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Abstract 

Covalent amino acid modification is of significant interest to the scientific community. 

Its applications are immensely broad, spanning across therapeutics, diagnostics, 

materials science and beyond. Novel strategies to modify native proteins and peptides 

in a simple and efficient manner are highly valuable to researchers. As with the 

precision required in the design of small molecule drugs, researchers are determined 

to produce bioconjugates that are well defined, with high reproducibility and batch to 

batch consistency. One approach to achieve this is through careful modification of 

cysteine residues, which is typically carried out using well understood maleimide 

chemistry. In recent years, thiol-selective maleimide reactivity has been leveraged to 

create a series of next-generation maleimides (NGMs). This novel class of reagents 

exhibit the benefits of classical maleimides, but with improved tunability and stability. 

 

The work described in this thesis aimed to expand the applicability of the NGM 

platform, and demonstrate its versatility. These explorations first led to the generation 

of a platform to enable rapid, facile conjugation of payloads to human serum albumin 

(HSA). Secondly, investigation of fundamental NGM reactivity uncovered novel 

chemical methodology; a route that affords fast, dual modification with high stability, at 

a single cysteine site. 
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Impact Statement 

Methods to modify proteins in a precise, site-selective manner are highly sought after. 

Such methods allow for creation of stable conjugates in a controlled fashion and may 

be applied in fields ranging from biotherapeutics to diagnostics, from nanomaterials to 

assay development. 

This thesis details the optimisation of two protein and peptide modification methods, 

focusing on modification of the amino acid cysteine. The first research project focused 

on the generation of an optimised platform for conjugating small molecules to human 

serum albumin (HSA), for the purposes of half-life extension and passive targeting to 

areas of inflammation. It showed that the optimised next-generation maleimide (NGM) 

platform achieved site-selective modification of HSA and generated stable conjugates 

with a high degree of homogeneity. This platform was applied to the creation of an 

HSA-paclitaxel conjugate for use as an anticancer therapeutic. The final conjugate was 

shown to perform in a similar manner to paclitaxel in a cell kill assay, and highlights 

the potential for this NGM platform in creating highly useful, stable conjugates in a 

rapid and efficient manner. We envisage the application of this optimised platform in 

the manufacture of a variety of albumin-based biotherapeutics. 

Dual loading of a single drug onto proteins can increase the efficacy of a 

biotherapeutic, but perhaps the most useful aspect of dual modification strategies is in 

the formation of heterobifunctional conjugates. There are few ways of creating dual 

conjugates in a modular manner, and even less that permit facile real-time monitoring 

of the reaction without mass spectrometry. The second project in this thesis details the 

development of novel chemical methodology to achieve dual loading on a single 

cysteine residue. This thiol-amine dual conjugation leverages the innate reactivity of 

NGMs and allows a modular construction of stable dual conjugates, with the ability to 

monitor the reaction in real-time with UV-vis spectrophotometry. We believe this dual 

conjugation method is a step forward in protein modification and very much hope it will 

be adopted in future therapeutic and diagnostic tool development. 
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1. Background 

Unsurprisingly, the field of chemical biology is growing increasingly broad. However, it 

is still underpinned by fundamental organic chemical theory. This thesis documents 

investigations towards site-selective protein and peptide modification utilising small 

molecule, thiol-reactive probes, namely next-generation maleimides (NGMs). As such, 

the following introduction hopes to give clarity on the important research that influenced 

the work within this project. There is a deliberate focus on reagents for lysine and 

cysteine modification as well as human serum albumin (HSA), as these items are 

closely linked to the investigations into reagent development in Sections 3.1, 3.2 and 

3.5. 

This project has been carried out in collaboration with an industrial partner, Albumedix 

Ltd. Based in Nottingham, Albumedix Ltd. is a biotechnology company that specialises 

in Albumin-based products. 

1.1. Modification of Proteins and Peptides 

Proteins and peptides represent incredibly versatile and varied classes of biomolecule. 

