the utility of this method for imaging applications where AFCs with precisely tuned 

fluorescence intensity may be required.  
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Figure 36: SDS-PAGE analysis of AFCs. Analysis was carried out by reducing SDS-PAGE on 12% polyacrylamide 

gels. Lanes were loaded with 4 µg of sample and visualised by in-gel fluorescence (lanes 5-8), followed by 

Coomassie staining (lanes 1-4). Lanes: M = molecular weight marker, 1 and 5 = 42, 2 and 6 = 43, 3 and 7 = 44, 4 

and 8 = 46. 

 

Figure 37: Analysis of the reaction between ALC 38 and AlexaFluor™ 488 azide by LC-MS. (A) Analysis of ALC 38. 

Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 146,674 Da, observed 146,669 Da. (B) 

Analysis of AFC 43. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 147,988 Da, observed 

147,991 Da. 

B

A
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Finally, mass spectrometry was used to unambiguously show covalent attachment of 

AlexaFluor™ 488 to the TetraDVP conjugates. As such, AFC 43 was analysed by LC-MS 

(Figure 37). The LC-MS trace confirmed covalent attachment of two molecules of 

AlexaFluor™ 488 azide to the antibody as expected. This result corroborates the results of the 

UV-vis analysis (i.e. that AFC 43 has a FAR of 2), and furthermore shows that the measured 

FAR is a precise FAR and not merely an average value produced by a mixture of AFC 

populations with varying fluorophore loading. These observations showcase the ability of 

TetraDVPs to facilitate the construction of homogenous antibody conjugates with precise 

cargo loading in a modular fashion. 

4.5 Biological Evaluation 

One of the most important features of a successful bioconjugation method is that it does not 

interfere with the intended biological function of the protein. In the case of an antibody, it is 

paramount that antigen binding affinity and cellular selectivity are not negatively affected. 

Additionally, in the case of an ADC, it is critical that the linkage between the antibody and the 

payload is stable in circulation to prevent premature payload release. Accordingly, a series of 

assays were carried out to investigate the effect of TetraDVP modification on antigen binding 

and examine the stability of the linkage under physiological conditions.  

4.5.1 Stability 

The first priority was to ascertain the stability of the TetraDVP linkage to the antibody. 

Maleimides – the most commonly employed cysteine bioconjugation reagents in approved 

and clinical-stage ADCs – are known to generate semi-stable conjugates which have been 

shown to transfer their payloads to plasma proteins such as serum albumin after just 1-2 days 

of incubation in blood plasma.128,130,132 This instability can be detrimental for drug 

development, as cytotoxic molecules which are released from the antibody prematurely have 

the potential to non-selectively harm healthy tissues and cause serious adverse events in 

patients.  

In contrast to the thiosuccinimide linkage generated from maleimides, the thioether linkage 

created from vinylpyrimidines has been shown to be highly stable under physiological 

conditions. Indeed, AFCs made via monovinylpyrimidine or DVP conjugation have proven to 

be stable in human plasma for at least 7 or 14 days, respectively.132,183 Due to both the 
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inherent stability of the thioether linkage and the attachment of the payload to the antibody 

through eight covalent bonds, TetraDVP conjugates are also expected to be stable in human 

plasma for a minimum of 14 days.  

To verify this, a stability assay involving incubation of AFC 42 in human plasma was carried 

out. Human plasma contains a large number of proteins, the most abundant of which is HSA. 

HSA is present in human plasma at a concentration of approximately 600 µM. Approximately 

75% of plasma HSA contains a single reduced cysteine residue (Cys34).94 This thiol is known 

to be modifiable by cysteine-reactive linkers;132,204,205 thus, if any of the AlexaFluor™ 488 

payload of AFC 42 was released during incubation in human plasma, it would likely react with 

HSA. Due to the fluorescent nature of the payload and the distinctive size of HSA (~66.5 kDa), 

this transfer would be observable by SDS-PAGE. Accordingly, AFC 42 was incubated in human 

plasma at 37 °C for 14 days. Throughout the incubation period, aliquots were taken every two 

days and stored at -80 °C before analysis by SDS-PAGE with in-gel fluorescence detection. 

Gratifyingly, no transfer of fluorescence to HSA or any other plasma proteins was observed 

over the entire duration of the study (Figure 38), indicating that the TetraDVP linkage is stable 

in human plasma.  

 

Figure 38: Stability analysis of AFC 42 in human plasma by SDS-PAGE. Lanes: M = molecular weight marker, P = 

human plasma, days of incubation are depicted above the representative lane. Left gel is after Coomassie 

staining, right gel is in-gel fluorescence measured before staining. No transfer of AlexaFluor™ 488 to human 

serum albumin (66.5 kDa, indicated by the red box) or any other plasma proteins was observed over the 14-day 

incubation period. 

To gather additional evidence for the stability of TetraDVP conjugates, AFCs 43, 44 and 46 

were subjected to the same conditions. All conjugates yielded comparable results, with no 

fluorescence transfer observed over 14 days of incubation in human plasma (Figure 39).  
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Figure 39: Stability analysis of AFCs (A) 43, (B) 44 and (C) 46 in human plasma by SDS-PAGE. Lanes: M = molecular 

weight marker, days of incubation are depicted above the representative lane. Left gel is after Coomassie 

staining, right gel is in-gel fluorescence measured before staining. No transfer of AlexaFluor™ 488 to human 

serum albumin or any other plasma proteins was observed over the 14-day incubation period. 

These results confirm the exquisite stability of the TetraDVP linker system and inspired further 

investigations into the biological profile of TetraDVP conjugates.  
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4.5.2 Aggregation 

Modification of antibodies with hydrophobic entities – such as ADC linkers and payloads – has 

the potential to induce aggregation. This can be detrimental to clinical ADC development, as 

the presence of aggregates not only reduces the antibody’s half-life and biological activity, 

but may also cause an immunogenic response in patients.89,206 Thus, the effect of TetraDVP 

linkers on aggregation was investigated.  

Size-exclusion chromatography (SEC) – also known as gel filtration – is a commonly used 

method for the quantification of protein aggregates. SEC separates molecules by differences 

in size as they pass through a resin packed in a column, thus allowing the separation of high 

molecular weight species (HMWS) and monomeric antibody in an antibody conjugate.207  

 

Figure 40: SEC analysis of (A) trastuzumab, (B) ALC 37, (C) ALC 38, (D) ALC 39 and (E) ALC 41. 
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Accordingly, unmodified trastuzumab and ALCs 37, 38, 39 and 41 were analysed by SEC 

(Figure 40). This analysis was carried out with Teodors Pantelejevs and Matthew Ratcliff. 

Gratifyingly, all conjugates displayed a comparable level of HMWS (~1%) to native 

trastuzumab, indicating that TetraDVPs do not induce protein aggregation.  

4.5.3 Binding affinity 

Having confirmed the exquisite stability and favourable aggregation profile of TetraDVP 

conjugates, the effect of TetraDVP modification on the binding affinity of trastuzumab for its 

native antigen – the cell surface receptor HER2 – was investigated.  

To determine the binding affinity of TetraDVP conjugates 37, 38, 39 and 41 relative to that of 

the unmodified antibody, an enzyme-linked immunosorbent assay (ELISA) carried out. 

Encouragingly, no significant difference in HER2 binding affinity was observed between any 

of the conjugates and unmodified trastuzumab (Figure 41). These results suggest that the 

modification with TetraDVP linkers does not interfere with antigen recognition.  

 

Figure 41: HER2 binding affinity comparison of trastuzumab and ALCs 37, 38, 39 and 41 by ELISA. All conjugates 

display concentration-dependant binding to HER2. Tras = trastuzumab. Error bars represent the standard 

deviation of biological quadruplicates. 

4.5.4 Cellular selectivity 

Having confirmed that TetraDVP conjugates retain the antigen binding affinity of the parent 

antibody, it was investigated if this favourable affinity profile translates to selective targeting 

of antigen-positive cells in vitro. For this purpose, one HER2-positive cell line (SKBR3) and one 

HER2-negative cell line (MCF7) were chosen. Both SKBR3 and MCF7 are human breast cancer 

cell lines with widespread use in cancer research.208  
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To establish if TetraDVP conjugates selectively target the HER2-positive cell line, a live cell 

microscopy experiment was devised. SKBR3 and MCF7 cells were incubated with fluorescent 

conjugates 42 or 43, trastuzumab or vehicle control (PBS) for 1 hour at 4 °C and then washed 

to remove unbound antibody. The cells were then incubated at 37 °C for a further 3 hours, 

followed by confocal microscopy imaging. This experiment was carried out with Dr Stephen J. 

Walsh. 

The obtained images revealed high levels of labelling with 42 and 43 in HER2-positive SKBR3 

cells. In contrast, no fluorescent signal was observed for the HER2-negative MCF7 cell line 

(Figure 42), thus confirming the excellent cellular selectivity of TetraDVP conjugates for HER2-

positive over HER2-negative cells.  

 

Figure 42: Live cell microscopy images of HER2-positive SKBR3 cells and HER2-negative MCF7 cells after 

treatment with AFCs 42 or 43, trastuzumab or vehicle control. Scale bar represents 50 µm. 

These results – in combination with the favourable results obtained regarding conjugate 

stability, aggregation, and binding affinity – provided a strong basis for the investigation of 

TetraDVPs for the generation of biologically active ADCs.  
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4.6 Functionalisation with cytotoxic payloads 

4.6.1 Post-conjugation functionalisation with MMAE 

To explore the application of TetraDVP linkers for the generation of biologically active ADCs, 

ALCs 37, 38, 39 and 41 were functionalised with MMAE. MMAE is a potent tubulin inhibitor 

and a constituent of the FDA-approved ADCs Adcetris®, Polivy® and Padcev®.  

4.6.1.1 N3-PEG4-Val-Cit-PABC-MMAE  

For an initial assessment of the functionalisation of TetraDVP ALCs with MMAE, ALC 37 was 

modified with payload 47 (synthesised by Dr Stephen J. Walsh), which is composed of an azide 

connected to MMAE through a PEG4 spacer (i.e. –[O-CH2-CH2]n– where n = 4) and a cathepsin-

cleavable Val-Cit-PABC motif (Figure 43).  

 

Figure 43: Reaction of ALC 37 with N3-PEG4-Val-Cit-PABC-MMAE 47. 
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In the first instance, ALC 37 was reacted with 24 equivalents of payload 47 in the presence of 

CuSO4·5H2O, THPTA and sodium ascorbate in 10% DMSO/PBS at 37 °C for 6 hours to yield ADC 

48.  

Attempts to analyse ADC 48 by LC-MS were unsuccessful due to insufficient resolution. This 

lack of resolution can likely be attributed to the large size of the conjugate (~148 kDa in 

deglycosylated form), which approaches the detection limit of the available LC-MS 

equipment. Therefore, native MS was investigated as an alternative method for ADC analysis. 

Native MS is a type of mass spectrometry performed under non-denaturing conditions and 

ideally suited for the analysis of large biomolecules such as ADCs, which may be challenging 

to analyse using classical denaturing LC-MS techniques.125,209 Native MS analysis of ADC 48 

revealed the presence of two different antibody species, the masses of which approximated 

those of the starting material – ALC 37 – and the expected product containing one MMAE 

payload (Figure 44). The two species appeared to be present in a 1:1 ratio, indicating 

approximately 50% conversion for the CuAAC reaction.   

 

Figure 44: Analysis of the reaction of ALC 37 with payload 47 by native MS. Expected 146,536 Da (starting 

material) and 147,919 Da (product), observed 146,741 Da and 148,228 Da. 

Having ascertained that the initial CuAAC reaction of ALC 37 with payload 47 did not go to 

completion, it became clear that further reaction optimisation would be required. While 

native MS gave valuable insight into the composition of ADC 47, it is a very time-consuming 

technique, thereby making it unfit for extended optimisation processes. Consequently, an 
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alternative analytical method based on hydrophobic interaction chromatography (HIC) was 

devised. 

HIC is a chromatographic technique used for the characterisation of ADCs through the 

separation of different ADC components based on their hydrophobicity. Since most ADC 

payloads are hydrophobic, their attachment to an antibody increases the hydrophobicity of 

the latter. This change is proportional to the number of payload molecules attached to the 

antibody, thus allowing the separation of different ADC populations with varying DAR by 

HIC.210–212 The method by which HIC separates the different ADC species is based on the 

principle of proteins precipitating in high salt buffers due to the loss of their hydration shell. 

The precipitated proteins associate with the nonpolar column matrix through non-covalent 

interactions – the strength of which is proportional to the net hydrophobicity of the protein 

– and can subsequently be eluted in the order of least hydrophobic to most hydrophobic by 

treatment with a linear gradient of a low salt buffer.213 

Accordingly, HIC analysis of ADC 48 and its precursor ALC 37 was carried out using a linear 

gradient of solvent B in solvent A, where solvent A is 1.5 M (NH4)2SO4 in 25 mM NaPi and 

solvent B is 25% isopropyl alcohol (IPA) in 25 mM NaPi. The HIC trace of ADC 48 confirmed 

the presence of two distinct antibody species – corresponding to the DAR 0 and DAR 1 

conjugates – as previously indicated by native MS analysis (Figure 45). The two species 

appeared be present in a 45:55 ratio, corresponding to an average DAR of 0.6 for ADC 48 

(Table 6, Entry 1).  

 

Figure 45: Example HIC traces of (A) ALC 37 and (B) ADC 48 obtained at a 0-100% gradient of Buffer B [25% 

IPA/NaPi (25 mM, pH 7)] in Buffer A [1.5 M (NH4)2SO4, 25 mM NaPi (pH 7)]. 
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Having developed a suitable analytical technique to quantify the conversion of post-

conjugation CuAAC reactions with MMAE payloads, optimisation of the CuAAC of ALC 37 with 

payload 47 was attempted by adjustment of reagent stoichiometry (Table 6, Entries 2-3). 

However, even in the presence of 100 equivalents of azide 47, no increase in conversion was 

observed.  

Table 6: Optimisation of the CuAAC of ALC 37 with N3-PEG4-Val-Cit-PABC-MMAE 47. 

 

To ascertain if the observed lack of reactivity regarding the CuAAC with payload 47 is specific 

to ALC 37, the modification of ALCs 38, 39 and 41 was attempted. Accordingly, the ALCs were 

reacted with 100 equivalents of payload 47 in the presence of CuSO4·5H2O, THPTA and sodium 

ascorbate in 10% DMSO/PBS at 37 °C for 7 hours to yield ADCs 49, 50 and 51 (Figure 46).  
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Figure 46: Structures of ALCs 38, 39 and 41 and ADCs 49-51. 

As ALCs 38, 39 and 41 contain two, three and four alkyne handles, they should theoretically 

yield ADCs with DARs of 2.0, 3.0 and 4.0, respectively. However, analysis of the reactions by 

HIC revealed all three ADCs to be composed of a mixture of ADC populations with varying 

DAR. This composition resulted in measured average DAR values of 1.0, 1.6 and 2.5 for ADCs 

49, 50 and 51, respectively (Table 7). In the case of ADC 49, the desired DAR 2 species 

accounted for 27% of the total composition, while for ADC 50 the desired DAR 3 species 
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constituted 16%. For ADC 51, the desired DAR 4 species accounted for 21% of all antibody 

species. These results indicate the lack of observed CuAAC reactivity is not specific to ALC 37.  

Table 7: CuAAC reactions of ALCs 38, 39 and 41 with N3-PEG4-Val-Cit-PABC-MMAE 47. 

 

Considering that all four TetraDVP ALCs (37, 38, 39 and 41) displayed excellent reactivity in 

the CuAAC with AlexaFluor™ 488 azide, it was hypothesised that the poor reactivity observed 

for the functionalisation with MMAE may be due to the nature of the selected payload 47. 

Therefore, a number of alternative payloads were investigated. The following chapters 

contain an overview of these investigations.  

4.6.1.2 N3-PEG24-Val-Cit-PABC-MMAE  

It was hypothesised that the poor reactivity of N3-PEG4-Val-Cit-PABC-MMAE 47 may be due 

to insufficient aqueous solubility, as precipitation was observed in all reactions carried out 

with this payload. Therefore, it was speculated that the use of a payload with improved 

solubility might increase the conversion of the CuAAC reaction.  

A common way of increasing the aqueous solubility of ADC linker-payloads is the 

incorporation of extended PEG chains.179,214 Accordingly, N3-PEG24-Val-Cit-PABC-MMAE 52 – 

containing 20 additional PEG spacers relative to payload 47 – was investigated as an 

alternative payload for the functionalisation of TetraDVP conjugates. Accordingly, ALCs 37 

and 38 were reacted with 100 equivalents of N3-PEG24-Val-Cit-PABC-MMAE 52 (synthesised 

by Dr Stephen J. Walsh) in the presence of CuSO4·5H2O, THPTA and sodium ascorbate to yield 

ADCs 53 and 54 (Figure 47).  
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Figure 47: Reaction of ALCs 37 and 38 with N3-PEG24-Val-Cit-PABC-MMAE 52 to yield ADCs 53 and 54. 

The additional PEG spacers indeed appeared to improve the aqueous solubility of the payload 

as observed by lower levels of payload precipitation in 10% DMSO/PBS. However, despite 

this, poor conversion was observed. In fact, the reactivity of N3-PEG24-Val-Cit-PABC-MMAE 52 

appeared to be lower than that of N3-PEG4-Val-Cit-PABC-MMAE 47, with DAR values of 0.1 

and 0.3 measured for ADCs 53 and 54 (Table 8).   

Table 8: Reaction conditions for CuAAC reactions of ALCs 37 and 38 with N3-PEG24-Val-Cit-PABC-MMAE 52. 
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It is possible that the extended PEG chain component of payload 52 increases steric hindrance 

around the azide group, thus restricting its participation in CuAAC reactions.   

4.6.1.3 N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE  

In addition to PEGylation, strategies for improving aqueous solubility of ADC linkers 

commonly involve the incorporation of anionic functional groups, such as carboxylic acids, 

sulfites or phosphate groups.102,215,216 Therefore, N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55 

was investigated as an alternative payload for the functionalisation of TetraDVP ALCs. Payload 

55 (synthesised by Dr Stephen J. Walsh) contains two glutamate residues, which are 

negatively charged at physiological pH, thus improving the overall aqueous solubility of the 

payload.  

Reaction of 100 equivalents of N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55 with ALCs 37, 38, 

39 and 41 was carried out in the presence of CuSO4·5H2O, THPTA and sodium ascorbate to 

yield ADCs 56-59 (Figure 48).  

The ADCs were analysed by HIC, revealing average DAR values of 0.7, 1.6, 1.9 and 3.0 for ADCs 

56, 57, 58 and 59, respectively (Table 9, Entries 1-4). These results show that an improvement 

in CuAAC conversion can be attained by using N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55 

instead of the original payload, N3-PEG4-Val-Cit-PABC-MMAE 47, thus confirming that 

improvements in payload solubility have the potential to improve CuAAC reactivity. 

Nonetheless, none of the reactions with payload 55 went to competition, suggesting that 

further optimisation is required.  

To assess if adjustments of reagent stoichiometry could push the reaction to competition, 

ALCs 39 and 41 were reacted with 200 equivalents of N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 

55 in the presence of CuSO4·5H2O, THPTA and sodium ascorbate. The reaction of ALC 39 with 

payload 55 yielded an ADC with an increased DAR of 2.3, indicating that increasingly forcing 

conditions can indeed lead to improved CuAAC conversion (Table 9, Entry 5). In contrast, the 

reaction of ALC 41 with 200 equivalents of payload 55 did not result in an increase in DAR 

compared to the previous reaction with 100 equivalents of payload 55 (Table 9, Entry 6). 

These results indicate that forcing conditions are not beneficial in all cases, and that further 

linker and/or payload optimisation will be required to achieve consistently good conversion 

in the CuAAC reaction.   
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Figure 48: Reaction of TetraDVP ALCs 37, 38, 39 and 41 with N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55. 
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Table 9: Reaction conditions and outcomes of CuAAC reactions of ALCs 37, 38, 39 and 41 with N3-PEG4-Glu2-

PEG2-Val-Cit-PABC-MMAE 55. 