Their diverse nature and unique specificity has enabled their use in a plethora of 

applications from healthcare (e.g. antimicrobial peptides,1 cell-penetrating peptides,2–

4 protein-based antivenom treatments5) to industry (e.g. enzymes for pharmaceutical6–

8 and biodiesel manufacturing9). There has been considerable interest in covalently 

modifying these biomolecules in order to gain insight into their structure, function, and 

to capitalise on their remarkable binding specificity to produce therapeutic conjugates. 

Methods exist to produce some of these species via genetic fusion.10–12 However, the 

limited scope and highly specialised nature of the procedures (requirement for well-

studied fusion partners; potential for disruption to protein folding; and requirement for 

significant optimisation) for each different pair of linked species has ensured that small 

molecule reagents for the covalent modification of biomolecules are still in high 

demand.13 Such probes are commonly used to modify natural or unnatural amino acids 

(UAAs) and must react under conditions that do not impair the structure or function of 

the protein: in aqueous buffers, at near-neutral pH, and at mild temperatures. These 

specific conditions rule out a plethora of synthetically useful methods; nonetheless, a 
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wide variety of protein modification strategies have been developed, a number of which 

are covered in this introduction. 

1.1.1. Modifying Unnatural Amino Acids 

Access to chemical functionality outside the 20 canonical amino acids is a highly 

desirable goal for both protein and peptide scientists alike. To this end, research into 

the installation of unnatural amino acids (UAAs) into biomolecules has delivered 

numerous successful examples. Typical UAAs include those bearing alkene, alkyne, 

azido and carbonyl handles which allow further modification of the biomolecule of 

interest (Figure 1). Encouragingly, methods to modify unnatural amino acids are 

usually highly selective, which is important as the process of installing UAAs is often 

time consuming, requiring significant optimisation. UAAs are commonly installed into 

proteins and peptides using genetic code expansion. This requires an aminoacyl-tRNA 

synthetase (aaRS)/tRNA pair that (a) is orthogonal (it has highly specific reactivity to 

the desired substrate, even in the presence of other reactive groups) to the 

endogenous aaRS/tRNA pairs in the expression host and (b) can decode a blank 

codon – a codon that does not represent any canonical amino acid. Usually the amber 

stop codon (a codon leading to termination of translation), is supressed. This codon is 

then reassigned to represent the UAA to be installed, the “blank codon”.14 Engineering 

of tRNA and aaRS pairs to ensure orthogonality and ensure the specific recognition of 

the UAA is complex and requires multiple selection rounds. Initial efforts to install UAAs 

were understandably low yielding.15,16 However, significantly improved protocols for 

site-selectively encoding a vast number of different UAAs have since been established 

in a variety of cell types.14 Indeed, UAA installation has also been carried out in a small 

number of animals.17 Genetic code expansion has enabled the installation of a number 

of functional groups into proteins; notably alkenes, alkynes, ketones, azides, boronic 

acids and iodides. Despite the benefits, the process of genetically encoding UAAs is 

arduous as selection rounds typically have to be performed for each new UAA and 

host. 
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Figure 1: Examples of UAAs that have been installed in proteins bearing (a) ketone, 

(b) azide, (c) alkyne, (d) strained alkyne and (e) strained alkene handles. 

Genetic methods towards protein modification are highly useful, but their complex 

nature, high cost and requirement for significant procedural optimisation means that 

methods for modifying naturally occurring amino acids are still beneficial. Such protein 

modification techniques should ideally be low-cost, facile to employ and highly 

reproducible. 

1.1.2. Bioorthogonal Reactions 

Bertozzi and coworkers first published the word “bioorthogonality” in 2003, however, 

the key principles of the expression had been established before the turn of the 

millenium.18 Reactions that are classified as bioorthogonal do not, or should not,  

interfere with biological processes and have been used in vitro and, more remarkably, 

in vivo.19,20 In 2007, Bertozzi and coworkers used bioorthogonal probes to monitor real-

time glycosylation in living cells.19 A year later, Bertozzi and coworkers published a 

similar methodology to spatiotemporally monitor glycosylation in developing Zebrafish 

embryos.21 In 2017, Cheng and coworkers reported on the use of bioorthogonal click 

chemistry to selectively label azide-bearing cancer cells in mice.22 

Notably, bioorthogonal reactions adhere to a number of key principles; (a) reactants 