 

4.6.1.4 N3-PEG4-MMAE  

In light of the dissatisfactory results obtained for the CuAAC of TetraDVP ALCs with cathepsin-

cleavable Val-Cit-PABC-MMAE payloads 47, 52 and 55, the functionalisation of TetraDVP 

conjugates with a non-cleavable MMAE payload was attempted. N3-PEG4-MMAE 60 was 

chosen as a suitable payload for this purpose. The cleavable Val-Cit motif is one of primary 

causes of the low aqueous solubility of cathepsin-cleavable MMAE payloads.41,217 Therefore, 

it was postulated that the removal of this functionality should yield a payload with improved 

solubility, even without the addition of extended PEG chains or anionic functional groups. 

Furthermore, it was hypothesised that the smaller size of the payload compared to cleavable 

payloads 47, 52 and 55 might alleviate issues with steric hindrance.  
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Reaction of 100 equivalents of N3-PEG4-MMAE 60 (synthesised by Dr Stephen J. Walsh) with 

ALCs 37, 38, 39 and 41 was carried out in the presence of CuSO4·5H2O, THPTA and sodium 

ascorbate to yield ADCs 61-64 (Figure 49).  

 

Figure 49: Reaction of TetraDVP ALCs 37, 38, 39 and 41 with N3-PEG4-MMAE 60. 

HIC analysis enabled the measurement of average DAR values of 0.8, 1.6, 2.1 and 2.8 for ADCs 

61, 62, 63 and 64, respectively (Table 10). These results represent an improvement over the 

conversion achieved with N3-PEG4-Val-Cit-PABC-MMAE 47, but no significant improvement 

over N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55.  
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Table 10: Reaction conditions and outcomes of CuAAC reactions of ALCs 37, 38, 39 and 41 with N3-PEG4-MMAE 

60. 

 

The results presented herein show that the functionalisation of TetraDVP conjugates with 

cleavable and non-cleavable MMAE payloads is possible, and that the DAR of the resulting 

ADCs correlates with the number of alkyne moieties introduced onto the antibody. However, 

further optimisation is required to achieve complete conversion for the post-conjugation 

CuAAC reaction and generate fully homogenous ADCs. Changes in the size and/or solubility 

of the MMAE payload were shown to affect CuAAC conversion to a certain degree but are 

unlikely to be sufficient to achieve full conversion. Therefore, to meet the objective of 

generating fully homogenous ADCs using TetraDVPs, more significant adjustments of the 

methodology may be required.  

4.6.2 Post-conjugation functionalisation with SN-38 

Considering the moderate conversion observed regarding the generation of TetraDVP ADCs 

with MMAE payloads, the use of an alternative payload was investigated. For this purpose, 

the topoisomerase inhibitor 7-ethyl-10-hydroxycamptothecin – more commonly known as 

SN-38 – was chosen. 

SN-38 is a synthetic analogue of the natural product camptothecin and has found extensive 

use in ADC development in recent years – most notably as the payload of the FDA-approved 

ADC Trodelvy®. Compared to MMAE, SN-38 is approximately 100-times less potent. Thus, the 
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preferred DAR for ADCs containing SN-38 is deemed to be around eight.218 The reason why 

SN-38 was chosen as an alternative payload for the functionalisation of TetraDVP conjugates 

is because of its small size: SN-38 has the lowest molecular weight of all FDA-approved ADC 

payloads. It was hoped that the compact size of SN-38 might alleviate issues with steric 

hindrance in the CuAAC reaction.   

 

Figure 50: Structures of camptothecin and SN-38. The labelled carbon atoms in SN-38 represent the two most 

common linker attachment points. 

To investigate the modification of TetraDVP conjugates with SN-38, an azide-functionalised 

analogue of SN-38 needed to be synthesised. Past studies have investigated the 

functionalisation of SN-38 through the two alcohol groups at C10 and C20 via carbonate or 

ester formation.93,219,220 It was found that the phenolic alcohol at C10 is the more reactive of 

the two alcohols; however, linker attachment at the C20 position is preferable from a 

pharmacological standpoint, as the resulting linkage is more stable. Furthermore, linker 

attachment at the C20 position prevents opening of the lactone ring to the inactive 

carboxylate form. Unmodified SN-38 exists in an pH-dependent equilibrium between the 

active lactone form and the inactive carboxylate form, the latter of which constitutes 

approximately 30-40% of the total composition of unmodified SN-38.221 Modification of the 

C20 position with carbonates or esters significantly reduces the presence of the inactive 

carboxylate form.222 Indeed, Trodelvy® is synthesised via linker attachment to the C20 

position of SN-38.  

Based on these findings and a need for high synthetic tractability, azide-functionalised SN-38 

67 was designed and synthesised. Initially, SN-38 was reacted with Boc anhydride to block the 

C10 position and generate intermediate 65 in quantitative yield. Subsequently, the Boc-

protected intermediate was reacted with 14-azido-3,6,9,12-tetraoxatetradecanoic acid 

(N3-PEG3-CO2H) in the presence of N,N′-diisopropylcarbodiimide (DIC) and 

4-dimethylaminopyridine (DMAP) to produce azide 66 in good yield. Lastly, O-Boc azide 66 
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was deprotected using TFA to restore the free alcohol and deliver the azide-functionalised 

SN-38 payload 67 in 69% yield (Scheme 28).  

 

Scheme 28: Synthesis of azide-functionalised SN-38 payload 67 from SN-38 via Boc protection, ester formation 

and Boc deprotection.  

With the desired payload in hand, the post-conjugation CuAAC with TetraDVP ALCs was 

attempted. Accordingly, TetraDVP-trastuzumab conjugates 37, 38, 39 and 41 were reacted 

with payload 67 in the presence of CuSO4·5H2O, THPTA and sodium ascorbate to yield ADCs 

68-71 (Figure 51). 
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Figure 51: CuAAC reaction of ALCs 37, 38, 39 and 41 with SN-38 payload 67. 

To determine the degree of conversion, the ADCs were analysed by HIC. However, accurate 

DAR values could not be determined due to significant peak overlap (Figure 52). The increased 

peak broadening and delayed elution time of ADCs 68-71 with respect to their ALC precursors 

indicates that a reaction has taken place; however, the degree of conversion is unknown.  

Despite extensive screening of different buffer systems and gradients, no improvement in 

peak resolution could be achieved. This suggests that SN-38 payload 67 may not be 

sufficiently hydrophobic to allow reaction monitoring by HIC. 
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Figure 52: HIC analysis of CuAAC of TetraDVP ALCs with SN-38 67. Left panels = ALC starting material. Right 

panels = Reaction product. (A) Reaction of 67 with ALC 37. (B) Reaction of 67 with ALC 38. (C) Reaction of 67 

with ALC 39. (D) Reaction of 67 with ALC 41. 
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SN-38 and its analogues are known to weakly absorb light at 370 nm.93 Indeed, multi-

wavelength HIC analysis shows absorbance at 370 nm for ADCs 68-71 but not for their 

precursor ALCs 37, 38, 39 and 41 (Figure 52). Therefore, the use of UV-vis spectrophotometry 

was investigated as an alternative means of DAR determination.  

Encouragingly, UV-vis analysis of ADCs 68-71 showed an increase in the ratio of A370 over A280 

proportional to the number of alkyne handles in the precursor ALC (Figure 53). This indicates 

that an increased number of alkynes in the precursor ALC does indeed lead to an increased 

SN-38 loading in the final ADC, as intended.  

 

Figure 53: Analysis of SN-38 ADCs by UV-vis spectroscopy. 

To accurately determine an average DAR for each ADC from its UV-vis spectrum, an extinction 

coefficient for SN-38 absorbance at 370 nm and a correction factor for SN-38 absorbance at 

280 nm is required. Determination of these factors was attempted by measuring the 

absorbance of a dilution series of SN-38 in MeCN/H2O. However, due to the poor aqueous 

solubility of SN-38, the highest attainable concentration of SN-38 in 20% MeCN/H2O was 

1 mM. Considering the weak absorbance of SN-38, this concentration maximum was 

insufficiently high to accurately determine an extinction coefficient or a correction factor.  

An attempt to assess the composition of ADCs 68-71 by LC-MS proved equally unsuccessful 

due to insufficient resolution.  

These results show that TetraDVP conjugates have the potential for functionalisation with 

SN-38 payloads. However, the selected SN-38 payload 67 is not ideal for this purpose as 
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reactions with this payload are difficult to monitor by any of the established analytical 

techniques.  

4.6.3 Pre-conjugation functionalisation with MMAE 

Considering the dissatisfactory conversion obtained for the post-conjugation 

functionalisation of TetraDVP ALCs with ADC payloads, an attempt was made to change the 

order of the rebridging and CuAAC steps in a bid to generate fully homogenous TetraDVP 

ADCs. The conjugation of TetraDVP linkers to trastuzumab generates steric hindrance around 

the alkyne functionality of the linker, which is likely to be a contributing factor to the poor 

conversion observed for the post-conjugation CuAAC. Performing the CuAAC reaction prior 

to bioconjugation may therefore improve reactivity.  

Accordingly, TetraDVP 15 – containing a single alkyne handle – was reacted with N3-PEG4-Val-

Cit-PABC-MMAE 47 in the presence of CuSO4·5H2O, THPTA and sodium ascorbate for 2 hours 

to yield TetraDVP-MMAE linker-payload 72 in 25% yield (Scheme 29). Analysis of the crude 

reaction mixture by LC-MS showed >90% conversion to the desired product; therefore, the 

low isolated yield of 72 can likely be attributed to complications during purification.   

 

Scheme 29: CuAAC reaction of TetraDVP 15 with N3-PEG4-Val-Cit-PABC-MMAE 47 to generate linker-payload 72. 
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Next, the reaction of TetraDVP-MMAE linker-payload 72 with trastuzumab was attempted. 

Trastuzumab was reduced with TCEP at 37 °C for 1 hour, followed by incubation with 2 or 10 

equivalents of TetraDVP 72 in 5% DMSO/TBS at 37 °C for 4 hours (Figure 54A). Analysis of the 

reactions by SDS-PAGE revealed incomplete conversion in both cases, as evidenced by the 

presence of significant amounts of unreacted heavy and light chains (Figure 54B).     

 

Figure 54: Reaction of trastuzumab with TetraDVP-MMAE linker-payload 72. (A) Reaction conditions. (B) SDS-

PAGE analysis of TetraDVP conjugates. Analysis was carried out by reducing SDS-PAGE on 12% polyacrylamide 

gels with Coomassie staining. Lanes: M = molecular weight marker, 1 = Reaction of trastuzumab with 2 equiv. of 

TetraDVP 15, 2 = Reaction of trastuzumab with 2 equiv. of TetraDVP 72, 3 = Reaction of trastuzumab with 10 

equiv. of TetraDVP 72. 
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To establish if the poor rebridging efficiency might be caused by insufficient reaction time or 

a lack of linker-payload solubility in the selected buffer system, a number of different reaction 

conditions were screened. Accordingly, reduced trastuzumab was reacted with linker-payload 

72 in TBS with 5, 10 or 15% organic co-solvent at 37 °C for 4 or 24 hours (Figure 55A). Analysis 

of the reactions by SDS-PAGE showed that an increase in DMSO content from 5% to 10% 

indeed resulted in a slight increase in the amount of fully rebridged antibodies produced by 

the reaction (Figure 55B). However, a significant amount of unreacted light and heavy chain 

was still seen to be present. Further increasing the DMSO content from 10% to 15% did not 

appear to have a significant impact on the outcome of the reaction. An increase in reaction 

time from 4 to 24 hours also appeared to result in a slight increase in conversion.     

 

Figure 55: Optimisation of the reaction of TetraDVP linker-payload 72 with trastuzumab. (A) Reaction conditions. 

(B) Reducing SDS-PAGE analysis of reactions on 12% polyacrylamide gel with Coomassie staining. Lanes: M = 

molecular weight marker, reaction conditions displayed above the corresponding lane.  

These results suggest that the poor rebridging efficiency observed for the reaction of 

trastuzumab with TetraDVP 72 may be caused by factors other than insufficient solubility and 

reaction time. It is possible that the appended PEG4-Val-Cit-PABC-MMAE payload of TetraDVP 

72 generates steric hindrance around the cysteine-reactive DVP groups, thus impeding their 
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reaction with cysteine residues in trastuzumab. As such, the results obtained from the 

reaction of trastuzumab with linker-payload 72 showcase that the generation of ADCs via 

rebridging with TetraDVP-MMAE linker-payloads is possible, but optimisation of linker-

payload structure will likely be necessary to achieve satisfactory conversion.  

4.7 Cytotoxicity 

To assess to cytotoxic potential of TetraDVP ADCs, several cell viability assays were carried 

out using the ADCs described in Chapter 4.6.1. 

4.7.1 Cleavable MMAE ADCs 

Initially the cytotoxic potential of cathepsin-cleavable PEG4-Val-Cit-MMAE ADCs 48-51 was 

assessed. Accordingly, two HER2-positive cells lines (SKBR3 and BT474) and two HER2-

negative cell lines (MCF7 and MDA-MB-468) were treated with varying concentrations of 

ADCs 48-51 or trastuzumab. After 96 hours of incubation, a CellTiter-Glo® assay was used to 

measure the number of viable cells present for each concentration of the different 

compounds tested. These experiments were carried out with Dr Stephen J. Walsh. 

Pleasingly, all ADCs displayed a significant increase in concentration-dependent cytotoxicity 

in HER2-positive cells compared to trastuzumab alone (Figure 56). In contrast, the 

proliferation of HER2-negative cells was not significantly affected compared to vehicle 

control, thus confirming the selectivity for HER2-positive cells. Notably, the antiproliferative 

effect of the ADCs on HER2-positive cells correlated with DAR. As such, ADCs 48-51 – for which 

average DARs of 0.6, 1.0, 1.6 and 2.5 were measured by HIC (see Chapter 4.6.1.1 for details) – 

had IC50 values of 157 pM, 98.5 pM, 40.6 pM and 29.1 pM against SKBR3 cells and 464 pM, 

276 pM, 139 pM and 93.4 pM against BT474 cells. 
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Figure 56: Cytotoxicity of TetraDVP ADCs 48-51 in HER2-positive (SKBR3 and BT474) and HER2-negative (MCF7 

and MDA-MB-468) cell lines. Viability data shows the mean of three independent experiments and error bars 

represent the standard error of the mean (SEM). 

These results demonstrate that increased steric bulk with increasing DAR does not impede 

payload release. Furthermore, the IC50 values measured for ADCs 48-51 showcase how even 

minor differences in DAR (±0.5) can have a noticeable effect on the biological activity of an 

ADC, thus providing further evidence of the benefits of antibody modification methods which 

offer DAR tunability.  

4.7.2 Non-cleavable MMAE ADCs 

Having demonstrated the excellent potency and selectivity of enzyme-cleavable TetraDVP 

ADCs, non-cleavable MMAE ADCs 61-64 were assessed. As described in Chapter 1.5.1.2, non-

cleavable ADCs lack specific payload release mechanisms. Instead, the drug is released upon 

lysosomal degradation of the antibody into its constituent amino acids. This mechanism 

releases the payload with the linker and point-of-attachment amino acid appendage still 

attached. In the case of a non-cleavable TetraDVP ADC such as 61, this mechanism may result 

in the release of a payload like the one shown in Figure 57.  
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Figure 57: Possible structure of the payload released by lysosomal degradation of ADC 61. 

To assess the cytotoxic potential of ADCs 61-64, SKBR3 and MCF7 cells were treated with 

varying concentrations of ADCs or trastuzumab, incubated for 96 hours, and analysed using a 

CellTiter-Glo® assay. Interestingly, the ADCs showed no significant effect on either the HER2-

positive or the HER2-negative cell lines up to a concentration of 200 nM (Figure 58).  

 

Figure 58: Cytotoxicity of TetraDVP ADCs 61-64 in HER2-positive (SKBR3) and HER2-negative (MCF7) cell lines. 

Viability data for trastuzumab shows the mean of two independent experiments and error bars represent the 

standard error of the mean (SEM). 

These results suggest that the appendage of the TetraDVP linker and the eight attached 

cysteine residues might be interfering with the MoA of MMAE. In previous studies by Walsh 

et al. non-cleavable DVP-MMAE ADCs were shown to exert potent antiproliferative effects 
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against antigen-positive cells,183 indicating that small DVP-based appendages do not interfere 

with the MoA of MMAE. However, the TetraDVP-(cysteine)8 appendages generated via 

lysosomal degradation of ADCs 61-64 are significantly larger than the DVP-(cysteine)2 

appendage generated from the ADC by Walsh and co-workers. It is possible that the large size 

of the TetraDVP-(cysteine)8 appendage creates steric hindrance around the MMAE payload 

which prevents it from binding to its cellular target, tubulin. Therefore, TetraDVP linkers may 

not be suitable bioconjugation reagents in combination with non-cleavable MMAE payloads.  

4.8 PEGylated TetraDVP Linker 

The results obtained regarding the functionalisation of TetraDVP conjugates 37, 38, 39 and 

41 with cytotoxic payloads (see Chapter 4.6) have made it evident that the TetraDVP linker 

structure needs to be modified to achieve full conversion in CuAAC reaction and realise the 

synthesis of fully homogenous ADCs. It was hypothesised that the incorporation of an 

extended spacer unit between the DVP motifs and the alkyne(s) might be beneficial, as it 

might reduce steric hindrance around the alkyne(s) and thus enable improved CuAAC 

conversion. To test this hypothesis, TetraDVP 76 was designed. TetraDVP 76 is an analogue 

of TetraDVP 15 with an additional PEG2 spacer unit incorporated between the alkyne and the 

linear backbone of the scaffold (Figure 59).  

 

Figure 59: Structure of PEGylated TetraDVP 76. 

To commence the synthesis of TetraDVP 76, propargyl-PEG2-amine was reacted with 

bromoacetyl bromide to yield α-bromo carbonyl 74 in 92% yield (Scheme 30).  
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Scheme 30: Synthesis of α-bromo carbonyl 74.  

Alkyne 74 was subsequently reacted with tetra-N-Boc scaffold 27 to generate tetra-N-Boc 

alkyne 75 in moderate yield. Finally, tetra-N-Boc amine 75 was deprotected with HCl and then 

coupled to DVP 4 in the presence of HBTU and triethylamine to form TetraDVP 76 in 43% 

yield, over two steps (Scheme 31). 

 

Scheme 31: Synthesis of TetraDVP 76 from tetra-N-Boc scaffold 27 via alkylation, Boc deprotection and amide 

coupling to DVP building block 4.  

With TetraDVP 76 in hand, the modification of trastuzumab was attempted. Accordingly, 

interchain disulfides in trastuzumab were reduced with TCEP at 37 °C for one hour, followed 

by incubation with TetraDVP 76 at 37 °C for four hours. Analysis of the reaction by LC-MS and 

SDS-PAGE showed excellent conversion to the desired TetraDVP conjugate 77 (Figure 60).   
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Figure 60: Reaction of trastuzumab with TetraDVP 76. (A) Reaction conditions. (B) Analysis of the reaction 

between trastuzumab and 76 by LC-MS. Top = non-deconvoluted MS. Bottom = deconvoluted MS; expected 

146,624 Da, observed 146,604 Da. (C) Reducing SDS-PAGE analysis of reactions on 12% polyacrylamide gel with 

Coomassie staining. Lanes: M = molecular weight marker, 1 = ALC 37 (from TetraDVP 15), 2 = ALC 77 (from 

TetraDVP 76).  
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To investigate if the additional PEG spacer of ALC 77 has a positive effect on post-conjugation 

CuAAC efficiency, ALC 77 was reacted with three different azide-functionalised payloads – 

N3-PEG24-Val-Cit-PABC-MMAE 52, N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55 and N3-PEG4-

MMAE 60 – in the presence of CuSO4·5H2O, THPTA and sodium ascorbate. In parallel, a series 

of control reaction using non-PEGylated mono-alkyne ALC 37 was carried out. In all cases, the 

reaction with the PEGylated ALC 77 displayed slightly higher conversion than the control 

reaction with non-PEGylated ALC 37 (Table 11). Despite this, none of the reactions reached 

full conversion.  