must be non-toxic to living systems; (b) reactions must occur under physiological 

conditions (aqueous conditions, pH 7.4, 37 oC);23 (c) reactions must be high-yielding 

and avoid formation of byproducts;17 (d) reactions must exhibit fast reaction 

kinetics;23,24 and most crucially (e) reactions must occur chemoselectively in the 

presence of many other reactive functional groups.20,25–28 Fulfilment of all these criteria 
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is the key challenge in finding new bioorthogonal reactions. Exquisite selectivity and 

particularly rapid kinetics are required to monitor biological processes on the timescale 

of minutes at low reagent concentrations.19,25 

A number of bioorthogonal reactions will be covered in this section, beginning with 

those used to modify the UAAs in section 1.1.1 (Figure 1). Ketones and aldehydes may 

be modified with nucleophiles, for example, via oxime/hydrazone formation (Scheme 

1a-b), Pictet-Spengler ligation (Scheme 1c) and the Wittig reaction (Scheme 1d). In 

1996, Shultz and coworkers reported on the installation of a ketone into the protein T4 

lysozyme, subsequently modifying it with a fluorescein hydrazide reagent and 

achieving a 50% yield of desired hydrazone product.29 In a similar manner, reactions 

of amino-oxy groups on pre-installed ketones and aldehydes have also been 

reported.30 However, both oxime and hydrazone formation have been of limited utility 

due to slow reaction kinetics (0.01-0.1 M-1s-1) at neutral pH.31 To overcome this, 

Dawson and coworkers published on the use of aniline as a nucleophilic catalyst for 

oxime ligation, increasing the rate of reaction by up to 40 times at pH 7.32 This has led 

to significant further research by others, including Kool and coworkers, who have 

recently reported rates as fast as 20-30 M-1s-1 through the use of catalytic amine 

buffers.33,34 In addition, Kool and coworkers carried out hydrazone and oxime formation 

in living HeLa cells and demonstrated the low cellular toxicity of the proposed amine 

buffer strategy. Nevertheless, oxime and hydrazone formation are mostly considered 

suitable for shorter-term applications; such as the fluorescent labelling of an aldehyde-

tagged protein by Ha and coworkers,35 that does not require prolonged exposure to 

physiological conditions.36,37 Whilst the oxime is observed to be the most hydrolytically 

stable C=N linkage,30 the intrinsic instability of both hydrazone and oxime functional 

groups, particularly under dilute, acidic conditions has prevented these reactions from 

seeing widespread use for longer term in vivo applications.37,38  

Strategies to form C-C bonds upon reaction with aldehydes are highly desirable due 

to their robust stability. To this end, Tachibana and coworkers reported in 2008 on use 

of the Pictet-Spengler reaction to modify horse heart myoglobin with biotin.39 A 

modification of the procedure, termed the Pictet-Spengler ligation by Bertozzi and 

coworkers was reported in 2012, displaying significantly improved conjugation kinetics 

on a number of model proteins.37 A year later, Rabuka and coworkers published on 

the hydrazino-Pictet-Spengler ligation; proceeding with even faster kinetics at near 
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neutral pH and yielding more stable conjugates.40 The Wittig reaction may also be used 

to generate stable C-C bonds in aqueous conditions and was first reported on a protein 

in 2012.41 More recently, stabilized phosphorus ylides have been used to fluorescently 

tag the FKBP12 protein in live HeLa cells, demonstrating that the reaction is suitably 

chemoselective for the complex intracellular environment.42 

 

Scheme 1: Modification strategies for aldehydes (R = H) and ketones (R = alkyl, aryl) 

on proteins: (a) oxime ligation; (b) acyl hydrazone formation; (c) Pictet-Spengler 

ligation (X=O)/hydrazino-Pictet-Spengler ligation (X=NHMe) and (d) Wittig reaction. 