Table 11: Reaction conditions and outcomes of the reactions of TetraDVP ALCs 37 and 77 with MMAE payloads. 

 

These results indicate that the incorporation of an additional spacer unit between the 

TetraDVP backbone and the alkyne functionality indeed increases the reactivity of the alkyne. 

However, a short PEG2 spacer may not be sufficient to enable complete conversion. Future 

development of TetraDVP linkers should therefore focus on linker structures containing 

longer spacers.  
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4.9 Conclusions 

In this chapter, the development of a TetraDVP linker platform for the modification of IgG1 

antibodies was described.  

Initially, synthetic procedures for the production of a series of TetraDVP reagents containing 

four cysteine-reactive DVP units alongside one, two, three of four alkyne handles were 

developed. Subsequently, these reagents were utilised for the modification of trastuzumab. 

The TetraDVP reagents were shown to efficiently rebridge all four interchain disulfides in 

trastuzumab to yield ALCs with a linker-to-antibody ratio of one and minimal half antibody 

formation. 

Further modification of the TetraDVP-trastuzumab conjugates with AlexaFluor™ 488 azide 

yielded a series AFCs with precise FARs of 1, 2, 3 and 4 depending on the number of alkyne 

moieties in the linker. Assessment of these AFCs in a number of stability and cellular selectivity 

assays demonstrated that TetraDVP linkages are stable in human plasma for multiple weeks 

and do not interfere with trastuzumab’s ability to recognise its target antigen HER2.  

Modification of TetraDVP-trastuzumab conjugates with different azide-functionalised 

payloads yielded a series of ADCs with variable DAR values. Unlike the reactions with 

AlexaFluor™ 488 azide, these reactions did not reach completion, thereby generating 

mixtures of ADC populations with different DARs. Investigations into a TetraDVP linker with 

an additional spacer unit between the alkyne moiety and the linker backbone suggested that 

this reactivity problem may be overcome by further optimisation of the TetraDVP linker 

scaffold.  

Finally, the generated TetraDVP ADCs were assessed in multiple in vitro cell viability assays, 

which demonstrated the excellent potency and cell selectivity of cleavable TetraDVP ADCs. 

This collective data highlights the utility of the TetraDVP linker platform to generate 

functional antibody conjugates via cysteine rebridging. 
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Chapter 5 – Conclusions and future work 

5.1 Conclusions 

An outstanding problem in the ADC field is a lack of robust methods that allow the synthesis 

of stable and homogenous ADCs with modular DAR. While numerous contemporary 

bioconjugation methods allow alterations of the number of drugs attached to each antibody, 

many of these methods require major modifications to the native antibody structure, which 

typically require extensive case-by-case optimisation. Disulfide rebridging reagents have 

emerged as an attractive universal strategy to facilitate the synthesis of homogenous ADCs 

from native antibodies. However, this approach is currently limited by the formation of half 

antibody species during rebridging. Therefore, the establishment of new approaches towards 

the synthesis of homogenous ADCs from native antibodies is desirable.  

This thesis describes the development of a novel method for the production of antibody 

conjugates via the rebridging of multiple disulfides with a single linker molecule. The primary 

objective throughout this work was the development of a methodology that avoids half 

antibody formation and simultaneously enables DAR modulation in integer increments to 

facilitate access to an increased scope of integer DAR values compared to those obtainable 

using classical disulfide rebridging techniques. 

Preliminary studies in this area, described in Chapter 3, focused on a bis-divinylpyrimidine 

(BisDVP) scaffold, containing four cysteine-reactive vinyl groups. This linker was found to be 

synthetically tractable and enabled the functional rebridging of two disulfide bonds in 

trastuzumab to generate antibody conjugates with a linker-to-antibody ratio of two. This 

strategy was found to result in reduced half antibody formation compared to the reaction 

with a classical DVP rebridging linker. However, despite these improvements, the formation 

of half antibody species was not fully eradicated. 

It was postulated that increasing the number of cysteine-reactive groups in the linker might 

reduce the risk of half antibody formation. Therefore, further studies, which are detailed in 

Chapter 4, centred around tetra-divinylpyrimidine (TetraDVP) linkers containing eight 

cysteine-reactive groups. Accordingly, a series of TetraDVP linkers with variable backbone 

structures was designed and synthesised. Subsequently, these reagents were utilised for the 
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modification of trastuzumab, which revealed their ability to efficiently rebridge all four 

interchain disulfides to yield conjugates with a linker-to-antibody ratio of one and minimal 

half antibody formation. Furthermore, the incorporation of varying numbers of alkyne groups 

into the TetraDVP structure enabled functional modification of the TetraDVP-trastuzumab 

conjugates with different numbers of payloads via post-conjugation CuAAC. While 

satisfactory conversion was only achieved in a limited number of cases, these results 

showcase the potential of TetraDVPs to facilitate the generation of homogenous ADCs with 

different DARs via a modular strategy. Biological evaluation of the TetraDVP conjugates 

demonstrated their exquisite plasma stability, aggregation profile and antigen binding 

affinity. Moreover, in vitro assessment of a panel of TetraDVP-trastuzumab ADCs containing 

cathepsin-cleavable MMAE payloads showed that these conjugates possess excellent cellular 

selectivity and potency against HER2-positive cell lines. 

Overall, this work describes the development of a novel method for the site-selective 

modification of antibodies via disulfide rebridging with minimal half antibody formation and 

the potential to modulate DAR in integer increments.  
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5.2 Future work 

5.2.1 Improving post-conjugation payload attachment 

The primary obstacle encountered with TetraDVP-mediated ADC synthesis were the low 

levels of conversion observed in the post-conjugation CuAAC reaction used to attach cytotoxic 

payloads to the antibody-linker conjugates. While the resulting ADCs displayed favourable 

selectivity and activity in vitro, the lack of homogeneity with respect to DAR caused by low 

CuAAC conversion undermines the utility of the method for DAR modulation and necessitates 

further optimisation of the linker scaffolds.   

One possible approach might include the incorporation of additional spacer units in between 

the core TetraDVP scaffold and the alkyne handles to reduce steric hindrance around the 

latter (Figure 61A). The potential of this approach is supported by the results obtained with 

the PEGylated TetraDVP linker described in Chapter 4.8.  

Alternatively, the conversion of post-conjugation payload attachment may be improved by 

employing a different type of bioorthogonal reaction. Suitable linkers may include azides or 

strained alkynes to enable SPAAC chemistry or tetrazines to enable inverse electron demand 

Diels-Alder (iEDDA) reactions (Figure 61B).223,224 In addition to increasing the rate of post-

conjugation functionalisation, the use of these metal-free attachment chemistries would 

remove the need to use a copper catalyst for payload attachment. Prolonged exposure to 

copper can have detrimental effects on protein stability and residual metal contaminants 

present in the final ADCs may cause undesired off-target toxicity. Therefore, the removal of 

copper from the synthetic process is desirable. 

A specific approach centred around SPAAC chemistry is currently being developed by 

Dr Stephen J. Walsh and Thomas A. King of the Spring group.   
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Figure 61: Potential TetraDVP linker structures to be explored in the future. 

 

5.2.2 In vivo evaluation of ADCs 

The work described in this thesis demonstrated that TetraDVP conjugates possess high 

stability, selectivity, and activity through a variety of in vitro assays. However, to fully 

understand the pharmacological profile of TetraDVP ADCs and ascertain their potential for 

further development, in vivo assessment is required. To achieve this, antigen-positive mouse 

xenograft models (cell lines or patient-derived) could be employed for further investigation 

of ADC efficacy, tolerability, and pharmacokinetic behaviour.  
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5.2.3 Structural investigations 

One of the main objectives of BisDVP and TetraDVP development was the prevention of half 

antibody formation because the associated loss of covalent linkages between the antibody 

chains has been implicated with reduced stability.127 To investigate if TetraDVP and BisDVP 

conjugates indeed possess increased structural stability compared to DVP conjugates and 

explore how their stability compares to unmodified trastuzumab, a number of biophysical 

assays could be employed. Such assays could include differential scanning calorimetry (DSC) 

to compare the melting temperatures of the different conjugates and chemical denaturation 

experiments such as those reported by Orozco et al. to measure the unfolding kinetics of the 

individual antibody domains.225 Any observed differences in structure and/or conformational 

dynamics could then be further investigated using hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) to pinpoint which regions of the antibody are most affected.   

 

5.2.4 Fc fusion compounds 

Many small and medium sized biotherapeutics (such as peptides and small proteins) suffer 

from short circulation half-lives which limit their therapeutic potential. A common half-life 

extension strategy for such biomolecules is their fusion to the Fc fragment of an antibody.226 

This fusion is usually achieved via recombinant methods and expression of the genetically 

engineered fusion proteins in mammalian host cells. However, this approach suffers from 

several limitations, including incompatibility with unnatural amino acids, cyclic peptides, or 

non-peptidic modalities such as oligonucleotides.227 To overcome these limitations, several 

synthetic and semisynthetic methods for the generation of Fc fusion compounds have been 

developed, including the use of chemical ligation,228 N-terminal extension reactions (NEXT-

A),229 trans-splicing230 or host-guest chemistry231 to attach the biotherapeutic to the Fc. 

However, these methods generally suffer from long reaction times (20+ hours) and/or require 

additional amino acid residues to be engineered into the Fc structure. Therefore, the 

development of novel methods for the synthetic generation of Fc fusion compounds is 

desirable.   

BisDVP linkers may serve as a valuable tool in this context. While the reaction of BisDVP linkers 

with full-length antibodies containing four interchain disulfide bonds yielded conjugates of 
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moderate homogeneity in terms of half antibody formation, they may be able to yield fully 

homogenous conjugates in conjunction with Fc fragments containing only two disulfides. As 

such, BisDVPs may enable the modification of Fc fragments with therapeutic peptides and 

oligonucleotides in a quick and simple manner to furnish highly homogenous Fc fusion 

compounds without the need for antibody engineering (Figure 62). 

 

 

  

Figure 62: Proposed construction of Fc fusion compounds using BisDVP linkers. 
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Chapter 6 - Experimental 

6.1 General Experimental 

All solvents and reagents were used as received unless otherwise stated. Ethyl acetate, 

methanol, dichloromethane, acetonitrile and toluene were distilled from calcium hydride. 

Diethyl ether was distilled from a mixture of lithium aluminium hydride and calcium hydride. 

Petroleum ether (PE) refers to the fraction between 40-60 °C upon distillation. 

Tetrahydrofuran was dried using Na wire and distilled from a mixture of lithium aluminium 

hydride and calcium hydride with triphenylmethane as indicator. 

Non-aqueous reactions were conducted under a stream of dry nitrogen using oven-dried 

glassware. Temperatures of 0 °C were maintained using an ice-water bath. Room temperature 

(rt) refers to ambient temperature. 

Yields refer to spectroscopically and chromatographically pure compounds unless otherwise 

stated. Reactions were monitored by thin layer chromatography (TLC) or liquid 

chromatography mass spectrometry (LC-MS). TLC was performed using glass plates pre-

coated with Merck silica gel 60 F254 and visualised by quenching of UV fluorescence (λmax = 

254 nm) or by staining with potassium permanganate. Retention factors (Rf) are quoted to 

two decimal places. LC-MS was carried out using a Waters ACQUITY H-Class UPLC with an ESCi 

Multi-Mode Ionisation Waters SQ Detector 2 spectrometer using MassLynx 4.1 or MassLynx 

4.2 software; ESI refers to the electrospray ionisation technique; LC system: solvent A: 2 mM 

NH4OAc in H2O/MeCN (95:5); solvent B: MeCN; solvent C: 2% formic acid; column: ACQUITY 

UPLC® CSH C18 (2.1 mm × 50 mm, 1.7 μm, 130 Å) at 40 °C; gradient: 5-95 % B with constant 

5 % C over 1 min at flow rate of 0.6 mL/min; detector: PDA eλ Detector 220-800 nm, interval 

1.2 nm. 

Flash column chromatography was carried out using slurry-packed Merck 9385 Kieselgel 60 

SiO2 (230-400 mesh) or a Combiflash Rf200 automated chromatography system with 

Redisep® reverse-phase C18-silica flash columns (20-40 μm). 

Analytical high performance liquid chromatography (HPLC) was performed on an Agilent 1260 

Infinity machine, using a Supelcosil™ ABZ+PLUS column (150 mm × 4.6 mm, 3 μm) with a 
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linear gradient system (solvent A: 0.05% (v/v) TFA in H2O; solvent B: 0.05% (v/v) TFA in MeCN) 

over 20 min at a flow rate of 1 mL/min, and UV detection (λmax = 220 – 254 nm). 

Infrared (IR) spectra were recorded neat on a Perkin-Elmer Spectrum One spectrometer with 

internal referencing. Selected absorption maxima (νmax) are reported in wavenumbers (cm-1) 

with peak intensity reported as follows: w = weak; m = medium; s = strong. 

1H and 13C nuclear magnetic resonance (NMR) were recorded using an internal deuterium 

lock on Bruker DPX-400 (400 MHz, 101 MHz), Bruker Avance 400 QNP (400 MHz, 101 MHz) 

and Bruker Avance 500 Cryo Ultrashield (500 MHz, 126 MHz). In 1H NMR, chemical shifts (δH) 

are reported in parts per million (ppm), to the nearest 0.01 ppm and are referenced to the 

residual non-deuterated solvent peak (CDCl3: 7.26, CD3OD: 3.31). Coupling constants (J) are 

reported in Hertz (Hz) to the nearest 0.1 Hz. Data are reported as follows: chemical shift, 

multiplicity (s = singlet; br s = broad singlet; d = doublet; t = triplet; q = quartet; qn = quintet; 

m = multiplet; or as a combination of these, e.g. dd, dt etc.), integration and coupling 

constant(s). In 13C NMR, chemical shifts (δC) are quoted in ppm, to the nearest 0.1 ppm, and 

are referenced to the residual non-deuterated solvent peak (CDCl3: 77.16, CD3OD: 49.00). 

High resolution mass spectrometry (HRMS) measurements were recorded with a Micromass 

Q-TOF mass spectrometer or a Waters LCT Premier Time of Flight mass spectrometer. Mass 

values are reported within the error limits of ±5 ppm mass units. ESI refers to the electrospray 

ionisation technique. 
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6.2 Synthetic procedures 

 

Ethyl 4-((4,6-dichloropyrimidin-2-yl)amino)butanoate (1) To a solution of 4-aminobutyric 

acid ethyl ester hydrochloride (2.01 g, 12.0 mmol) and triethylamine (4.18 mL, 30.0 mmol) in 

methanol (100 mL) was added dropwise 2,4,6-trichloropyrimidine (1.15 mL, 10.0 mmol). After 

addition, the reaction mixture was stirred at rt for 3 h before being concentrated in vacuo. 

The residue was purified by column chromatography (0-20% EtOAc/PE) to provide the title 

compound as a white crystalline solid (1.02 g, 3.67 mmol, 37%). Rf 0.55 (SiO2, 30% EtOAc/PE); 

νmax (neat/cm-1) 1747 (s, C=O), 1562 (m, C=C); δH (400 MHz, CD3OD) 6.66 (s, 1H, H1), 4.12 (q, 

2H, J = 7.1 Hz, H8), 3.40 (t, 2H, J = 6.8 Hz, H4), 2.38 (t, 2H, J = 7.3 Hz, H6), 1.88 (qn, 2H, J = 7.1 

Hz, H5), 1.24 (t, 3H, J = 7.1 Hz, H9); δC (101 MHz, CD3OD) 175.1 (C7), 163.4 (C3), 162.8 (C2), 

108.8 (C1), 61.6 (C8), 41.5 (C4), 32.3 (C6), 25.5 (C5), 14.5 (C9); LRMS (ESI) m/z found [M+H]+ 

278.4, C10H14O2N3Cl2+ required 278.0. 

These data are consistent with those previously reported.101  

 

Ethyl 4-((4,6-divinylpyrimidin-2-yl)amino)butanoate (3) A mixture of ethyl 4-((4,6-

dichloropyrimidin-2-yl)amino)butanoate 1 (757 mg, 2.72 mmol), potassium 

vinyltrifluoroborate (1.09 g, 8.16 mmol), PdCl2(dppf)·CH2Cl2 (333 mg, 0.408 mmol) and K2CO3 

(1.13 g, 8.16 mmol) in THF (33 mL) and H2O (3.3 mL) was heated to 70 °C under nitrogen for 

14 h. The reaction mixture was cooled to rt, filtered through Celite®, and concentrated in 

vacuo. The residue was purified by column chromatography (0-20% EtOAc/PE) to yield the 

product as a colourless oil (630 mg, 2.41 mmol, 89%). Rf 0.32 (SiO2, 20% EtOAc/PE); νmax 

(neat/cm-1) 1743 (s, C=O), 1562 (m, C=C); δH (400 MHz, CDCl3) 6.57 (dd, 2H, J = 10.6, 17.3 Hz, 

H10), 6.52 (s, 1H, H1), 6.35 (d, 2H, J = 17.3 Hz, H11b), 5.55 (dd, 2H, J = 1.5, 10.6 Hz, H11a), 

5.16 (t, 1H, J = 5.4 Hz, NH), 4.12 (q, 2H, J = 7.1 Hz, H8), 3.52 (q, 2H, J = 6.6 Hz, H4), 2.40 (t, 2H, 

J = 7.4 Hz, H6), 1.95 (qn, 2H, J = 7.1 Hz, H5), 1.23 (t, 3H, J = 7.1 Hz, H9); δC (101 MHz, CDCl3) 
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173.6 (C7), 163.8 (C3), 162.8 (C2), 136.0 (C10), 121.5 (C11), 105.9 (C1), 60.5 (C8), 40.8 (C4), 

31.9 (C6), 25.2 (C5), 14.3 (C9); LRMS (ESI) m/z found [M+H]+ 262.6, C14H20O2N3
+ required 

262.2. 

These data are consistent with those previously reported.101  

 

4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid (4) To a solution of  ethyl 4-((4,6-

divinylpyrimidin-2-yl)amino)butanoate 3 (345 mg, 1.32 mmol) in THF (12 mL) and H2O (12 mL) 

at 0 °C was added LiOH·H2O (55.6 mg, 1.32 mmol). The mixture was stirred at room 

temperature for 24 h, and then diluted with H2O (30 mL) and washed with Et2O (30 mL). The 

aqueous layer was adjusted to pH 4 using 1 M HCl and then extracted with CH2Cl2 (5 x 30 mL). 

The organic layer was dried over Na2SO4, filtered, and concentrated in vacuo to yield the 

product as a white solid (307 mg, 1.32 mmol, 100%). νmax (neat/cm-1) 3277 (m, O-H), 1702 (s, 

C=O), 1562 (m, C=C); δH (600 MHz, CD3OD) 6.70 (s, 1H, H1), 6.61 (dd, 2H, J = 10.7, 17.4 Hz, 

H8), 6.37 (d, 2H, J = 17.4 Hz, H9b), 5.57 (dd, 2H, J = 1.4, 10.7 Hz, H9a), 3.48 (t, 2H, J = 6.9 Hz, 

H4), 2.38 (t, 2H, J = 7.4 Hz, H6), 1.92 (qn, 2H, J = 7.1 Hz, H5); δC (101 MHz, CD3OD) 177.4 (C7), 

165.4 (C2), 164.1 (C3), 137.0 (C8), 122.1 (C9), 105.7 (C1), 41.5 (C4), 32.4 (C6), 26.2 (C5); LRMS 

(ESI) m/z found [M+H]+ 234.4, C12H16O2N3
+ required 234.1. 