Azide moieties provide an alternate set of possibilities for modification (Figure 1b). The 

Staudinger reduction was discovered over a century ago by Hermann Staudinger and 

Jules Meyer.43 It converts azides to amines through an iminophosphorane 

intermediate, which upon aqueous work-up, yields a very stable phosphonium oxide 

and the amine product. This typical reactivity of azides has more recently been used 

in a biological context through the Staudinger ligation, discovered by Saxon and 

Bertozzi (Scheme 2a).44 The presence of the electrophilic carbonyl in the cleverly 

designed triarylphosphine starting material enables attack by the anionic nitrogen of 

the intermediate aza-ylide to yield a very stable amide bond. However, the undesirable 

presence of the phosphineoxide group in the product has led to the publication of a 

modified reaction. Published in 2000, the “traceless” Staudinger ligation yields a simple 

amide between protein and probe (Scheme 2b).45,46 There are further variations to the 

reaction which use phosphite/phosphonite reagents to generate phosphoric ester 

products. These methods enable the reaction of phosphites bearing more than one 

functional handle to achieve “dual loading” at a single amino acid site.47 
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Scheme 2: (a) Non-traceless and (b) traceless Staudinger ligation reactions. 

The azide 1,3-dipole participates in cycloaddition reactions with alkyne handles to form 

5-membered heterocycles. This reactivity was brought to light by Huisgen in 1961,48 

but slow reaction kinetics demand the reaction be carried out at elevated temperature. 

Undesirably, the reaction also produces two regioisomers when using asymmetric 

alkynes. In 2002, Meldal and coworkers published (almost immediately followed by 

Sharpless)49 a seminal paper on the use of copper to catalyse azide-alkyne 

cycloadditions (CuAAC) (Scheme 3), allowing fast reaction kinetics at room 

temperature, producing a single product.50 The catalysis is highly tolerant to a wide 

range of functional groups and occurs in aqueous conditions between pH 4-12, 

although it works solely for terminal, as opposed to internal alkynes. 

 

Scheme 3: 1,3-dipolar cycloadditions between alkynes and azides. 

The kinetics of CuAAC reactions, whilst dependent on copper concentration, are very 

fast. Typically, in the range of k2 ~ 10-200 M-1s-1 with judicious choice of water-soluble 

ligands and 10-500 μM Cu(I).28 Whilst CuAAC is an invaluable tool for both synthetic 

organic chemistry and protein modification, copper is known to be toxic to cells through 

production of reactive oxygen species, limiting its applicability in aspects of chemical 

biology.51 In addition, a number of proteins, e.g. human serum albumin (HSA), are also 

incompatible with CuAAC due to their high-binding affinity for copper which is difficult 

to remove. HSA binds Cu(II) with a ka = 1.6 x 1016 M-1, 8 orders of magnitude more 

strongly than for other reported endogenous ligands.52,53 
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In 2004, Bertozzi and coworkers reported on strain-promoted azide alkyne 

cycloaddition (SPAAC) reactions to avoid the use of toxic copper (Scheme 3).54 Whilst 

the reactivity of strained cyclooctyne, the smallest stable strained alkyne,55 had been 

observed as early as the mid 20th century,56,57 the development of SPAAC through 

Bertozzi’s work has been incredibly influential. The introduction of an alkyne group into 

a strained 8-membered ring creates sp-hybridised carbons with an internal bond angle 

of ~163°,58 compared to the 180° angle of the linear alkyne. Thus, significantly less 

energy is required to move towards the cycloaddition transition state, and reaction with 

azides may proceed spontaneously.54 In comparison to CuAAC, SPAAC protocols 

feature increased biocompatibility due to the absence of a copper catalyst, but are 

known to exhibit slower kinetics in the range of k2 ~ 10-2-1 M-1s-1.28 SPAAC reactions 

may also produce a mixture of regioisomers, depending on the strained alkyne 

employed.59 Extensive research has been carried out to improve the rate of SPAAC 

reactions, largely through modification of the strained alkyne component (Figure 2). 

For example, difluorinated cyclooctyne (DIFO) exhibits electron-withdrawing fluorine 

substituents,19 whereas dibenzocyclooctyne (DBCO) and biarylazacyclooctynone 

(BARAC) feature dibenzoannulation as a viable route to increase the reactivity of the 

strained alkyne.60,61 BARAC, whilst significantly more reactive than a number of early 

cyclooctyne analogues, is also less stable;62 the balance between fast reaction kinetics 

and stability is a core consideration in these developments. Synthetic accessibility is 

also of value, with the development of BCN improving access to these otherwise 

expensive, and synthetically-taxing reagents. 

 

Figure 2: Common cyclooctynes used in SPAAC. 

Whilst the alkyne selection can improve SPAAC reaction kinetics, van Delft and 

coworkers reported on the notable effects that the choice of azide can also have on 

SPAAC reactions.55 Electron deficient azides, such as aryl azides, may react up to 30 

times faster with BCN than their alkyl counterparts. Conversely, aliphatic azides react 

faster with benzoannulated cycloalkynes. Whilst SPAAC is a highly valuable method 
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for site-selective modification under aqueous conditions, side reactions have been 

observed between thiols and strained alkyne reagents.63–65 As such, it is clear that 

bioorthogonality is not a binary concept and exists on a scale. 

Other cycloaddition reactions have garnered significant attention in protein 

modification. In addition to reactions with azides, strained alkynes such as BCN may 

also react with tetrazines via an inverse-electron demand Diels-Alder reaction (iEDDA) 

(Scheme 4). This reaction exhibits extremely fast reaction kinetics, in the region of k2 

~ 100-10,000 M-1s-1. The use of strained alkenes such as trans-cyclooctene (TCO), 

has been observed to further increase iEDDA with tetrazines by a further two orders 

of magnitude.25,28,66 These extremely fast kinetics are highly desirable for in vivo 

procedures such as diagnostic and nuclear medicine,67 where reactants are typically 

at low concentrations and are rapidly cleared from the body.68 In 2010, Robillard and 

coworkers reported on the use of TCO-mediated iEDDA in live mice for tumour 

radioimaging.69 Pretargeted strategies, whereby the tumour is “pre-modified” by a 

highly selective agent bearing a bioorthogonal group which is later modified through 

bioorthogonal chemistry, have been further explored by the Brindle, Devaraj, Robillard 

and Zeglis groups.70–76 

 

Scheme 4: Inverse-electron demand Diels-Alder reaction between TCO and 

tetrazines. 

1.1.3. Modifying Natural Amino Acids 

Due to widespread availability of modification reagents and typically facile procedures, 

the most common approach in bioconjugation is to target the chemically reactive side 

chains of natural amino acid residues. By exploiting these amino acid side chains, it is 

possible to covalently link proteins, peptides or amino acid residues to one another, or, 

more usually, to another chemical entity. The amino acid residues that are most often 
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that can be modified, such as histidine, arginine, aspartate, glutamate, tyrosine and 

tryptophan but these approaches are less commonly used.77 

1.1.3.1. Reagents for Lysine Modification 

Lysine modification reagents are numerous and may be categorised by the bond 

formed upon their reaction (Scheme 5). In general terms, all lysine modification 

reagents rely on the reaction between the nucleophilic e-amine group on the lysine 

side chain (or N-terminal a-amine group) and electrophilic centres within the reagent. 

Additional catalysts or reagents may be required to ensure the desired product is 

realised. 

 

Scheme 5: Reagents for lysine modification through formation of (a) secondary 

amines, (b) amides, (c) imidoamides, (d) carbamates, (e) isoureas/isothioureas and 

(f) sulfonamides. 
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decarboxylase is proposed to have a pKa of 5.9).79 Conjugation reactions that target 

lysine residues are usually carried out at pH 7.4-8.0. This ensures enough of the lysine 

side chains are not protonated, as in the protonated (NH3+) form they will not react with 

electrophiles. 

In 1979, Jentoft and Dearborn observed the benefit of sodium cyanoborohydride in 

reducing Schiff bases produced by the reaction of aldehydes with lysine residues 

(Scheme 5a).80 The resulting amine group is highly stable in aqueous media and the 

reaction can be carried out at pH values as low as 6; a considerable improvement on 

the high pH (pH 9 or above) that is required when using sodium borohydride as the 

reducing agent. More recently, catalysis with a water soluble iridium complex has been 

used to speed up the slow kinetics of imine formation in aqueous conditions, working 

effectively at neutral pH and room temperature.81 

A variety of reagents (tosyl esters,82–84 epoxides, alkyl halides and haloacetyls)83 may 

react with the amino group of a lysine residue and yield a secondary amine (Scheme 