These data are consistent with those previously reported.101  

 

Di-tert-butyl (azanediylbis(ethane-2,1-diyl))dicarbamate (5) To a solution of 

diethylenetriamine (2.16 mL, 20.0 mmol) in THF (25 mL) at 0 °C was slowly added a solution 

of Boc-ON (9.92 g, 40.0 mmol) in THF (25 mL). The reaction was stirred at 0 °C under nitrogen 

for 1 h and then concentrated in vacuo. The crude yellow oil was dissolved in CH2Cl2 and 

sequentially washed with 10% aq. NaOH, water and brine. The organic phase was dried over 

Na2SO4 and concentrated in vacuo. Purification by column chromatography (10% 

MeOH/CH2Cl2) yielded the product as a colourless oil (5.61 g, 18.5 mmol, 92%).  Rf 0.08 (SiO2, 

10% MeOH/CH2Cl2); νmax (neat/cm-1) 3336 (m, N-H), 2975 (m, C-H), 1687 (s, C=O); δH (400 
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MHz, CDCl3) 4.93 (br s, 2H, NH), 3.24-3.19 (m, 4H, H2), 2.73 (t, 4H, J = 5.7 Hz, H1), 1.44 (s, 18H, 

H5); δC (101 MHz, CDCl3) 156.3 (C3), 79.4 (C4), 49.0 (C1), 40.4 (C2), 28.6 (C5); HRMS (ESI) m/z 

found [M+H]+ 304.2221, C14H30O4N3
+ required 304.2231. 

These data are consistent with those previously reported.198  

 

Methyl bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate (6) To a solution of di-tert-butyl 

(azanediylbis(ethane-2,1-diyl))dicarbamate 5 (5.61 g, 18.5 mmol) in DMF (80 mL) were added 

DIPEA (3.86 mL, 22.2 mmol) and methyl bromoacetate (2.61 mL, 27.8 mmol). The reaction 

was stirred at rt for 6 h and then concentrated under a stream of nitrogen. The crude residue 

was purified by column chromatography (40-50% EtOAc/PE) yielding the product as a 

colourless oil (6.56 g, 17.5 mmol, 94%). Rf 0.28 (SiO2, 50% EtOAc/PE); νmax (neat/cm-1) 3345 

(m, N-H), 2979 (m, C-H), 1740 (s, C=O), 1688 (s, C=O); δH (400 MHz, CDCl3) 5.13 (br s, 2H, NH), 

3.70 (s, 3H, H8), 3.37 (s, 2H, H6), 3.15 (q, 4H, J = 5.6 Hz, H2), 2.72 (t, 4H, J = 5.9 Hz, H1), 1.44 

(s, 18H, H5); δC (101 MHz, CDCl3) 172.3 (C7), 156.3 (C3), 79.3 (C4), 55.1 (C6), 54.3 (C1), 51.8 

(C8), 38.7 (C2), 28.6 (C5); LRMS (ESI) m/z found [M+H]+ 376.5, C17H34O6N3
+ required 376.2. 

These data are consistent with those previously reported.232  

 

Di-tert-butyl ((2-oxo-2-(prop-2-yn-1-ylamino)ethyl)azanediyl)bis(ethane-2,1-diyl) dicarbamate 

(8) To a solution of methyl bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 (2.00 g, 

5.33 mmol) in MeOH (21.6 mL) and 1,4-dioxane (21.6 mL) was added aqueous NaOH (1 M, 

10.8 mL). The reaction mixture was stirred at rt for 2 h and then concentrated in vacuo. The 

resulting residue was re-dissolved in MeOH, filtered, and concentrated again. The residue was 

then dissolved in DMF (40 mL), followed by addition of N-propargylamine (1.02 mL, 16.0 mmol), 

triethylamine (2.23 mL, 16.0 mmol) and HBTU (3.03 g, 8.00 mmol). After stirring at rt for 36 h, 

the reaction mixture was diluted with brine (40 mL) and extracted with EtOAc (3 x 40 mL). The 
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combined organic layers were washed with 1 M HCl (40 mL), saturated NaHCO3 (40 mL) and 

water (40 mL). The organic phase was dried over Na2SO4 and concentrated in vacuo. Purification 

by column chromatography (50-100% EtOAc/PE) yielded the product as a pale orange oil (1.24 g, 

3.10 mmol, 58%). Rf 0.19 (SiO2, 80% EtOAc/PE); νmax (neat/cm-1) 3290 (m, N-H), 2978 (m, C-H), 

2112 (m, C≡C), 1657 (s, C=O); δH (600 MHz, CD3OD) 4.01 (d, 2H, J = 2.5 Hz, H8), 3.19 (s, 2H, H6), 

3.13 (t, 4H, J = 6.2 Hz, H2), 2.60 (t, 4H, J = 5.8 Hz, H1), 2.58 (t, 1H, J = 2.5 Hz, H10), 1.45 (s, 18H, 

H5); δC (101 MHz, CD3OD) 173.9 (C7), 158.6 (C3), 80.6 (C9), 80.2 (C4), 72.2 (C10), 59.7 (C6), 56.3 

(C1), 39.5 (C2), 29.2 (C8), 28.9 (C5); HRMS (ESI) m/z found [M+H]+ 399.2593, C19H35O5N4
+ 

required 399.2607. 

 

N,N'-(((2-oxo-2-(prop-2-yn-1-ylamino)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(4-((4,6-

divinylpyrimidin-2-yl)amino)butanamide) (10) To a solution of 8 (50.0 mg, 0.125 mmol) in 

CH2Cl2 (0.35 mL) at 0 °C was added HCl (4 M in dioxane, 0.85 mL). The reaction was stirred 

under nitrogen for 6 h and then concentrated in vacuo to yield the desired amine 

hydrochloride salt as a white solid. The amine hydrochloride salt was re-dissolved in DMF 

(2 mL) and cooled to 0 °C. A solution of 4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid 4 

(58.0 mg, 0.250 mmol), triethylamine (174 μL, 1.25 mmol), EDC·HCl (96.0 mg, 0.500 mmol) 

and HOBt monohydrate (77.0 mg, 0.500 mmol) in DMF (4 mL) at 0 °C was added. The reaction 

was stirred under nitrogen for 18 h and then diluted with EtOAc (20 mL), washed with brine 

(20 mL), dried over Na2SO4, and concentrated in vacuo. Purification by column 

chromatography (0-10% MeOH/EtOAc) yielded the product as a colourless oil (43.3 mg, 

69.0 µmol, 55%). Rf 0.17 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 3291 (m, N-H), 2934 (m, 

C-H), 2147 (w, C≡C), 1631 (s, C=O), 1539 (s, C=C); δH (600 MHz, CD3OD) 6.68 (s, 2H, H14), 6.60 

(dd, 4H, J = 10.7, 17.4 Hz, H15), 6.36 (d, 4H, J = 17.4 Hz, H16b), 5.56 (dd, 4H, J = 1.4, 10.7 Hz, 

H16a), 3.97 (d, 2H, J = 2.5 Hz, H3), 3.46 (t, 4H, J = 6.8 Hz, H11), 3.24 (t, 4H, J = 6.2 Hz, H7), 3.18 

(s, 2H, H5), 2.61 (t, 4H, J = 6.2 Hz, H6), 2.58 (t, 1H, J = 2.5 Hz, H1), 2.31 (t, 4H, J = 7.5 Hz, H9), 

1.92 (qn, 4H, J = 7.1 Hz, H10); δC (101 MHz, CD3OD) 176.1 (C8), 173.7 (C4), 165.3 (C13), 164.0 
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(C12), 137.1 (C15), 122.1 (C16), 105.8 (C14), 80.6 (C2), 72.4 (C1), 59.4 (C5), 55.8 (C6), 41.7 

(C11), 38.6 (C7), 34.7 (C9), 29.3 (C3), 27.0 (C10); HRMS (ESI) m/z found [M+H]+ 629.3658, 

C33H45O3N10
+ required 629.3676. 

 

Tetra-N-Boc-amine backbone, (alkyne)1 (14)  

Method A: To a solution of methyl bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 

(200 mg, 0.533 mmol) in MeOH (2.16 mL) and 1,4-dioxane (2.16 mL) was added aqueous 

NaOH (1 M, 1.08 mL). The reaction mixture was stirred at rt for 2 h and then concentrated in 

vacuo. The resulting residue was re-dissolved in MeOH, filtered, and concentrated again to 

yield the desired carboxylic acid intermediate. Concurrently, a solution of 8 (106 mg, 

0.265 mmol) in CH2Cl2 (0.7 mL) at 0 °C was treated with HCl (4 M in dioxane, 1.7 mL). The 

reaction was stirred under nitrogen for 6 h and then concentrated in vacuo to yield the desired 

amine hydrochloride salt as a white solid. The carboxylic acid and the amine hydrochloride 

salt were combined, dissolved in DMF (10 mL) and cooled to 0 °C before addition of 

triethylamine (369 μL, 2.65 mmol), EDC·HCl (203 mg, 1.06 mmol) and HOBt monohydrate 

(162 mg, 1.06 mmol). The reaction was stirred under nitrogen at rt for 18 h and then diluted 

with EtOAc (30 mL), washed with sat. NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4, 

and concentrated in vacuo. Purification by column chromatography (0-5% MeOH/CH2Cl2) 

yielded the product as a white solid (118 mg, 0.133 mmol, 50%). 

Method B: A suspension of tetra-N-Boc backbone 27 (59.3 mg, 75.0 µmol) and K2CO3 (20.7 mg, 

0.150 mmol) in MeCN (0.15 mL) was cooled to 0 °C. A solution of 2-bromo-N-(prop-2-yn-1-

yl)acetamide 23 (16.5 mg, 94.0 µmol) in MeCN (0.5 mL) was slowly added to the stirring 

suspension, after which the reaction was brought to rt and stirred overnight under nitrogen. 

The reaction mixture was concentrated and purified by column chromatography (0-10% 

MeOH/CH2Cl2) to give the title compound as a white solid (35.9 mg, 41.0 µmol, 54%).  

Rf 0.30 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 3359 (m, N-H), 2985 (m, C-H), 2101 (m, 

C≡C), 1724 (s, C=O); δH (600 MHz, CDCl3) 7.79 (br s, 2H, NH), 5.70 (s, 4H, NH), 4.04 (dd, 2H, J = 
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2.4, 5.4 Hz, H12), 3.37-3.32 (m, 4H, H2), 3.24 (s, 2H, H10), 3.20-3.14 (m, 8H, H6), 3.14 (s, 4H, 

H4), 2.75-2.70 (m, 4H, H1), 2.60-2.55 (m, 8H, H5), 2.25-2.22 (m, 1H, H14), 2.10 (s, 1H, NH), 

1.42 (s, 36H, H9); δC (101 MHz, CDCl3) 172.2 (C11), 171.5 (C3), 156.7 (C7), 80.0 (C13), 79.4 

(C8), 71.5 (C14), 59.5 (C10/C4), 55.8 (C1/C5), 38.8 (C2), 37.9 (C6), 29.0 (C12), 28.6 (C9); HRMS 

(ESI) m/z found [M+H]+ 885.5760, C41H77O11N10
+ required 885.5768. 

 

TetraDVP-alkyne1 (15) To a solution of 14 (69.0 mg, 78.0 µmol) in CH2Cl2 (0.5 mL) at 0 °C was 

added HCl (4 M in dioxane, 1.0 mL). The reaction was stirred under nitrogen for 6 h and then 

concentrated in vacuo to yield the desired amine hydrochloride salt as a white solid. The 

amine hydrochloride salt was re-dissolved in CH2Cl2 (1 mL) and cooled to 0 °C. To this solution, 

a solution of 4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid 4 (72.8 mg, 0.312 mmol), 

triethylamine (217 μL, 1.56 mmol) and HBTU (118 mg, 0.312 mmol) in CH2Cl2 (2 mL) at 0 °C 

was added. The reaction was stirred under nitrogen for 18 h and then concentrated in vacuo. 

Purification by column chromatography (2.5-10% MeOH/CH2Cl2) yielded the product as a 

colourless oil (29.6 mg, 22.0 µmol, 28%). Rf 0.15 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 

3290 (m, N-H), 2944 (m, C-H), 2187 (m, C≡C), 1633 (s, C=O); δH (600 MHz, CD3OD) 6.67 (s, 4H, 

H18), 6.59 (dd, 8H, J = 10.7, 17.4 Hz, H19), 6.35 (d, 8H, J = 17.4 Hz, H20b), 5.55 (dd, 8H, J = 1.5, 

10.7 Hz, H20a), 3.97 (d, 2H, J = 2.5 Hz, H3), 3.45 (t, 8H, J = 6.8 Hz, H15), 3.27 (t, 4H, J = 6.5 Hz, 

H7), 3.24 (t, 8H, J = 6.3 Hz, H11), 3.21 (s, 2H, H5), 3.18 (s, 4H, H9), 2.65 (t, 4H, J = 6.4 Hz, H6), 

2.62-2.59 (m, 1H, H1), 2.60 (t, 8H, J = 6.2 Hz, H10), 2.28 (t, 8H, J = 7.5 Hz, H13), 1.90 (qn, 8H, J 

= 7.2 Hz, H14); δC (101 MHz, CD3OD) 175.9 (C12), 174.1 (C4), 173.7 (C8), 165.3 (C17), 164.0 

(C16), 137.1 (C19), 122.1 (C20), 105.8 (C18), 80.8 (C2), 72.5 (C1), 59.7 (C9), 59.3 (C5), 55.9 

(C10), 55.8 (C6), 41.7 (C15), 38.7 (C11), 38.5 (C7), 34.7 (C13), 29.4 (C3), 27.0 (C14); HRMS (ESI) 

m/z found [M+H]+ 1345.7930, C69H97O7N22
+ required 1345.7905. 
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Di-tert-butyl ((ethane-1,2-diylbis(azanediyl))bis(ethane-2,1-diyl))dicarbamate (16) To a 

solution of triethylenetetramine (745 μL, 5.00 mmol) in THF (5 mL) at 0 °C was slowly added 

a solution of Boc-ON (2.46 g, 10.0 mmol) in THF (7.5 mL). The reaction was stirred at 0 °C 

under nitrogen for 1 h and then concentrated in vacuo. The crude yellow oil was dissolved in 

CH2Cl2 and sequentially washed with 10% aq. NaOH, water and brine. The organic phase was 

dried over Na2SO4 and concentrated in vacuo. Purification by column chromatography (0-10% 

MeOH/CH2Cl2) yielded the product as a colourless oil (981 mg, 2.83 mmol, 57%).  Rf 0.04 (SiO2, 

10% MeOH/CH2Cl2); νmax (neat/cm-1) 3328 (m, N-H), 2976 (m, C-H), 1688 (s, C=O); δH 

(400 MHz, CDCl3) 5.04 (br s, 2H, NH), 3.25-3.18 (m, 4H, H3), 2.75-2.70 (m, 4H, H2), 2.71 (s, 4H, 

H1), 1.44 (s, 18H, H6); δC (101 MHz, CDCl3) 156.3 (C4), 79.3 (C5), 49.2 (C1), 49.0 (C2), 40.4 (C3), 

28.6 (C6); LRMS (ESI) m/z found [M+H]+ 347.5, C16H35O4N4
+ required 347.3. 

 

Methyl 11-(2-((tert-butoxycarbonyl)amino)ethyl)-8-(2-methoxy-2-oxoethyl)-2,2-dimethyl-

4-oxo-3-oxa-5,8,11-triazatridecan-13-oate (17) To a solution of di-tert-butyl ((ethane-1,2-

diylbis(azanediyl))bis(ethane-2,1-diyl))dicarbamate  16 (970 mg, 2.80 mmol) in DMF (12.5 mL) 

were added DIPEA (1.17 mL, 6.72 mmol) and methyl bromoacetate (795 μL, 8.40 mmol). The 

reaction was stirred at rt for 2 h and then concentrated under a stream of nitrogen. The crude 

residue was purified by column chromatography (50-70% EtOAc/PE) yielding the product as 

a colourless oil (1.19 g, 2.42 mmol, 86%).  Rf 0.10 (SiO2, 50% EtOAc/PE); νmax (neat/cm-1) 3363 

(m, N-H), 2974 (m, C-H), 1737 (s, C=O), 1707 (s, C=O); δH (400 MHz, CDCl3) 5.73 (br s, 2H, NH), 

3.69 (s, 6H, H9), 3.43 (s, 4H, H7), 3.20-3.12 (m, 4H, H3), 2.77-2.72 (m, 4H, H2), 2.76 (s, 4H, H1), 

1.44 (s, 18H, H6); δC (101 MHz, CDCl3) 171.9 (C8), 156.2 (C4), 79.1 (C5), 54.5 (C7), 52.4 (C1), 

52.0 (C2), 51.6 (C9), 38.7 (C3), 28.6 (C6); HRMS (ESI) m/z found [M+H]+ 491.3071, C22H43O8N4
+ 

required 491.3081. 
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Di-tert-butyl ((5,12-dioxo-4,7,10,13-tetraazahexadeca-1,15-diyne-7,10-diyl)bis(ethane-2,1-

diyl))dicarbamate (19) To a solution of methyl 11-(2-((tert-butoxycarbonyl)amino)ethyl)-8-(2-

methoxy-2-oxoethyl)-2,2-dimethyl-4-oxo-3-oxa-5,8,11-triazatridecan-13-oate 17 (1.18 g, 

2.40 mmol) in MeOH (9.78 mL) and 1,4-dioxane (9.78 mL) was added aqueous NaOH (1 M, 

4.89 mL). The reaction mixture was stirred at rt for 4 h and then concentrated in vacuo. The 

resulting residue was re-dissolved in MeOH, filtered, and concentrated again. The residue was 

then dissolved in DMF (20 mL), followed by addition of N-propargylamine (922 μL, 14.4 mmol), 

triethylamine (2.01 mL, 14.4 mmol) and HBTU (2.73 g, 7.20 mmol). After stirring at rt for 16 h, 

the reaction mixture was diluted with EtOAc and washed with brine, 1 M HCl, brine, saturated 

NaHCO3 and water. The organic phase was dried over Na2SO4 and concentrated in vacuo. 

Purification by column chromatography (EtOAc) yielded the product as an orange oil (151 mg, 

0.282 mmol, 12%). Rf 0.07 (SiO2, 80% EtOAc/PE); νmax (neat/cm-1) 3288 (m, N-H), 2977 (m, C-H), 

2151 (m, C≡C), 1661 (s, C=O); δH (600 MHz, CD3OD) 4.02 (d, 4H, J = 2.5 Hz, H9), 3.19 (s, 4H, H7), 

3.14 (t, 4H, J = 6.2 Hz, H3), 2.64 (s, 4H, H1), 2.63-2.58 (m, 4H, H2), 2.58 (t, 2H, J = 2.5 Hz, H11), 

1.45 (s, 18H, H6); δC (101 MHz, CD3OD) 173.8 (C8), 158.6 (C4), 80.8 (C10), 80.1 (C5), 72.2 (C11), 

59.7 (C7), 56.5 (C1), 54.5 (C2), 38.9 (C3), 29.2 (C9), 28.8 (C6); HRMS (ESI) m/z found [M+H]+ 

537.3400, C26H45O6N6
+ required 537.3401. 

 

Tetra-N-Boc-amine backbone, (alkyne)2 (20)  

Method A: To a solution of methyl bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 (190 mg, 

0.506 mmol) in MeOH (2.16 mL) and 1,4-dioxane (2.16 mL) was added aqueous NaOH (1 M, 
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1.08 mL). The reaction mixture was stirred at rt for 4 h and then concentrated in vacuo. The 

resulting residue was re-dissolved in MeOH, filtered, and concentrated again to yield the desired 

carboxylic acid intermediate. Concurrently, a solution of 19 (136 mg, 0.253 mmol) in CH2Cl2 

(0.7 mL) at 0 °C was treated with HCl (4 M in dioxane, 1.7 mL). The reaction was stirred under 

nitrogen for 6 h and then concentrated in vacuo to yield the desired amine hydrochloride salt as 

a white solid. The carboxylic acid and the amine hydrochloride salt were combined, dissolved in 

CH2Cl2 (10 mL) and cooled to 0 °C before addition of triethylamine (352 μL, 2.53 mmol) and HBTU 

(240 mg, 0.633 mmol). The reaction was stirred under nitrogen at rt for 18 h and then diluted 

with EtOAc (30 mL), washed with sat. NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4, and 

concentrated in vacuo. Purification by column chromatography (0-10% MeOH/CH2Cl2) yielded 

the product as a white solid (80.8 mg, 79.0 µmol, 31%). 