5a). However, it should be noted that along with a large majority of the lysine 

modification strategies discussed in this chapter, these reagents may react with other 

nucleophilic residues found within the proteome (e.g. Cys, Tyr, Ser, Thr).78 Such 

undesired reactivity is generally prevented through careful control of reaction pH, 

although developments such as ligand-directed tosyl (LDT) chemistry have improved 

the selectivity of these well-established reagents for lysine modification.85 In 2009, 

Hamachi et al. first reported on the use of LDT chemistry to modify carbonic anhydrase 

in living cells and also mice.86 

Phosphine reagents are best known as disulfide reductants (Section 1.1.3.3). 

However, reagents with cationic phosphonium ions have also been used for their 

electrophilic properties (Scheme 5a). In 1994, Henderson and coworkers modified the 

enzyme urease with a polymeric phosphine oxide-derived support.87 Further 

developments to phosphine reagents have led to tris(hydroxymethyl) phosphine,88 

tris(hydroxymethyl) phosphine propionic acid and tetrakis(hydroxmethyl) phosphonium 

chloride, that have since been used to modify amino groups on proteins and peptides 

(Scheme 6).56–58 Reaction with a nucleophile occurs via attack at the electron-deficient 

carbon proximal to the phosphonium cation, resulting in the loss of a water molecule.83 

Whilst hydroxymethyl phosphine reagents are susceptible to attack from water, this 
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merely results in reformation of hydroxymethyl groups. Their robust nature in aqueous 

conditions is a rare quality for a lysine modification reagent, although it should be noted 

that phosphine reagents may undergo undesirable transformation to the phosphine 

oxide in the presence of excess oxygen or oxidising agents.24  

 

Scheme 6: Reaction of tris(hydroxymethyl) phosphine propionic acid with lysine 

residues. 

The robust stability of the amide bond (half-life in neutral water of approximately 7 

years at room temperature)92 is a key benefit for lysine modification strategies that 

yield the amide functional group. Typical reagents that form amide bonds after reaction 

with lysine are activated esters (N-hydroxy succinimide (NHS), and fluorophenyl), acyl 

azides, anhydrides, acyl imidazoles and azalactones (Scheme 5b).78,83,93 

Activated esters, such as fluorophenyl and succinimidyl (NHS) esters feature boosted 

reactivity compared to their alkyl-counterparts.94 This is due to improved leaving group 

ability provided by the fluorophenyl and NHS moieties.78 Whilst increased reactivity is 

beneficial for fast reaction kinetics with lysine side chains, it also increases 

susceptibility to hydrolytic degradation in aqueous media.95 Augmentation of the 

leaving group allows for management of lysine reactivity and stability towards 

hydrolysis. In particular, the reduced lysine reactivity and reduced aqueous stability of 

fluorophenyl esters compared to NHS derivatives has led to a significant reduction in 

their use.65,66 The increased hydrolytic stability and notable selectivity for aliphatic 

amines has led to the extensive use of NHS esters as lysine modification reagents in 

a multitude of applications from haemostatic agents to proteome mapping.98–106 

Imidoesters (also known as imidates) have been widely studied as protein modification 

reagents.107,108 They are noted for their low reactivity towards other nucleophilic groups 

on proteins and are thus considered useful as a selective acylating agent for primary 

amines (Scheme 5c).83,109–111 At physiological pH the imidoamide product retains a 

positive charge, and is highly stable in acidic conditions.112 Perhaps the most 
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prominent examples of imidates are as homobifunctional protein cross-linking reagents 

such as dimethyl pimelimidate (DMP),113–115 or reagents to install terminal sulfhydryl 

groups on proteins such as 2-iminothiolane, known trivially as Traut’s reagent (Figure 

3).116 Imidoesters have seen much use in the crosslinking of proteins for protein 

structure studies using mass spectrometry.108,117 

 

Figure 3: (Left) The formation of 2-iminothiolane (Traut’s reagent) and subsequent 

reaction with a lysine residue to install a sulfhydryl group. (Right) Homobifunctional 

protein cross-linking reagent DMP. 

Carbamates are a stable functional group, typically formed through the reaction of 

nucleophilic amino groups with carbonates (Scheme 5d).83 Active carbonate species 

are typically pre-formed via the reaction of hydroxyls with reagents such as 

disuccinimidyl carbonate (DSC).118,119 These activated compounds will then react with 

amino groups on proteins to form a stable carbamate bond (Scheme 7).120 This method 

is a useful alternative to the use of NHS esters in covalently attaching ligands to amine-

bearing proteins, particularly where the probe in question does not contain a carboxyl 

group from which to make the NHS ester.118 
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Scheme 7: (Top) Formation of an activated succinimidyl carbonate. (Bottom) Lysine 

reactivity with a succinimidyl carbonate to form stable carbamate product. 

Isothiocyanates are reactive towards sulfhydryl, phenolate and primary amino groups 

on proteins.121 Despite this reactive tendency, only the isothiourea products formed 

from reactions with primary amines are stable and thus isothiocyanates can be 

considered to be reagents selective for lysine modification (Scheme 5e).83 Work by 

Rana and Meares has shown that it is possible to selectively modify N-terminal lysine 

a-amino groups on an antibody using isothiocyanate-containing chelates at pH 7, 

leaving e-amino groups unmodified.122 Owing to their highly electrophilic nature, 

isothiocyanates are susceptible to degradation in aqueous media.94 Their isocyanate 

predecessors are significantly less stable in aqueous environments and thus have 

largely been phased out of use in bioconjugation.78 

Despite its fast, reliable nature, targeting primary amines as bioconjugation handles on 

a macromolecule usually results in a complex, heterogeneous mixture of products due 

to the high abundance of lysine residues.78,93,123 This may be acceptable for certain 

applications, but scientists are increasingly looking for site-specific modification of 

proteins, in order to yield well-defined, homogenous conjugates.124 

1.1.3.2. Reagents for Cysteine Modification 

Cysteine is the second most rare amino acid, with an abundance of less than 2% in 

the proteome.123 Proteinogenic cysteine residues are typically found in the form of 

disulfide bonds and so the prevalence of free cysteine residues in proteins is 

significantly lower.122 Cysteine therefore represents a particularly useful target for site-

selective modification of biomolecules.127,128 Indeed, engineered cysteine residues 
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may be introduced on proteins through site-directed mutagenesis with relative 

ease.129,130 

There are a variety of ways to modify cysteine; alkylation, oxidation by disulfide 

formation, oxidative elimination and metal catalysed reactions are all possible 

routes.131 Whilst there are a high number of cysteine modification reagents, they do 

not form a diverse range of linkages in comparison to lysine modification strategies. 

Cysteine modification reagents predominantly form thioether, disulfide and thioester 

bonds (Figure 4). 

 

Figure 4: Cysteine modification reagents typically yield (a) thioether, (b) disulfide or 

(c) thioester products. 

The low pKa (~ 8.5) of the cysteine side chain allows it to be selectively modified with 

electrophilic reagents, in the presence of lysine residues, at pH 6.5-7.5.78 At a pH 

above 8.0, lysine cross-reactivity will be more likely to occur. The most common 

modification approach is alkylation. At physiological pH, the thiolate anion reacts 

quickly with a variety of electrophilic reagents, generating highly homogenous 

bioconjugates. 

Haloacetamides have been used to modify proteins since 1935,132 and are still 

valuable reagents for cysteine modification.133 The nucleophilic thiolate anion 

displaces the halogen leaving group to yield a thioether product (Scheme 8). Because 

the leaving group ability of the halogen is a crucial factor in the rate of the alkylations, 

the reactivity of the haloacetamides is in the order I > Br > Cl > F, where fluoro-

derivatives are practically unreactive. 