Method B: A suspension of tetra-N-Boc scaffold 28 (39.2 mg, 47.0 µmol) and K2CO3 (26.0 mg, 

0.188 mmol) in MeCN (0.1 mL) was cooled to 0 °C. A solution of 2-bromo-N-(prop-2-yn-1-

yl)acetamide 23 (20.8 mg, 0.118 mmol) in MeCN (0.4 mL) was slowly added to the stirring 

suspension, after which the reaction was brought to rt and stirred overnight under nitrogen. The 

reaction mixture was concentrated and purified by column chromatography (0-10% 

MeOH/CH2Cl2) to give the title compound as a white solid (30.0 mg, 29.0 µmol, 62%).  

Rf 0.18 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 3296 (m, N-H), 2978 (m, C-H), 2157 (m, C≡C), 

1654 (s, C=O); δH (600 MHz, CD3OD) 4.20 (s, 4H, H11), 4.08 (d, 4H, J = 2.5 Hz, H13), 3.80 (s, 4H, 

H5), 3.57 (t, 4H, J = 6.0 Hz, H3), 3.51-3.44 (m, 16H, H6/7), 3.27 (s, 4H, H1), 3.21-3.17 (m, 4H, H2), 

2.72 (t, 2H, J = 2.5 Hz, H15), 1.47 (s, 36H, H10); δC (101 MHz, CD3OD) 169.8 (C12), 166.3 (C4), 

159.1 (C8), 81.3 (C14), 80.3 (C9), 73.2 (C15), 57.0 (C5), 56.1 (C11), 56.0 (C2), 55.9 (C6), 53.3 (C1), 

37.0 (C3), 36.7 (C7), 30.0 (C13), 28.8 (C10); HRMS (ESI) m/z found [M+H]+ 1023.6547, 

C48H87O12N12
+ required 1023.6566. 
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TetraDVP-alkyne2 (21) To a solution of 20 (79.8 mg, 78.0 µmol) in CH2Cl2 (0.5 mL) at 0 °C was 

added HCl (4 M in dioxane, 1.0 mL). The reaction was stirred under nitrogen for 6 h and then 

concentrated in vacuo to yield the desired amine hydrochloride salt as a white solid. The 

amine hydrochloride salt was re-dissolved in CH2Cl2 (1 mL) and cooled to 0 °C. To this solution 

was added a solution of 4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid 4 (72.8 mg, 

0.312 mmol), triethylamine (217 μL, 1.56 mmol) and HBTU (118 mg, 0.312 mmol) in CH2Cl2 

(2 mL) at 0 °C. The reaction was stirred under nitrogen for 18 h and then concentrated in 

vacuo. Purification by reverse phase flash column chromatography (35-70% solvent B in 

solvent A. Solvent A: 100 mM NH4OH (aq). Solvent B: MeCN) and lyophilisation yielded the 

product as a colourless oil (46.1 mg, 31.0 µmol, 40%). νmax (neat/cm-1) 3289 (m, N-H), 2938 

(m, C-H), 2186 (m, C≡C), 1637 (s, C=O); δH (600 MHz, CD3OD) 6.67 (s, 4H, H19), 6.59 (dd, 8H, J 

= 10.6, 17.4 Hz, H20), 6.35 (d, 8H, J = 17.3 Hz, H21b), 5.56 (dd, 8H, J = 1.2, 10.7 Hz, H21a), 3.98 

(d, 4H, J = 2.3, H3), 3.45 (t, 8H, J = 6.7 Hz, H16), 3.27 (t, 4H, J = 6.8 Hz, H8), 3.24 (t, 8H, J = 6.4 

Hz, H12), 3.18 (s, 4H, H5), 3.17 (s, 4H, H10), 2.64-2.57 (m, 4H, H7), 2.64-2.57 (m, 2H, H1), 2.64-

2.57 (m, 8H, H11), 2.60 (s, 4H, H6), 2.29 (t, 8H, J = 7.5 Hz, H14), 1.91 (qn, 8H, J = 7.1 Hz, H15); 

δC (101 MHz, CD3OD) 175.9 (C13), 174.1 (C4), 173.7 (C9), 165.3 (C18), 164.0 (C17), 137.1 (C20), 

122.1 (C21), 105.8 (C19), 80.9 (C2), 72.4 (C1), 59.7 (C10), 59.3 (C5), 55.8 (C7), 55.8 (C11), 54.4 

(C6), 41.7 (C16), 38.7 (C12), 38.4 (C8), 34.7 (C14), 29.4 (C3), 27.0 (C15); HRMS (ESI) m/z found 

[M+H]+ 1483.8687, C76H107O8N24
+ required 1483.8698. 

 

2-bromo-N-(prop-2-yn-1-yl)acetamide (23) A solution of propargylamine (1.16 mL, 

18.2 mmol) in CH2Cl2 (33 mL) and sat. NaHCO3 (33 mL) was cooled to -10 °C and 2-bromoacetyl 
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bromide (2.42 mL, 27.2 mmol) was added dropwise over 15 min with vigorous stirring. The 

reaction mixture was allowed to warm to rt and stirred for a further 45 min. Following 

addition of water (30 mL), the aqueous solution was extracted with EtOAc (2 x 80 mL), and 

the combined organic extracts were washed with sat. NaHCO3 (30 mL), 5% HCl (30 mL) and 

brine (30 mL). Combined organic extracts were dried over Na2SO4 and concentrated in vacuo 

to give the title compound as a pale yellow solid (2.97 g, 16.9 mmol, 93%). Rf 0.69 (SiO2, 20% 

MeOH/CH2Cl2); νmax (neat/cm-1) 3289 (m, N-H), 3071 (m, C-H), 2120 (w, C≡C), 1645 (s, C=O); 

δH (400 MHz, CDCl3) 6.68 (s, 1H, NH), 4.09 (dd, 2H, J = 5.3, 2.6 Hz, H3), 3.90 (s, 2H, H1), 2.28 

(t, 1H, J = 2.6 Hz, H5); δC (100 MHz, CDCl3) 165.3 (C2), 78.6 (C4), 72.4 (C5), 30.1 (C3), 28.8 (C1); 

LRMS (ESI) m/z found [M+H]+ 178.0, C5H7ONBr+ required 178.0. 

These data are consistent with those previously reported.203  

 

Tetra-N-Boc-amine backbone, (NH)3 (24) To a pre-dried microwave vial containing methyl 

bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 (964 mg, 2.57 mmol) dissolved in dry 

MeOH (1 mL) was added tetraethylenepentamine (90.0 L, 0.475 mmol). The vial was capped, 

flushed with nitrogen, and stirred overnight at 110 °C. The reaction mixture was 

concentrated, re-dissolved in CH2Cl2, and purified by column chromatography (0-20% 

MeOH/CH2Cl2) to give the desired compound as a white foam (184 mg, 0.210 mmol, 44%). Rf 

0.06 (BuOH:H2O:MeCN, 8:1:1); νmax (neat/cm-1) 3330 (m, N-H), 2980 (m, C-H), 1689 (s, C=O); 

δH (400 MHz, CDCl3) 7.63 (br s, 1H, NH), 6.21 (br s, 2H, NH), 3.40-3.30 (m, 4H, H4), 3.16-3.09 

(m, 8H, H8), 3.06 (s, 4H, H6), 2.83-2.66 (m, 12H, H1/2/3), 2.60-2.52 (m, 8H, H7), 1.40 (s, 36H, 

H11); δC (100 MHz, CDCl3) 171.5 (C5), 156.6 (C9), 79.2 (C10), 59.2 (C6), 55.3 (C7), 48.6 (C3), 

48.5 (C2), 48.4 (C1), 38.7 (C8), 38.6 (C4), 28.6 (C11); HRMS (ESI) m/z found [M+H]+ 876.6284, 

C40H82N11NaO10
+ required 876.6246. 
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Tetra-N-Boc-amine backbone, (alkyne)3 (25) A suspension of 24 (184 mg, 0.210 mmol) and 

K2CO3 (174 mg, 1.26 mmol) in MeCN (0.26 mL) was cooled to 0 °C. A solution of 23 (MeCN, 

0.5 M, 1.58 mL) was slowly added to the stirring suspension, after which the reaction was 

brought to rt and stirred overnight. The reaction mixture was concentrated, re-dissolved in 

CH2Cl2 (40 mL), washed with water (2 x 10 mL) and brine (20 mL), dried over Na2SO4, and 

purified by column chromatography (5-10% MeOH/CH2Cl2) to give the title compound as a 

white foam (119 mg, 0.102 mmol, 49%). Rf 0.50 (SiO2, 20% MeOH/CH2Cl2); νmax (neat/cm-1) 

3309 (m, N-H), 2928 (m, C-H), 2158 (m, C≡C), 1658 (s, C=O); δH (400 MHz, CD3OD) 4.05 (d, 4H, 

J = 2.6 Hz, H14), 4.03 (d, 2H, J = 2.5 Hz, H19), 3.35-3.30 (m, 7H, H4), 3.25 (s, 4H, H12), 3.23 (s, 

2H, H17), 3.18 (s, 4H, H6), 3.14 (t, 8H, J = 6.0 Hz, H8), 2.74-2.65 (m, 12H, H3/7), 3.64 (t, 2H, J 

= 2.3 Hz, H16), 2.62-2.58 (m, 9H, H1/2/21), 1.44 (s, 36H, H11); δC (100 MHz, CD3OD) 174.3 

(C13), 173.8 (C5), 173.6 (C18), 158.4 (C9), 80.9 (C20), 80.8 (C15), 80.1 (C10), 72.6 (C16), 72.3 

(C21), 60.2 (C6), 59.3 (C17), 59.2 (C12), 56.5 (C7), 55.7 (C3), 54.4 (C2), 54.3 (C1), 39.7 (C8), 

38.5 (C4), 29.5 (C14), 29.3 (C19), 28.9 (C11); HRMS (ESI) m/z found [M+H]+ 1161.7365, 

C55H97O13N14
+ required 1161.7360. 

 

TetraDVP-alkyne3 (26) To a solution of 25 (25.0 mg, 22.0 mol) in CH2Cl2 (150 L) at 0 °C was 

added HCl (4 M in dioxane, 270 µL). The reaction was brought to rt and stirred for 1 h. The 
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reaction mixture was concentrated to give the desired amine hydrochloride salt as a white 

solid. The amine hydrochloride salt was re-suspended in CH2Cl2 (150 L) and cooled to 0 °C, 

followed by addition of DIPEA (74.0 L, 0.420 mmol) and 4-((4,6-divinylpyrimidin-2-

yl)amino)butanoic acid 4 (25.0 mg, 0.110 mmol). The solution was stirred at rt for 10 min, 

after which a solution of BTFFH in CH2Cl2 (0.6 M, 205 L) was added dropwise over 3 h with 

maximum stirring. After complete addition of BTFFH the reaction was stirred for an additional 

12 h, concentrated, and then purified by reverse phase flash column chromatography (35-

70% solvent B in solvent A. Solvent A: 100 mM NH4OH (aq). Solvent B: MeCN) to yield the 

product after lyophilisation as a pale yellow solid (6.70 mg, 41.4 µmol, 20%). νmax (neat/cm-1) 

3305 (m, N-H), 2970 (m, C-H), 2156 (m, C≡C), 1637 (s, C=O); δH (400 MHz, CD3OD) 6.68 (s, 4H, 

H28), 6.60 (dd, 8H, J = 17.4, 10.7 Hz, H26), 6.36 (d, 8H, J = 17.3 Hz, H27b), 5.56 (dd, 8H, J = 

10.6, 1.6 Hz, H27a), 3.99 (t, 6H, J = 2.8 Hz, H14/19), 3.45 (t, 8H, J = 6.8 Hz, H23), 3.28 (t, 4H, J 

= 6.5 Hz, H4), 3.25 (t, 8H, J = 6.3 Hz, H8), 3.19 (s, 4H, H6), 3.18 (s, 4H, H12), 3.16 (s, 2H, H17), 

2.65-2.58 (m, 23H, H1/2/3/7/16/21), 2.29 (t, 8H, J = 7.5 Hz, H10), 1.91 (qn, 8H, J = 7.0 Hz, H22); 

δC (126 MHz, CD3OD) 175.9 (C9), 174.1 (C5), 173.8 (C13), 173.7 (C18), 165.3 (C25), 164.0 (C24), 

137.2 (C26), 122.1 (C27), 105.8 (C28), 81.0 (C20), 81.0 (C15), 72.5 (C16), 72.4 (C21), 59.8 (C6), 

59.4 (C12), 59.3 (C17), 55.9 (C3), 55.8 (C7), 54.5 (C1), 54.3 (C2), 41.7 (C23), 38.7 (C8), 38.4 

(C4), 34.7 (C10), 29.4 (C14), 29.3 (C19), 27.0 (C22); HRMS (ESI) m/z found [M+H]+ 1621.9491, 

C83H117N26O9
+required 1621.9497. 

 

Tetra-N-Boc-amine backbone, (NH)1 (27) In a pre-dried microwave vial containing methyl 

bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 (200 mg, 0.530 mmol) dissolved in dry 

MeOH (0.3 mL) was added diethylenetriamine (10.7 L, 98.0 µmol). The vial was capped, 

flushed with nitrogen, and stirred overnight at 110 °C. The reaction mixture was concentrated 

and purified by column chromatography (0-10% MeOH/CH2Cl2) to give the product as a 

colourless oil (60.6 mg, 77.0 µmol, 78%). Rf 0.14 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 

3316 (m, N-H), 2974 (m, C-H), 1687 (s, C=O); δH (400 MHz, CD3OD) 3.48 (t, 4H, J = 5.8 Hz, H2), 

3.21 (s, 4H, H4), 3.14 (t, 8H, J = 6.3 Hz, H6), 3.06 (t, 4H, J = 5.7 Hz, H1), 2.61 (t, 8H, J = 6.3 Hz, 

H5), 1.45 (s, 36H, H9); δC (101 MHz, CD3OD) 175.6 (C3), 158.6 (C7), 80.2 (C8), 59.9 (C4), 56.4 
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(C5), 49.5 (C1), 39.7 (C2), 38.4 (C6), 28.9 (C9); HRMS (ESI) m/z found [M+H]+ 790.5425, 

C36H72O10N9
+ required 790.5402. 

 

Tetra-N-Boc-amine backbone, (NH)2 (28) In a pre-dried microwave vial containing methyl 

bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate 6 (203 mg, 0.540 mmol) dissolved in dry 

MeOH (0.3 mL) was added triethylenetetramine (14.9 L, 0.100 mmol). The vial was capped, 

flushed with nitrogen, and stirred overnight at 110 °C. The reaction mixture was concentrated 

and purified by column chromatography (0-20% MeOH/CH2Cl2) to give the product as a 

colourless oil (40.8 mg, 49.0 µmol, 49%). Rf 0.38 (SiO2, 20% MeOH/CH2Cl2); νmax (neat/cm-1) 

3335 (m, N-H), 2980 (m, C-H), 1690 (s, C=O); δH (600 MHz, CD3OD) 3.38 (t, 4H, J = 6.3 Hz, H3), 

3.17 (s, 4H, H5), 3.13 (t, 8H, J = 6.1 Hz, H7), 2.80-2.77 (m, 4H, H2), 2.76 (s, 4H, H1), 2.60 (t, 8H, 

J = 5.7 Hz, H6), 1.45 (s, 36H, H10); δC (101 MHz, CD3OD) 174.5 (C4), 158.6 (C8), 80.2 (C9), 60.1 

(C5), 56.4 (C6), 49.7 (C1), 49.4 (C2), 39.7 (C3), 39.7 (C7), 28.9 (C10); HRMS (ESI) m/z found 

[M+H]+ 833.5843, C38H77O10N10
+ required 833.5824. 

 

tert-butyl bis(2-(prop-2-yn-1-yloxy)ethyl)carbamate (29) A solution of diethanolamine 

(2.44 g, 23.0 mmol) in CH2Cl2 (25 mL) was cooled to 0 °C and a solution of di-tert-butyl 

dicarbonate (6.33 g, 29.0 mmol) in CH2Cl2 (5 mL) as slowly added. The reaction was stirred for 

12 h at rt, diluted in CH2Cl2 (40 mL) and washed with water (40 mL). The aqueous phase was 

extracted with CH2Cl2 (2 x 20 mL). The combined organic extracts were washed with brine, 

dried over Na2SO4, and concentrated to give tert-butyl bis(2-hydroxyethyl)carbamate as a 

clear oil, which was used directly in the next step without further purification.  

To a 50% NaOH(aq) solution (11 mL) was sequentially added tert-butyl bis(2-

hydroxyethyl)carbamate in toluene (11 mL), tetrabutylammonium bisulfate (16.0 mg, 

47.0 mol), and propargyl bromide (80% in toluene, 8.70 mL, 78.0 mmol), and the reaction 
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was stirred at rt for 48 h. The organic layer was isolated, concentrated, and purified by column 

chromatography (50% EtOAc/hexane) to give the title compound as a yellow viscous oil 

(2.30 g, 7.57 mmol, 35%). Rf 0.60 (SiO2, 50% EtOAc/hexane); νmax (neat/cm-1) 2975 (m, C-H), 

2117 (m, C≡C), 1686 (s, C=O); δH (400 MHz, CDCl3) 4.13 (d, 4H, J = 2.4 Hz, H3), 3.66-3.57 (m, 

4H, H2), 3.52-3.38 (m, 4H, H1), 2.41 (t, 2H, J = 2.4 Hz, H5), 1.45 (s, 9H, H8); δC (100 MHz, CDCl3) 

155.6 (C6), 79.9 (C7), 79.8 (C4), 74.5 (C5), 68.7 (C2), 58.3 (C3), 47.9 (C1), 28.6 (C8); LRMS (ESI) 

m/z found [M+Na]+ 304.2, C15H23N26O4Na+ required 304.2. 

These data are consistent with those previously reported.233,234 

 

2-bromo-N,N-bis(2-(prop-2-yn-1-yloxy)ethyl)acetamide (30) A solution of 29 (0.570 g, 

2.03 mmol) in CH2Cl2 (3 mL) was treated with TFA (1 mL) and the reaction was stirred at rt for 

2 h. The reaction mixture was concentrated to remove excess TFA and a light yellow solid was 

obtained, which was used directly in the next step without any further purification. The solid 

was suspended in CH2Cl2 (8 mL) and cooled to 0 °C, followed by addition of DIPEA (1.40 mL, 

8.10 mmol) and bromoacetyl bromide (0.350 mL, 4.05 mmol). The reaction was stirred at rt 

for 1 h. The reaction mixture was diluted with CH2Cl2 (20 mL), cooled to 0 °C, sat. NaHCO3 

(15 mL) added, and the resulting suspension was stirred vigorously for 5 min. The reaction 

mixture was concentrated and water (10 mL) and EtOAc (20 mL) added. The aqueous phase 

was extracted with EtOAc (2 x 20 mL), the combined organic layers washed with sat. NaHCO3 

(20 mL), 1 M HCl (2 x 10 mL), and brine (20 mL). The organic layer was dried over Na2SO4 and 

concentrated in vacuo. Purification by column chromatography (25% EtOAc/hexane) yielded 

the title compound as a light yellow oil (0.360 g, 1.20 mmol, 60%). Rf 0.55 (SiO2, 50% 

EtOAc/hexane); νmax (neat/cm-1) 2865 (m, C-H), 2114 (m, C≡C), 1638 (s, C=O); δH (400 MHz, 

CDCl3) 4.08 (d, 2H, J = 2.4 Hz, H3), 4.06* (d, 2H, J = 2.4 Hz, H3), 3.93 (s, 2H, H7), 3.64-3.60 (m, 

6H, H1/2), 3.53-3.48* (m, 2H, H1), 2.42 (t, 1H, J = 2.4 Hz, H5), 2.40* (t, 1H, J = 2.4 Hz, H5); δC 

(100 MHz, CDCl3) 167.6 (C6), 79.5 (C4), 79.1* (C4), 75.0 (C5), 74.7* (C5), 68.1 (C2), 67.5* (C2), 

58.5 (C3), 58.3* (C3), 49.9 (C1), 46.8* (C1), 27.1 (C7); HRMS (ESI) m/z found [M+H]+ 302.0388, 

C12H17O3NBr+ required 302.0392. *Rotamer 
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tert-butyl (5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)carbamate (31) A solution of 29 

(281 mg, 1.00 mmol) in CH2Cl2 (1.5 mL) was cooled to 0 °C, followed by addition of HCl (4 M 

in dioxane, 3 mL). The reaction was brought to rt and stirred for 2 h. The reaction mixture was 

concentrated to give the desired amine hydrochloride salt as a white solid. The solid was re-

suspended in MeCN (10 mL). Sodium carbonate (1.06 g, 10.0 mmol) was added. After stirring 

for 5 min, a solution of tert-butyl (5-bromopentyl)carbamate (399 mg, 1.50 mmol) in MeCN 

(2 mL) was added. The reaction mixture was then refluxed at 70 °C for 48 h. Subsequently, 

the reaction mixture was diluted with brine (30 mL) and extracted with EtOAc (3 x 20 mL). The 

combined organic layers were dried over Na2SO4, concentrated in vacuo, and purified by 

column chromatography (30-50% EtOAc/PE) to give the title compound as a pale yellow oil 

(242 mg, 0.661 mmol, 66%). Rf 0.21 (SiO2, 80% EtOAc/PE); νmax (neat/cm-1) 3342 (m, N-H), 

2938 (m, C-H), 2111 (m, C≡C), 1676 (s, C=O); δH (400 MHz, CDCl3) 4.54 (br s, 1H, NH), 4.16 (d, 

4H, J = 2.3 Hz, H3), 3.60 (t, 4H, J = 6.0 Hz, H2), 3.14-3.06 (m, 2H, H10), 2.73 (t, 4H, J = 6.0 Hz, 

H1), 2.55-2.49 (m, 2H, H6), 2.42 (t, 2H, J = 2.2 Hz, H5), 1.51-1.42 (m, 4H, H7/9), 1.44 (s, 9H, 

H13), 1.30 (qn, 2H, J = 7.6 Hz, H8); δC (100 MHz, CDCl3) 156.0 (C11), 79.9 (C12), 79.0 (C4), 74.3 

(C5), 68.3 (C2), 58.2 (C3), 55.0 (C6), 53.8 (C1), 40.5 (C10), 29.9 (C9), 28.4 (C13), 26.7 (C7), 24.5 

(C8); HRMS (ESI) m/z found [M+H]+ 367.2587, C20H34O4N2
+ required 367.2597. 

 

N-(5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)-2-bromoacetamide (32) To a solution of 

tert-butyl (5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)carbamate 31 (100 mg, 

0.270 mmol) in CH2Cl2 (0.5 mL) at 0 °C was added HCl (4 M in dioxane, 1 mL). The reaction 

was stirred under nitrogen for 2 h and then concentrated in vacuo to yield the desired amine 

hydrochloride salt as a white solid. The hydrochloride salt was re-dissolved in a mixture of 
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CH2Cl2 (1 mL) and sat. NaHCO3 (1 mL) and cooled to -10 °C, followed by dropwise addition of 

2-bromoacetyl bromide (35.3 µL, 0.405 mmol). The reaction mixture was stirred for 1 h, and 

then diluted with brine and extracted with CH2Cl2 (3 x 10 mL). Combined organic phases were 

dried over Na2SO4 and concentrated in vacuo. Purification by column chromatography (0-5% 

MeOH/CH2Cl2) yielded the title compound as a pale yellow oil (57.3 mg, 0.148 mmol, 55%). Rf 

0.41 (SiO2, 10% MeOH/CH2Cl2); νmax (neat/cm-1) 3219 (m, N-H), 2928 (m, C-H), 2111 (m, C≡C), 

1672 (s, C=O); δH (400 MHz, CDCl3) 6.55 (br s, 1H, NH), 4.15 (d, 4H, J = 2.4 Hz, H3), 3.87 (s, 2H, 

H12), 3.62 (t, 4H, J = 5.5 Hz, H2), 3.27 (q, 2H, J = 6.7 Hz, H10), 2.78-2.75 (m, 4H, H1), 2.58-2.54 

(m, 2H, H6), 2.43 (t, 2H, J = 2.4 Hz, H5), 1.55 (qn, 2H, J = 7.4 Hz, H7), 1.50 (qn, 2H, J = 7.4 Hz, 

H9), 1.33 (qn, 2H, J = 7.6 Hz, H8); δC (100 MHz, CDCl3) 165.5 (C11), 79.7 (C4), 74.8 (C5), 67.8 

(C2), 58.4 (C3), 55.0 (C6), 53.9 (C1), 40.2 (C10), 29.8 (C9), 29.5 (C12), 29.1 (C7), 24.5 (C8); 

HRMS (ESI) m/z found [M+H]+ 387.1273, C17H28O3N2Br+ required 387.1283. 

 

 

Tetra-N-Boc-amine backbone, ((alkyne)2)2 (33) To a solution of tetra-N-Boc backbone 28 

(55.0 mg, 66.0 µmol) in MeCN (0.2 mL) was added K2CO3 (51.0 mg, 0.370 mmol), followed by 

a solution of 2-bromo-N,N-bis(2-(prop-2-yn-1-yloxy)ethyl)acetamide 30 (49.7 mg, 165 µmol) 

in MeCN (0.5 mL). The reaction was stirred at rt for 48 h. The reaction mixture was 

concentrated, and the desired compound was purified by column chromatography (5-10% 

MeOH/CH2Cl2) to give the title compound as a clear oil (56.0 mg, 43.9 µmol, 67%). Rf 0.34 

(10% MeOH/CH2Cl2); νmax (neat/cm-1) 3296 (m, N-H), 2969 (m, C-H), 2493 (m, C≡C), 1654 (s, 

C=O); δH (400 MHz, CD3OD) 4.21 (d, 4H, J = 2.3 Hz, H3), 4.18* (d, 4H, J = 2.3 Hz, H3), 3.76-3.60 

(m, 20H, H1/2/7), 3.35-3.27 (m, 4H, H10), 3.21-3.14 (m, 12H, H12/14), 2.92 (t, 2H, J = 2.1 Hz, 

H5), 2.88* (t, 2H, J = 2.4 Hz, H5), 2.81-2.73 (m, 8H, H8/9), 2.65 (t, 8H, J = 6.1 Hz, H13), 1.46 (s, 

36H, H17); δC (126 MHz, CD3OD) 174.2 (C11), 173.6 (C6), 158.4 (C15), 80.7 (C4), 80.6* (C4), 

80.1 (C16), 76.4 (C5), 76.2* (C5), 68.9 (C2), 68.8* (C2), 60.3 (C12), 59.3 (C3), 59.0* (C3), 57.1 

(C7), 56.7 (C13), 55.4 (C9), 53.8 (C8), 47.4 (C1), 39.9 (C14), 38.4 (C10), 29.0 (C17); HRMS (ESI) 

m/z found [M+H]+ 1275.7987, C62H107N12O16
+required 1275.7928. *Rotamer 
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Tetra-N-Boc-amine backbone, (pentane-(alkyne)2)2 (34) To a solution of tetra-N-Boc 

backbone 28 (49.3 mg, 59.2 µmol) in MeCN (1 mL) was added K2CO3 (32.7 mg, 237 µmol), 

followed by a solution of N-(5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)-2-

bromoacetamide 32 (57.3 mg, 148 µmol) in MeCN (0.5 mL). The reaction was stirred at rt for 

48 h. The reaction mixture was concentrated, and the desired compound purified by column 

chromatography (0-15% MeOH/CH2Cl2) to give the title compound as a clear oil (38.8 mg, 

26.6 µmol, 45%). Rf 0.35 (15% MeOH/CH2Cl2); νmax (neat/cm-1) 3283 (m, N-H), 2936 (m, C-H), 

2155 (m, C≡C), 1654 (s, C=O); δH (400 MHz, CD3OD) 4.17 (s, 4H, H3), 3.66 (t, 8H, J = 5.5 Hz, 

H2), 3.32-3.29 (m, 8H, H5/15), 3.26-3.21 (m, 4H, H10), 3.20 (s, 4H, H12), 3.16 (s, 4H, H17), 

3.13 (t, 8H, J = 5.8 Hz, H19), 2.89-2.84 (m, 8H, H1), 2.70-2.65 (m, 12H, H6/13/14), 2.59 (t, 8H, 

J = 5.7 Hz, H18), 1.61-1.50 (m, 8H, H7/9), 1.44 (s, 36H, H22), 1.38-1.30 (m, 4H, H8); δC (126 

MHz, CD3OD) 174.3 (C11), 173.8 (C16), 158.5 (C20), 80.7 (C4), 80.2 (C21), 76.2 (C5), 68.3 (C2), 

60.2 (C12), 59.6 (C17), 59.0 (C3), 56.5 (C14/18), 56.0 (C6/13), 54.6 (C1), 40.3 (C10), 39.7 (C15), 

38.6 (C19), 30.5 (C9), 29.0 (C22), 26.8 (C7), 25.8 (C8); HRMS (ESI) m/z found [M+H]+ 

1445.9692, C72H129N14O16
+ required 1445.9711. 

 

TetraDVP-((alkyne)2)2 (35) A solution of tetra-N-Boc backbone 33 (38.0 mg, 30.0 mol) in 

CH2Cl2 (210 L) was cooled to 0 °C and HCl (4 M in dioxane, 370 µL) was added. The reaction 
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was brought to rt and stirred for 1 h. The reaction mixture was concentrated in vacuo to give 

the desired amine hydrochloride salt as a white solid. The amine hydrochloride salt was re-

suspended in CH2Cl2 (210 L) and cooled to 0 °C. DIPEA (105 L, 0.600 mmol) was added, 

followed by 4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid 4 (35.0 mg, 0.150 mmol). The 

solution was stirred at rt for 10 min, after which a solution of BTFFH in CH2Cl2 (0.6 M, 290 L) 

was added dropwise over 3 h during maximum stirring. After complete addition of BTFFH the 

reaction was stirred for an additional 12 h at rt, concentrated, and purified by reverse phase 

flash column chromatography (35-70% solvent B in solvent A; Solvent A: 100 mM NH4OH (aq). 

Solvent B: MeCN) to yield the desired product after lyophilisation as a clear oil (5.00 mg, 

2.88 µmol, 10%). νmax (neat/cm-1) 3335 (m, N-H), 2928 (m, C-H), 2336 (m, C≡C), 1636 (s, C=O); 

δH (400 MHz, CD3OD) 6.68 (s, 4H, H23), 6.60 (dd, 8H, J = 17.4, 10.6 Hz, H21), 6.36 (d, 8H, J = 

17.4 Hz, H22b), 5.56 (dd, 8H, J = 10.6, 1.5 Hz, H22a), 4.15 (d, 4H, J = 2.3 Hz, H3), 4.11* (d, 4H, 

J = 2.3 Hz, H3), 3.67-3.54 (m, 16H, H1/2), 3.53 (s, 4H, H7), 3.45 (t, 8H, J = 6.8 Hz, H18), 3.28-

3.22 (m, 12H, H10/14), 3.18 (s, 4H, H12), 2.89 (t, 2H, J = 2.3 Hz, H5), 2.84* (t, 2H, J = 2.4 Hz, 

H5), 2.68 (s, 4H, H8), 2.66-2.59 (m, 12H, H9/13), 2.28 (t, 8H, J = 7.5 Hz, H16), 1.91 (qn, 8H, J = 

7.1 Hz, H17); δC (126 MHz, CD3OD) 175.8 (C15), 173.9 (C6), 173.9 (C11), 165.3 (C20), 164.0 

(C19), 137.2 (C21), 122.1 (C22), 105.9 (C23), 80.7 (C4), 80.7* (C4), 76.4 (C5), 76.2* (C5), 68.8 

(C2), 68.8* (C2), 59.8 (C12), 59.3 (C3), 59.0* (C3), 57.1 (C7), 55.8 (C13), 55.4 (C9), 54.2 (C8), 

47.2 (C1), 41.8 (C18), 38.7 (C14), 38.6 (C10), 34.7 (C16), 27.0 (C17); HRMS (ESI) m/z found 

[M+H]+ 1736.0099, C90H127N24O12
+ required 1736.0060. *Rotamer 

 

TetraDVP-(pentane-(alkyne)2)2 (36) To a solution of tetra-N-Boc backbone 34 (13.0 mg, 

8.99 µmol) in CH2Cl2 (0.25 mL) at 0 °C was added HCl (4 M in dioxane, 0.5 mL). The reaction 

was stirred under nitrogen for 2 h and then concentrated in vacuo to yield the desired amine 

hydrochloride salt as a white solid. The amine hydrochloride salt was re-dissolved in CH2Cl2 
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(0.25 mL) and cooled to 0 °C. To this solution was added a solution of 4-((4,6-divinylpyrimidin-

2-yl)amino)butanoic acid 4 (12.6 mg, 53.9 µmol), triethylamine (25 μL, 180 µmol) and HBTU 

(20.5 mg, 53.9 µmol) in CH2Cl2 (0.25 mL) at 0 °C. The reaction was stirred under nitrogen for 

18 h and then concentrated in vacuo. Purification by reverse phase flash column 

chromatography (35-70% solvent B in solvent A. Solvent A: 100 mM NH4OH (aq). Solvent B: 

MeCN) and lyophilisation yielded the product as a white solid (1.80 mg, 0.940 µmol, 10%). 

νmax (neat/cm-1) 3299 (m, N-H), 2928 (m, C-H), 2153 (m, C≡C), 1645 (s, C=O); δH (400 MHz, 

CD3OD) 6.69 (s, 4H, H28), 6.60 (dd, 8H, J = 17.4, 10.7 Hz, H26), 6.36 (d, 8H, J = 17.3 Hz, H27b), 

5.57 (dd, 8H, J = 10.7, 1.5 Hz, H27a), 4.23 (d, 8H, J = 2.4 Hz, H3), 3.83 (t, 8H, J = 4.9 Hz, H2), 

3.45 (t, 8H, J = 6.8 Hz, H23), 3.30-3.15 (m, 32H, H1/10/12/15/17/19), 3.00 (t, 4H, J = 2.3 Hz, 

H5), 2.65-2.60 (m, 24H, H6/13/14/18), 2.29 (t, 8H, J = 7.5 Hz, H21), 1.91 (qn, 8H, J = 7.1 Hz, 

H22), 1.56 (qn, 4H, J = 7.5 Hz, H9), 1.39-1.30 (m, 8H, H7/8); δC (126 MHz, CD3OD) 175.9 (C20), 

174.2 (C11/16), 165.3 (C25), 164.0 (C24), 137.2 (C26), 122.2 (C27), 105.9 (C28), 89.9 (C4), 77.2 

(C5), 68.8 (C2), 59.9 (C12/17), 59.2 (C3), 56.1 (C14), 56.0 (C6), 55.3 (C18), 54.0 (C13), 47.1 (C1), 

41.8 (C23), 40.4 (C10), 38.8 (C15/19), 34.7 (C21), 30.2 (C9), 26.8 (C7), 27.1 (C22), 25.0 (C8); 

HRMS (ESI) m/z found [M+H]+ 1906.1851, C100H149N26O12
+ required 1906.1848. 

 

SN-38-Boc (65) To a suspension of SN-38 (20.0 mg, 50.0 µmol) in CH2Cl2 (2 mL) were added 

pyridine (140 µL) and Boc anhydride (16.4 mg, 75.0 µmol). The reaction was stirred at rt under 

nitrogen for 1 h and then washed with 0.5 M HCl (3 x 5 mL) and sat. NaHCO3 (5 mL). The 

organic phase was dried over Na2SO4 and concentrated in vacuo to yield the product as a 

white solid (24.6 mg, 50.0 µmol, 100%). δH (400 MHz, CDCl3) 8.26 (d, 1H, J = 9.2 Hz, H21), 7.90 

(d, 1H, J = 2.5 Hz, H2), 7.69 (s, 1H, H17), 7.67 (dd, 1H, J = 9.2, 2.5 Hz, H22), 5.75 (d, 1H, J = 16.3 

Hz, H11), 5.31 (d, 1H, J = 16.3 Hz, H11), 5.26 (s, 2H, H8), 3.80 (br s, 1H, OH), 3.16 (q, 2H, J = 7.7 

Hz, H5), 1.96-1.83 (m, 2H, H14), 1.61 (s, 9H, H25), 1.40 (t, 3H, J = 7.7 Hz, H6), 1.04 (t, 3H, J = 

7.4 Hz, H15); δC (101 MHz, CDCl3) 174.0 (C12), 157.8 (C9), 151.9 (C1), 151.6 (C23), 150.3 (C19), 

150.2 (C16), 147.2 (C18), 146.8 (C20), 145.8 (C4), 132.0 (C21), 127.6 (C7), 127.5 (C3), 125.5 

(C22), 118.8 (C10), 114.3 (C2), 98.4 (C17), 84.6 (C24), 72.9 (C13), 66.5 (C11), 49.6 (C8), 31.8 
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(C14), 27.9 (C25), 23.4 (C5), 14.1 (C6), 8.0 (C15); LRMS (ESI) m/z found [M+H]+ 493.2, 

C27H29N2O7
+required 493.2. 

These data are consistent with those previously reported.219,235  

 

SN-38-Boc-azide (66) To a solution of SN-38-Boc 65 (24.6 mg, 50.0 µmol) and 14-azido-

3,6,9,12-tetraoxatetradecanoic acid (0.5M in TBME, 200 µL, 100 µmol) in CH2Cl2 (2 mL) were 

added EDC·HCl (19.2 mg, 100 µmol) and DMAP (3.05 mg, 25.0 µmol). The reaction was stirred 

at rt under nitrogen for 2 h and then sequentially washed with 0.5M HCl, sat. NaHCO3, and 

water. The organic phase was dried over Na2SO4 and concentrated in vacuo. Purification by 

column chromatography (0-5% MeOH/CH2Cl2) yielded the product as a white solid (33.0 mg, 

44.0 µmol, 88%). Rf 0.38 (SiO2, 5% MeOH/CH2Cl2); δH (400 MHz, CDCl3) 8.25 (d, 1H, J = 9.2 Hz, 

H21), 7.91 (d, 1H, J = 2.5 Hz, H2), 7.69 (dd, 1H, J = 9.2, 2.5 Hz, H22), 7.22 (s, 1H, H17), 5.69 (d, 

1H, J = 17.2 Hz, H11), 5.42 (d, 1H, J = 17.2 Hz, H11), 5.25 (d, 2H, J = 1.8 Hz, H8), 4.36 (s, 1H, 

H27), 4.34 (s, 1H, H27), 3.67-3.62 (m, 12H, H28/29/30/31/32/33), 3.36 (t, 2H, J = 5.1 Hz, H34), 

3.16 (q, 2H, J = 7.7 Hz, H5), 2.37-2.11 (m, 2H, H14), 1.61 (s, 9H, H25), 1.40 (t, 3H, J = 7.5 Hz, 

H6), 1.22-1.18 (m, 2H, H35), 0.97 (t, 3H, J = 7.5 Hz, H15); δC (101 MHz, CDCl3) 169.8 (C26), 

167.3 (C12), 157.4 (C9), 151.6 (C1), 151.5 (C23), 150.2 (C19), 146.5 (C18), 146.2 (C16/20), 

145.6 (C4), 131.6 (C21), 127.7 (C7), 127.4 (C3), 125.7 (C22), 120.6 (C10), 114.4 (C2), 96.5 (C17), 

84.6 (C24), 76.5 (C13), 71.2/70.9/70.8/70.8/70.7 (C29/30/31/32/33), 70.6 (C34), 70.1 (C28), 

68.3 (C27), 67.3 (C11), 50.8 (C35), 49.5 (C8), 31.9 (C14), 27.9 (C25), 23.4 (C5), 14.1 (C6), 7.7 

(C15); HRMS (ESI) m/z found [M+H]+ 752.3148, C37H46O12N5
+ required 752.3143. 
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SN-38-azide (67) To a solution of SN-38-Boc-azide 66 (12.7 mg, 16.9 µmol) in CH2Cl2 (0.5 mL) 

at 0 °C was added TFA (0.5 mL). The reaction was stirred at 0 °C for 90 min and then 

concentrated in vacuo. Purification by column chromatography (0-10% MeOH/CH2Cl2) yielded 

the product as a white solid (7.60 mg, 11.7 µmol, 69%). Rf 0.19 (SiO2, 5% MeOH/CH2Cl2); δH 

(400 MHz, CDCl3) 8.34 (d, 1H, J = 9.2 Hz, H21), 7.55 (dd, 1H, J = 9.2, 2.2 Hz, H22), 7.50 (s, 1H, 

H17), 7.40 (d, 1H, J = 2.2 Hz, H2), 5.72 (d, 1H, J = 17.3 Hz, H11), 5.41 (d, 1H, J = 17.3 Hz, H11), 

5.19 (s, 2H, H8), 4.50-4.32 (m, 2H, H24), 3.82-3.68 (m, 2H, H5), 3.68-3.59 (m, 12H, 

H25/26/27/28/29/30), 3.34 (t, 2H, J = 5.1 Hz, H31), 3.14-3.04 (m, 2H, H32), 2.30-2.10 (m, 2H, 

H14), 1.36 (t, 3H, J = 7.6 Hz, H6), 1.00 (t, 3H, J = 7.5 Hz, H15); δC (101 MHz, CDCl3) 170.5 (C23), 

166.9 (C12), 158.7 (C1), 157.0 (C9), 151.8 (C19), 146.4 (C16), 143.9 (C18), 141.8 (C4), 136.9 

(C20), 129.5 (C3), 128.2 (C7), 126.4 (C22), 126.1 (C21), 122.0 (C10), 106.3 (C2), 100.7 (C17), 

76.6 (C13), 70.8/70.4/70.3/70.3/70.2 (C26/27/28/29/30), 70.1 (C31), 70.0 (C28), 67.9 (C25), 

66.8 (C11), 50.7 (C32), 49.8 (C8), 31.4 (C14), 24.2 (C5), 13.6 (C6), 7.6 (C15); HRMS (ESI) m/z 

found [M+Na]+ 674.2443, C32H37O10N5Na+ required  674.2433; HPLC (5-95% MeCN/H2O over 

20 min) retention time 9.368 min. 
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TetraDVP-Val-Cit-PABC-MMAE (72) To a solution of TetraDVP 15 (2.00 mg, 1.49 µmol) and 

N3-PEG4-ValCit-PABC-MMAE (2.06 mg, 1.49 µmol) in CH2Cl2 (250 µL) was added a solution of 

CuSO4·5H2O (0.450 mg, 1.79 µmol), THPTA (1.29 mg, 2.98 µmol) and sodium ascorbate 

(1.48 mg, 7.45 µmol) in 1:1 H2O/tBuOH (500 µL). The reaction was stirred at 40 °C for 2 h and 

then purified by reverse phase flash column chromatography (40-70% solvent B in solvent A. 

Solvent A: 100 mM NH4OH (aq). Solvent B: MeCN). Lyophilisation yielded the product as a 

white solid (1.01 mg, 0.370 µmol, 25%). LRMS (ESI) m/z found [M+H]+ 2729.1 and [M+2H]2+ 

1364.8, C137H208N35O24
+required 2727.6; HPLC (5-95% MeCN/H2O over 20 min) retention time 

9.175 min. 

 

2-bromo-N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)acetamide (74) A solution of propargyl-

PEG2-amine (70.9 µL, 0.500 mmol) in CH2Cl2 (2 mL) and sat. NaHCO3 (2 mL) was cooled 

to -10 °C and 2-bromoacetyl bromide (65.0 µL, 0.750 mmol) was added dropwise. The 

reaction mixture was allowed to slowly reach rt and stirred for 1 h. The reaction mixture was 

diluted with water (5 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organic phases 

were dried over Na2SO4 and concentrated in vacuo to give the title compound as a pale orange 

oil (122 mg, 0.462 mmol, 92%). νmax (neat/cm-1) 3299 (m, N-H), 3873 (m, C-H), 2253 (w, C≡C), 

1659 (s, C=O); δH (400 MHz, CDCl3) 6.95 (br s, 1H, NH), 4.18-4.15 (m, 2H, H7), 3.83 (s, 2H, H1), 

3.68-3.60 (m, 4H, H5/H6), 3.55 (t, 2H, J = 4.9 Hz, H4), 3.45 (q, 2H, J = 5.0 Hz, H3), 2.45-2.42 (m, 

1H, H9); δC (100 MHz, CDCl3) 165.7 (C2), 79.5 (C8), 74.8 (C9), 70.1 (C4), 69.4 (C5), 69.0 (C6), 



133 

 

58.5 (C7), 39.9 (C3), 29.1 (C1); HRMS (ESI) m/z found [M+H]+ 264.0231, C9H14O3NBr+ required 

264.0230. 

 

Tetra-N-Boc backbone, PEG2-alkyne (75) To a suspension of 27 (79.0 mg, 0.100 mmol) and 

K2CO3 (27.6 mg, 0.200 mmol) in MeCN (0.5 mL) was added a solution of 74 (33.0 mg, 

0.125 mmol) in MeCN (0.5 mL). The reaction was stirred under nitrogen for 18 h and then 

concentrated in vacuo. Purification by column chromatography (0-10% MeOH/CH2Cl2) gave 

the title compound as a white solid (52.6 mg, 54.0 µmol, 54%). Rf 0.26 (SiO2, 10% 

MeOH/CH2Cl2); νmax (neat/cm-1) 3309 (m, N-H), 2977 (m, C-H), 2252 (m, C≡C), 1691 (s, C=O); 

δH (600 MHz, CDCl3) 7.70 (br s, 2H, NH), 5.82 (br s, 4H, NH), 4.20-4.17 (m, 2H, H16), 3.70-3.62 

(m, 4H, H14/H15), 3.58 (t, 2H, J = 4.8 Hz, H13), 3.47 (q, 2H, J = 5.0 Hz, H12), 3.37-3.30 (m, 4H, 

H2), 3.24 (s, 2H, H10), 3.21-3.11 (m, 8H, H6), 3.12 (s, 4H, H4), 2.76-2.70 (m, 4H, H1), 2.62-2.54 

(m, 8H, H5), 2.50-2.47 (m, 1H, H18), 1.87 (s, 1H, NH), 1.43 (s, 36H, H9); δC (101 MHz, CDCl3) 

171.9 (C11), 171.8 (C3), 156.7 (C7), 79.6 (C17), 79.4 (C8), 75.1 (C18), 70.0 (C13), 69.7 (C14), 

69.1 (C15), 59.3 (C16), 59.1 (C10), 59.5 (C4), 55.7 (C5), 55.0 (C1), 39.2 (C12), 38.8 (C6), 37.7 

(C2), 28.7 (C9); HRMS (ESI) m/z found [M+H]+ 973.6280, C45H85O13N10
+ required 973.6292. 
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TetraDVP-PEG2-alkyne (76) To a solution of tetra-N-Boc backbone 75 (45.9 mg, 47.2 µmol) in 

CH2Cl2 (0.5 mL) at 0 °C was added HCl (4 M in dioxane, 1.0 mL). The reaction was stirred under 

nitrogen for 2 h and then concentrated in vacuo to yield the desired amine hydrochloride salt 

as a white solid. The amine hydrochloride salt was re-dissolved in DMF (0.5 mL) and cooled 

to 0 °C. To this solution, a solution of 4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid 4 

(44.1 mg, 0.189 mmol), triethylamine (131 μL, 0.943 mmol) and HBTU (71.7 mg, 0.189 mmol) 

in DMF (0.5 mL) at 0 °C was added. The reaction was stirred under nitrogen for 16 h and then 

purified by reverse phase flash column chromatography (0-100% solvent B in solvent A. 

Solvent A: 100 mM NH4OH (aq). Solvent B: MeCN). Lyophilisation yielded the product as a 

white solid (28.9 mg, 20.2 µmol, 43%). νmax (neat/cm-1) 3295 (m, N-H), 2933 (m, C-H), 2252 

(m, C≡C), 1636 (s, C=O); δH (600 MHz, CD3OD) 6.67 (s, 4H, H21), 6.59 (dd, 8H, J = 10.7, 17.4 Hz, 

H23), 6.35 (d, 8H, J = 17.4 Hz, H24b), 5.56 (dd, 8H, J = 1.4, 10.7 Hz, H24a), 4.15 (d, 2H, J = 2.3, 

H3), 3.64-3.57 (m, 4H, H4/H5), 3.53 (t, 2H, J = 5.4 Hz, H6), 3.44 (t, 8H, J = 6.8 Hz, H19), 3.39 (t, 

2H, J = 5.4 Hz, H7), 3.27 (t, 4H, J = 6.6 Hz, H11), 3.23 (t, 8H, J = 6.3 Hz, H15), 3.19 (s, 2H, H9), 

3.17 (s, 4H, H13), 2.86 (t, 1H, J = 2.4 Hz, H1), 2.65 (t, 4H, J = 6.6 Hz, H10), 2.60 (t, 8H, J = 6.3 

Hz, H14), 2.28 (t, 8H, J = 7.5 Hz, H17), 1.90 (qn, 8H, J = 7.1 Hz, H18); δC (101 MHz, CD3OD) 

175.9 (C16), 174.1 (C12), 174.0 (C8), 165.3 (C22), 164.0 (C20), 137.1 (C23), 122.2 (C24), 105.8 

(C21), 80.6 (C2), 76.2 (C1), 71.0 (C6), 70.4 (C5), 70.1 (C4), 59.6 (C13), 59.5 (C9), 59.1 (C3), 55.8 

(C10), 55.7 (C14), 41.7 (C19), 40.0 (C7), 38.6 (C15), 38.6 (C11), 34.7 (C17), 27.0 (C18); HRMS 

(ESI) m/z found [M+H]+ 1433.8401, C73H105O9N22
+ required 1433.8435. 
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6.3 Protein Chemistry 

SDS-PAGE: 

Non-reducing Tris-Glycine SDS-PAGE with 8% or 12% acrylamide with 4% stacking gel was 

performed as standard. Broad range molecular weight marker (10-200 kDa, New England 

BioLabs) was run in all gels. Samples (5 µL, 2.5 µg unless stated otherwise) were prepared 

with reducing or non-reducing loading dye (5 μL, reducing dye contains β-mercaptoethanol) 

and heated to 90 °C for 5 min before loading. Gels were run at constant voltage (200 V) for 

45-60 min in 1 x Laemmli running buffer (LRB). All gels were stained with Coomassie dye and 

imaged on a Syngene gel imaging system. Gels containing fluorescently labelled samples were 

imaged for in-gel fluorescence prior to Coomassie staining.  

UV-vis spectroscopy: 

UV-vis spectroscopy was used to determine protein concentrations and fluorophore-to-

antibody ratios (FAR) using a NanoDrop One spectrophotometer. Sample buffer was used as 

blank for baseline correction with extinction coefficients ε280 = 215,380 M-1 cm-1 for 

trastuzumab and ε495 = 71,000 M-1 cm-1 for AlexaFluor™ 488. The correction factor for 

AlexaFluor™ 488 absorption at 280 nm is 0.11. FAR was calculated using the following 

formula: 

𝐹𝐴𝑅 =  𝐴𝑏𝑠495/𝜀495(𝐴𝑏𝑠280 − 0.11 × 𝐴𝑏𝑠495)/𝜀280 
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Chapter 3: 

Reaction of trastuzumab with DVP 4 

 

To a solution of trastuzumab (11.9 μL, 17 μM, 2.5 mg/mL) in TBS pH 8 (25 mM Tris HCl, 25 mM 

NaCl, 0.5 mM EDTA) was added a solution of TCEP·HCl in H2O (final concentration of 170 μM, 

10 equiv.). The mixture was vortexed and incubated at 37 °C for 1 h. A solution of 4 in DMSO 

was added (final concentration of 340 μM, 20 equiv.) and the reaction mixture incubated at 

37 °C for 4 h. The excess reagents were removed by use of a Zeba™ Spin Desalting Column 

(7,000 molecular weight cut off [MWCO], Thermo Fisher Scientific).  
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Reaction of trastuzumab with BisDVP 10 

 

To a solution of trastuzumab (198 μL, 17 μM, 2.5 mg/mL) in TBS pH 8 (25 mM Tris HCl, 25 mM 

NaCl, 0.5 mM EDTA) was added a solution of TCEP·HCl in H2O (final concentration of 170 μM, 

10 equiv.). The mixture was vortexed and incubated at 37 °C for 1 h. A solution of 10 in DMSO 

was added (final concentration of 340 μM, 20 equiv.) and the reaction mixture incubated at 

37 °C for 4 h. The excess reagents were removed by use of a Zeba™ Spin Desalting Column 

(7,000 MWCO, Thermo Fisher Scientific), followed by repeated diafiltration into PBS using an 

Amicon-Ultra centrifugal filter (10,000 MWCO, Merck Millipore). 
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Preparation of BisDVP AlexaFluor™ 488 conjugate 

 

To a solution of BisDVP conjugate 12 in PBS were added CuSO4⋅5H2O (20 equiv.), THPTA 

(100 equiv.), sodium ascorbate (150 equiv.) and AlexaFluor™ 488 Azide (Thermo Fisher 

Scientific) (5 mM in DMSO, 12 equiv.). The mixture was vortexed and incubated at 37 °C for 

16 h. The excess reagents were removed by filtration through two successive Zeba™ Spin 

Desalting Columns (7,000 MWCO, Thermo Fisher Scientific), followed by repeated 

diafiltration into PBS using an Amicon-Ultra centrifugal filter (10,000 MWCO, Merck 

Millipore).  
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Chapter 4: 

Reaction of trastuzumab with TetraDVPs 15, 21, 26, 35, 36 or 76 

 

To a solution of trastuzumab (277 μL, 17 μM, 2.5 mg/mL) in TBS pH 8 (25 mM Tris HCl, 25 mM 

NaCl, 0.5 mM EDTA) was added a solution of TCEP·HCl in H2O (final concentration of 170 μM, 

10 equiv.). The mixture was vortexed and incubated at 37 °C for 1 h. A solution of TetraDVP 

15, 21, 26, 35, 36 or 76 in DMSO was added (final concentration of 34 μM, 2 equiv.) and the 

reaction mixture incubated at 37 °C for 4 h. The excess reagents were removed by use of a 

Zeba™ Spin Desalting Column (40,000 MWCO, Thermo Fisher Scientific), followed by repeated 

diafiltration into PBS using an Amicon-Ultra centrifugal filter (10,000 MWCO, Merck 

Millipore). 



140 

 

Preparation of TetraDVP AlexaFluor™ 488 conjugates 

 

To a solution of TetraDVP conjugate 37, 38, 39, 40 or 41 in PBS were added CuSO4⋅5H2O 

(20 equiv. per alkyne), THPTA (100 equiv. per alkyne), sodium ascorbate (150 equiv. per 

alkyne) and AlexaFluor™ 488 Azide (Thermo Fisher Scientific) (20 mM in DMSO, 12 equiv. per 

alkyne). The mixture was vortexed and incubated at 37 °C for 6 h. The excess reagents were 

removed by filtration through two successive Zeba™ Spin Desalting Columns (7,000 MWCO, 

Thermo Fisher Scientific), followed by repeated diafiltration into PBS using an Amicon-Ultra 

centrifugal filter (10,000 MWCO, Merck Millipore).  
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Preparation of TetraDVP ADCs 48-51 

 

To a solution of TetraDVP conjugate 37, 38, 39 or 41 in PBS were added CuSO4⋅5H2O 

(150 equiv.), THPTA (600 equiv.), sodium ascorbate (1000 equiv.) and N3-PEG4-Val-Cit-PABC-

MMAE 47 (20 mM in DMSO, 100 equiv.). The mixture was vortexed and incubated at 37 °C 

for 7 h. The reaction was quenched by addition of EDTA, and the excess reagents were 

removed by filtration through two successive Zeba™ Spin Desalting Columns (40,000 MWCO, 

Thermo Fisher Scientific), followed by repeated diafiltration into PBS using an Amicon-Ultra 

centrifugal filter (10,000 MWCO, Merck Millipore).  
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Preparation of TetraDVP ADCs 53-54 

 

To a solution of TetraDVP conjugate 37 or 38 in PBS were added CuSO4⋅5H2O (150 equiv.), 

THPTA (600 equiv.), sodium ascorbate (1000 equiv.) and N3-PEG24-Val-Cit-PABC-MMAE 52 

(20 mM in DMSO, 100 equiv.). The mixture was vortexed and incubated at 37 °C for 7 h. The 

reaction was quenched by addition of EDTA, and the excess reagents were removed by 

filtration through a Zeba™ Spin Desalting Column (40,000 MWCO, Thermo Fisher Scientific), 

followed by repeated diafiltration into PBS using an Amicon-Ultra centrifugal filter (10,000 

MWCO, Merck Millipore).  
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Preparation of TetraDVP ADCs 56-59 

 

To a solution of TetraDVP conjugate 37, 38, 39 or 41 in PBS were added CuSO4⋅5H2O 

(150 equiv.), THPTA (600 equiv.), sodium ascorbate (1000 equiv.) and N3-PEG4-Glu2-PEG2-Val-

Cit-PABC-MMAE 55 (20 mM in DMSO, 100 equiv.). The mixture was vortexed and incubated 

at 37 °C for 7 h. The reaction was quenched by addition of EDTA, and the excess reagents 

were removed by filtration through a Zeba™ Spin Desalting Column (40,000 MWCO, Thermo 

Fisher Scientific), followed by repeated diafiltration into PBS using an Amicon-Ultra 

centrifugal filter (10,000 MWCO, Merck Millipore).  
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Preparation of TetraDVP ADCs 61-64 

 

To a solution of TetraDVP conjugate 37, 38, 39 or 41 in PBS were added CuSO4⋅5H2O 

(150 equiv.), THPTA (600 equiv.), sodium ascorbate (1000 equiv.) and N3-PEG4-MMAE 60 

(20 mM in DMSO, 100 equiv.). The mixture was vortexed and incubated at 37 °C for 7 h. The 

reaction was quenched by addition of EDTA, and the excess reagents were removed by SEC 

using a Superdex™ 200 Increase 10/300 GL column with PBS pH 7 elution buffer.  
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Preparation of TetraDVP ADCs 68-71  

 

To a solution of TetraDVP conjugate 37, 38, 39 or 41 in PBS were added CuSO4⋅5H2O 

(150 equiv.), THPTA (600 equiv.), sodium ascorbate (1000 equiv.) and N3-PEG4-SN-38 67 

(20 mM in DMSO, 100 equiv.). The mixture was vortexed and incubated at 37 °C for 6 h. The 

reaction was quenched by addition of EDTA, and the excess reagents were removed by 

filtration through a Zeba™ Spin Desalting Column (40,000 MWCO, Thermo Fisher Scientific), 

followed by repeated diafiltration into PBS using an Amicon-Ultra centrifugal filter (10,000 

MWCO, Merck Millipore).  
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Reaction of trastuzumab with TetraDVP-MMAE linker-payload 72 

 

To a solution of trastuzumab (11.9 μL, 17 μM, 2.5 mg/mL) in TBS pH 8 (25 mM Tris HCl, 25 mM 

NaCl, 0.5 mM EDTA) was added TCEP (final concentration of 170 μM, 10 equiv.). The mixture 

was vortexed and incubated at 37 °C for 1 h. A solution of TetraDVP 72 (10 mM in DMSO) was 

added (final concentration of 34 μM, 2 equiv.) and the reaction mixture incubated at 37 °C 

for 4 h. The excess reagents were removed by use of a Zeba™ Spin Desalting Column (40,000 

MWCO, Thermo Fisher Scientific). 
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Preparation of TetraDVP ADCs 78-80 

 

To a solution of TetraDVP conjugate 77 in PBS were added CuSO4⋅5H2O (150 equiv.), THPTA 

(600 equiv.), sodium ascorbate (1000 equiv.) and azide 52, 55 or 60 (20 mM in DMSO, 

100 equiv.). The mixture was vortexed and incubated at 37 °C for 6 h. The reaction was 

quenched by addition of EDTA, and the excess reagents were removed by filtration through a 

Zeba™ Spin Desalting Column (40,000 MWCO, Thermo Fisher Scientific).  
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6.4 Biological Evaluation 

Stability Analysis: 

To a solution of trastuzumab-AlexaFluor™ 488 conjugate 42, 43, 44 or 46 (138 μL, 3.75 μM) in 

PBS were added 12 μL of reconstituted human plasma (Sigma). The mixture was incubated at 

37 °C for 14 days. Aliquots were removed after 0, 2, 4, 6, 8, 10, 12 and 14 days, flash frozen 

and stored at -80 °C until analysis. SDS-PAGE was followed by in-gel fluorescence imaging and 

Coomassie brilliant blue staining and imaging. 

Size Exclusion Chromatography (SEC): 

Analytical size-exclusion chromatography (SEC) was carried out on an AKTA pure 

chromatography system using a Superdex™ 200 Increase 10/300 GL column. Samples were 

injected at a concentration of 1 mg/mL and eluted with TBS pH 8 (25 mM Tris HCl, 200 mM 

NaCl, 0.5 mM EDTA) at a flow rate of 0.5 mL/min.  

Enzyme-linked immunosorbent assay (ELISA): 

A 96-well plate was coated with 100 μL of a 0.25 μg/mL solution of HER2 (Sino Biological, His-

tagged) overnight at 4 °C. Coating solutions were removed and each well washed with PBS 

(2 × 200 μL). Each well was then blocked with 1% BSA in PBS (200 μL) for 1 h at room 

temperature. The blocking solution was then removed and each well washed with PBS 

(3 × 200 μL). Wells were treated with a serial dilution of trastuzumab and trastuzumab-

TetraDVP conjugates 37, 38, 39 and 41 in PBS (100 μL of 90 nM, 30 nM, 10 nM, 3.33 nM, 

1.11 nM, 0.37 nM, 0.12 nM, 0 nM) and incubated at room temperature for 2 h. The conjugate 

solutions were removed, and each well was washed with 0.1% Tween 20 in PBS (2 × 200 μL) 

followed by PBS (3 × 200 μL). Next, 100 μL of detection antibody (1:500 dilution of a mouse 

anti-human IgG-HRP, ThermoFisher) in PBS was added to each well and incubated at room 

temperature for 1 h. Each well was washed with 0.1% Tween 20 in PBS (2 × 200 μL) followed 

by PBS (3 × 200 μL). Finally, an OPD solution (100 μL of a solution prepared by dissolving 1 

capsule in 9 mL H2O and 1 mL stable peroxide substrate buffer (10×), ThermoFisher) was 

added to each well. After 15 minutes, 4 M HCl (aq.) (50 μL) was added to each well to quench 

the reaction. Absorbance at 490 nm and 590 nm was measured using a CLARIOstar Microplate 
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Reader. Measurements were performed in quadruplicate and three independent repeats 

were performed. 

Cell lines: 

HER2-positive SKBR3 and BT474 cells were obtained from the American Type Culture 

Collection (ATCC) and HER2-negative MCF7 and MDA-MB-468 cells were obtained from the 

European Collection of Authenticated Cell Cultures (ECACC) and ATCC, respectively. SKBR3 

cells were maintained in high glucose McCoy’s 5A medium, supplemented with 10% heat-

inactivated foetal-bovine serum (FBS), GlutaMAX™, 50 U/mL penicillin and 50 μg/mL 

streptomycin. MCF7 and MDA-MB-468 cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin and 50 

μg/mL streptomycin. BT474 cells were maintained in RPMI1640 medium supplemented with 

10% FBS, 2 mM L-glutamine, 50 U/mL penicillin and 50 μg/mL streptomycin. All cell lines were 

incubated at 37 °C with 5% CO2. 

Live cell microscopy: 

SKBR3 or MCF7 cells were seeded at 40,000 cells/well in 8-well chambered μ-slide (Ibidi, 

80826) for 48 h at 37 °C with 5% CO2. Slides were then placed on ice and washed with Ham’s 

F12 Nutrient Mix media containing 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin and 50 

μg/mL streptomycin (3 × 200 μL). Antibody conjugates 42 and 43 (50 nM), trastuzumab 

(50 nM) or vehicle (PBS) were added to the cells in complete F12 growth medium and 

incubated at 4 °C in the dark for 1 h. Cells were placed back on ice and washed with complete 

F12 growth medium (3 × 200 μL). Complete F12 growth medium (200 μL) was added, and the 

cells incubated for 3.5 h at 37 °C with 5% CO2. After 3 h incubation, Hoechst 33342 

trihydrochloride trihydrate (1 μg/mL, Invitrogen, H3570) was added. Live cell microscopy was 

performed on an Operetta CLS confocal microscope (Perkin Elmer) with a 40× water objective. 

Cells were maintained in a humidified atmosphere at 37 °C and 5% CO2 throughout analysis. 

Data analysis was performed using ImageJ (Fiji). 

Cell viability:  

Cells were seeded in 96-well plates for 24 h at 37 °C with 5% CO2. SKBR3 cells were seeded at 

15,000 cells/well, BT474 cells were seeded at 20,000 cells/well, MCF7 cells were seeded at 
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7,500 cells/well and MDA-MB-468 cells were seeded at 10,000 cells/well. Serial dilutions of 

ADCs 48, 49, 50, 51, 61, 62, 63, 64 or trastuzumab were added to the cells in complete growth 

medium and incubated at 37 °C with 5% CO2 for 96 h. Cell viability was determined using a 

CellTiter-Glo viability assay (Promega) according to the manufacturer’s instructions. Cell 

viability was plotted as a percentage of that of untreated cells. Each measurement was taken 

in triplicate. For ADCs 48, 49, 50, 51 and trastuzumab three independent repeats were 

performed. 
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Appendix A – NMR spectra 
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Ethyl 4-((4,6-dichloropyrimidin-2-yl)amino)butanoate (1) 
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Ethyl 4-((4,6-divinylpyrimidin-2-yl)amino)butanoate (3)  
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4-((4,6-divinylpyrimidin-2-yl)amino)butanoic acid (4) 
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Di-tert-butyl (azanediylbis(ethane-2,1-diyl))dicarbamate (5) 
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Methyl bis(2-((tert-butoxycarbonyl)amino)ethyl)glycinate (6) 

 

 



169 

 

Di-tert-butyl (((2-oxo-2-(prop-2-yn-1-ylamino)ethyl)azanediyl)bis(ethane-2,1-

diyl))dicarbamate (8) 

 

 



170 

 

N,N'-(((2-oxo-2-(prop-2-yn-1-ylamino)ethyl)azanediyl)bis(ethane-2,1-diyl))bis(4-((4,6-

divinylpyrimidin-2-yl)amino)butanamide) (10) 
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Tetra-N-Boc-amine backbone, (alkyne)1 (14) 
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TetraDVP-alkyne1 (15) 
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Di-tert-butyl ((ethane-1,2-diylbis(azanediyl))bis(ethane-2,1-diyl))dicarbamate (16)  

 

 



174 

 

Methyl 11-(2-((tert-butoxycarbonyl)amino)ethyl)-8-(2-methoxy-2-oxoethyl)-2,2-dimethyl-

4-oxo-3-oxa-5,8,11-triazatridecan-13-oate (17)  

 

 



175 

 

Di-tert-butyl ((5,12-dioxo-4,7,10,13-tetraazahexadeca-1,15-diyne-7,10-diyl)bis(ethane-2,1-

diyl))dicarbamate (19)  
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Tetra-N-Boc-amine backbone, (alkyne)2 (20) 
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TetraDVP-alkyne2 (21) 
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2-bromo-N-(prop-2-yn-1-yl)acetamide (23) 
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Tetra-N-Boc-amine backbone, (NH)3 (24) 

 

 

 



180 

 

Tetra-N-Boc-amine backbone, (alkyne)3 (25) 
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TetraDVP-alkyne3 (26) 
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Tetra-N-Boc-amine backbone, (NH)1 (27) 
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Tetra-N-Boc-amine backbone, (NH)2 (28) 

 

 

 



184 

 

tert-butyl bis(2-(prop-2-yn-1-yloxy)ethyl)carbamate (29) 

 

 

 



185 

 

2-bromo-N,N-bis(2-(prop-2-yn-1-yloxy)ethyl)acetamide (30) 
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tert-butyl (5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)carbamate (31)  
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N-(5-(bis(2-(prop-2-yn-1-yloxy)ethyl)amino)pentyl)-2-bromoacetamide (32)  
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Tetra-N-Boc-amine backbone, ((alkyne)2)2 (33)  
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Tetra-N-Boc-amine backbone, (pentane-(alkyne)2)2 (34) 
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TetraDVP-((alkyne)2)2 (35)  
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TetraDVP-(pentane-(alkyne)2)2 (36) 
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SN-38-Boc (65)  
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SN-38-Boc-azide (66)  
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SN-38-azide (67)  

 

 

 



195 

 

2-bromo-N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)acetamide (74)  
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Tetra-N-Boc backbone, PEG2-alkyne (75)   
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TetraDVP-PEG2-alkyne (76)  
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DoE optimisation of the SNAr between 2,4,6-trichloropyrimidine and ethyl 4-aminobutyrate 

hydrochloride 

 

Figure A1: Analysis of the reaction between 2,4,6-trichloropyrimidine and ethyl 4-aminobutyrate hydrochloride 

by 1H NMR. Rows: 1 = Ethyl 4-((4,6-dichloropyrimidin-2-yl)amino)butanoate (1); 2 = Ethyl 4-((2,6-

dichloropyrimidin-4-yl)amino)butanoate (2); 3-19 = Optimisation experiments. Reaction conditions and 

integration values can be found in Table 2 in Chapter 3.2.  
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Appendix B – HPLC traces 
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SN-38-azide (67) 

 

 

 

Figure B1: HPLC analysis of compound 67. Top = 220 nm. Bottom = 254 nm.   

  



201 

 

TetraDVP-Val-Cit-PABC-MMAE (72) 

 

 

 

Figure B2: HPLC analysis of compound 72. Top = 220 nm. Bottom = 254 nm.   
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Appendix C – Protein LC-MS 
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Procedure for LC-MS analysis:  

Protein LC–MS was performed on a Xevo G2-S TOF mass spectrometer coupled to an Acquity 

UPLC system using an Acquity UPLC BEH300 C4 column (1.7 μm, 2.1 × 50 mm). H2O with 0.1% 

formic acid (solvent A) and 95% MeCN and 5% H2O with 0.1% formic acid (solvent B) were 

used as the mobile phase at a flow rate of 0.2 mL/min. The gradient was programmed as 

follows: 95% A for 0.93 min, then a gradient to 100% B over 4.28 min, then 100% B for 1.04 

minutes, then a gradient to 95% A over 1.04 min. The electrospray source was operated with 

a capillary voltage of 2.0 kV and a cone voltage of 190 V. Nitrogen was used as the desolvation 

gas at a total flow rate of 850 L/h. Total mass spectra were reconstructed from the ion series 

using the MaxEnt 1 algorithm preinstalled on MassLynx 4.2 software according to the 

manufacturer’s instructions. Trastuzumab samples were deglycosylated with PNGase F (New 

England Biolabs) prior to LC-MS analysis. 

Only the region of the total ion chromatogram (TIC) between 3.25-3.75 min was analysed. 

Peaks outside of this range did not contain proteinogenic signals and were excluded. Analysis 

was conducted in the same way for all protein LC-MS traces. 

 

Figure C1: Typical TIC trace of trastuzumab samples. The blue arrow indicates the region was the TIC that was 

analysed.   
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Figure C2: LC-MS of unmodified trastuzumab. Top = non-deconvoluted MS. Bottom = deconvoluted MS; 

expected 145,160 Da, observed 145,172 Da.  

 

 

 

 

 

Figure C3: Analysis of the reaction between trastuzumab and DVP 4 by LC-MS. Top = non-deconvoluted MS. 

Bottom = deconvoluted MS; expected 73,061 Da (half antibody) and 146,123 Da (full antibody), observed 73,046 

and 146,077 Da.  
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Figure C4: Analysis of the reaction between trastuzumab and BisDVP 10 by LC-MS. Top = non-deconvoluted MS. 

Bottom = deconvoluted MS; expected 73,224 Da (half antibody) and 146,448 Da (full antibody), observed 73,216 

and 146,418 Da. 

 

 

 

 

 

Figure C5: Analysis of the reaction between BisDVP ALC 12 and AlexaFluor™ 488 azide by LC-MS. Top = non-

deconvoluted MS. Bottom = deconvoluted MS; expected 73,881 Da (half antibody) and 147,762 Da (full 

antibody), observed 73,881 Da and 146,772 Da. The peak at 34,774 Da corresponds to PNGase F.  
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Figure C6: Analysis of the reaction between trastuzumab and TetraDVP 15 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 146,536 Da, observed 146,537 Da.  

 

 

 

Figure C7: Analysis of the reaction between trastuzumab and TetraDVP 21 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 146,674 Da, observed 146,626 Da.  
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Figure C8: Analysis of the reaction between trastuzumab and TetraDVP 26 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 146,812 Da, observed 146,765 Da.  

 

 

 

 

 

Figure C9: Analysis of the reaction between trastuzumab and TetraDVP 35 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 146,926 Da, observed 146,858 Da.  
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Figure C10: Analysis of the reaction between trastuzumab and TetraDVP 36 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 147,096 Da, observed 147,049 Da.  

 

 

 

 

 

 

Figure C11: Analysis of the reaction between bis-alkyne ALC 38 and AlexaFluor™ 488 azide by LC-MS. Top = non-

deconvoluted MS. Bottom = deconvoluted MS; expected 147,988 Da, observed 147,991 Da. 
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Figure C12: Analysis of the reaction between trastuzumab and TetraDVP 76 by LC-MS. Top = non-deconvoluted 

MS. Bottom = deconvoluted MS; expected 146,624 Da, observed 146,604 Da. 
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Appendix D – HIC traces 
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Procedure for HIC analysis: 

Hydrophobic interaction chromatography (HIC) was carried out using a Tosoh Bioscience 

TSKgel Butyl-NPR column (4.6 mm ID x 3.5 cm L) at a flow rate of 0.6 mL/min. Proteins were 

eluted using a linear gradient of Solvent B in Solvent A (Solvent A: 1.5 M ammonium sulfate, 

25 mM NaPi, pH 7; Solvent B: 25% isopropyl alcohol in 25 mM NaPi, pH 7).  

 

TetraDVP ALC 37 

HIC gradient: 0-100% B over 20 column volumes (CVs) 

 

Peak Retention / mL Area % 

7.56 >99 
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TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 48 

(from the reaction of ALC 37 with 24 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47)  

HIC gradient: 0-100% B over 20 CVs 

 

Peak Retention / mL Area % 

7.55 44.6 

8.09 55.4 

 

 

TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 48 

(from the reaction of ALC 37 with 48 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47) 

HIC gradient: 0-100% B over 20 CVs 

 

Peak Retention / mL Area % 

7.56 36.4 

8.10 64.6 
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TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 48 

(from the reaction of ALC 37 with 100 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.43 45.0 

12.80 55.0 

 

TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 49 

(from the reaction of ALC 38 with 100 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.77 27.7 

13.16 44.9 

15.57 27.4 
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TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 50 

(from the reaction of ALC 39 with 100 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.56 11.3 

13.01 32.6 

15.49 40.2 

18.44 15.2 

 

TetraDVP PEG4-Val-Cit-PABC-MMAE ADC 51 

(from the reaction of ALC 41 with 100 equiv. N3-PEG4-Val-Cit-PABC-MMAE 47) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.67 4.5 

13.18 16.0 

15.78 29.3 

18.81 29.3 

22.05 20.9 
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TetraDVP PEG24-Val-Cit-PABC-MMAE ADC 53 

(from the reaction of ALC 37 with 100 equiv. N3-PEG24-Val-Cit-PABC-MMAE 52) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

12.19 86.6 

14.94 13.4 

 

TetraDVP PEG24-Val-Cit-PABC-MMAE ADC 54 

(from the reaction of ALC 38 with 100 equiv. N3-PEG24-Val-Cit-PABC-MMAE 52) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

12.25 71.4 

14.94 26.9 

18.78 1.7 
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TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 56 

(from the reaction of ALC 37 with 100 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.12 30.9 

12.78 69.1 

 

TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 57 

(from the reaction of ALC 38 with 100 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.32 6.3 

13.04 31.4 

15.50 62.3 
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TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 58 

(from the reaction of ALC 39 with 100 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-60% B over 35 CVs 

 

Peak Retention / mL Area % 

11.80 8.4 

13.59 20.9 

16.19 42.5 

19.25 28.3 

 

TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 59 

(from the reaction of ALC 41 with 100 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-60% B over 35 CVs 

 

Peak Retention / mL Area % 

11.92 2.4 

13.82 5.7 

16.51 19.4 

19.44 35.0 

22.33 37.5 
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TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 58 

(from the reaction of ALC 39 with 200 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

12.03 4.3 

14.04 9.7 

16.57 40.6 

19.50 45.4 

 

TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 59 

(from the reaction of ALC 41 with 200 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

12.16 1.2 

14.16 4.2 

16.70 25.8 

19.77 31.2 

22.58 37.7 
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TetraDVP PEG4-MMAE ADC 61 

(from the reaction of ALC 37 with 100 equiv. N3-PEG4-MMAE 60) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.30 20.4 

11.68 79.6 

 

TetraDVP PEG4-MMAE ADC 62 

(from the reaction of ALC 38 with 100 equiv. N3-PEG4-MMAE 60) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.38 11.1 

11.89 46.6 

13.08 42.3 
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TetraDVP PEG4-MMAE ADC 63 

(from the reaction of ALC 39 with 100 equiv. N3-PEG4-MMAE 60) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.57 3.2 

12.23 21.9 

13.40 40.4 

15.01 34.5 

 

TetraDVP PEG4-MMAE ADC 64 

(from the reaction of ALC 41 with 100 equiv. N3-PEG4-MMAE 60) 

HIC gradient: 0-70% B over 35 CVs 

 

Peak Retention / mL Area % 

11.74 0.6 

12.54 7.3 

13.81 26.6 

15.39 39.7 

17.33 25.8 
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TetraDVP ALC 37 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

9.82 >99 

 

TetraDVP PEG4-SN-38 ADC 68 

(from the reaction of ALC 37 with 100 equiv. N3-PEG4-SN-38 67) 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

10.08 >99 
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TetraDVP ALC 38 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

9.84 >99 

 

TetraDVP PEG4-SN-38 ADC 69 

(from the reaction of ALC 38 with 100 equiv. N3-PEG4-SN-38 67) 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

10.41 >99 
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TetraDVP ALC 39 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

9.84 >99 

 

TetraDVP PEG4-SN-38 ADC 70 

(from the reaction of ALC 39 with 100 equiv. N3-PEG4-SN-38 67) 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

10.67 >99 
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TetraDVP ALC 41 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

9.85 >99 

 

TetraDVP PEG4-SN-38 ADC 71 

(from the reaction of ALC 41 with 100 equiv. N3-PEG4-SN-38 67) 

HIC gradient: 0-60% B over 20 CVs 

 

Peak Retention / mL Area % 

10.94 >99 
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TetraDVP PEG24-Val-Cit-PABC-MMAE ADC 78 

(from the reaction of ALC 77 with 100 equiv. N3-PEG24-Val-Cit-PABC-MMAE 52) 

HIC gradient: 0-100% B over 25 CVs 

 

Peak Retention / mL Area % 

9.00 38.9 

10.42 61.1 

 

TetraDVP PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE ADC 79 

(from the reaction of ALC 77 with 100 equiv. N3-PEG4-Glu2-PEG2-Val-Cit-PABC-MMAE 55) 

HIC gradient: 0-100% B over 25 CVs 

 

Peak Retention / mL Area % 

9.02 17.4 

10.06 82.6 
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TetraDVP PEG24-Val-Cit-PABC-MMAE ADC 80 

(from the reaction of ALC 77 with 100 equiv. N3-PEG4-MMAE 60) 

HIC gradient: 0-100% B over 25 CVs 

 

Peak Retention / mL Area % 

9.00 29.3 

9.34 70.7 
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