 

Scheme 8: Reaction of cysteine with haloacetamides. 
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Benzyl halides react in a similar manner, and whilst the aromatic ring creates a “softer” 

electrophilic center, its hydrophobic nature has led to the development of water soluble 

derivatives such as 2-nitrobromobenzene (NBB) (Figure 5).134 Halomustards are 

alternative halogen-bearing alkylation reagents for cysteine modification and require a 

halogen atom on the carbon beta to a nitrogen or sulfur atom.83 Typically, the halogen 

is a bromine or chlorine atom. Their propensity to alkylate nucleophilic sites on 

proteins, and more crucially nucleic acids, saw halomustards such as mustine used as 

the first chemotherapeutic agents for cancer treatment (still occasionally used 

today),135,136 as well as more sinister agents in warfare.137 

 

Figure 5: NBB and Mustine, powerful halogen-bearing alkylating agents for cysteine. 

Due to their high reactivity, these activated halogen compounds may also react with 

lysine, histidine and methionine residues.83 As a result, careful control of reagent 

equivalents and pH during these reactions is of utmost importance in order to achieve 

selective modification. 

Aziridines, highly strained three membered heterocycles, are useful tools in the 

modification of cysteine.138 At physiological pH, nucleophilic attack by a thiolate will 

enforce ring opening and generate a thioether product (Scheme 9). Although simple 

aziridine is an effective alkylating agent, more complex N-substituted analogues have 

been also been studied for their potential as cysteine protease inhibitors.139,140 It should 

be noted that epoxides also react in the same manner,83 and their use has also been 

reported in literature.141 

 

Scheme 9: The reaction of aziridines with the thiol side chain of a cysteine residue. 
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other may be achieved by careful control of pH. Embaby and coworkers have reported 

on efforts to tune the reactivity of fluorobenzene derivatives in order to achieve site-

selective cysteine modification in aqueous conditions.142 The reaction proceeds 

through an SNAr mechanism, whereby the presence of an electron withdrawing 

substituent at the para-position enables the reaction to proceed. Increasing the number 

of fluorine substituents provides a more electron-poor ring and enables faster reaction 

kinetics for nucleophilic attack. The relationship between leaving group and reactivity 

can be ordered as: F>Cl~Br>SO3-. The product of such cysteine modifications are 

cleavable on addition of thiols such as dithiothreitol (DTT). 

 

Scheme 10: The reaction of a fluorobenzene derivative with cysteine. 

Whilst a method for the conversion of cysteine to dehydroalanine (Dha) in 

biomolecules was published as early as 1977,143 Davis and coworkers reported on a 

highly efficient and facile route in 2008 (Scheme 11).144 They observed the oxidation 

of a cysteine residue with O-mesitylenesulfonylhydroxylamine (MSH) and subsequent 

elimination yielded a synthetically useful Dha residue; a Michael-acceptor which may 

be reacted with a thiol-bearing probe to produce a thioether product. Crucially, this 

oxidative elimination reaction was selective and left methionine residues unchanged, 

unlike previously discovered peroxide-induced methods.145  

 

Scheme 11: MSH-mediated conversion of cysteine to Dha. 
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concentrations of thiols may reduce disulfides present in a protein structure, forming 

undesired mixed disulfides in the process. To overcome this issue, Bernardes and 

coworkers have reported on the use of amine nucleophiles instead of thiols, although 

it must be noted that the low reactivity of amine nucleophiles in aqueous media has 

led to slow reaction kinetics.146 

Thiol-ene coupling (TEC) is unusual for a cysteine modification method as it does not 

rely on the high nucleophilicity of the thiolate anion to react with an electron-deficient 

electrophile. Typically the reaction proceeds via UV or initiator-based production of the 

thiyl radical, which then reacts with an alkene carbon-carbon double bond to yield the 

anti-Markovnikov radical. This product is an alkylthiol radical which may propagate the 

reaction through hydrogen abstraction from a cysteine (Scheme 12). The radical-

mediated reaction was first reported on a protein by Davis and coworkers using the 

installation of an unnatural homoallylglycine on a protein to form an S-linked 

glycoconjugate.147 Dondoni and coworkers almost simultaneously reported the first 

example of TEC on a native protein, bovine serum albumin (BSA), to yield glycosylated 

conjugates.148 The thiyl radical is more readily formed than radical species of other 

natural amino acids. Thus, a level of chemoselectivity is afforded to reactions involving 

TEC, especially in the presence of the nucleophilic lysine, tyrosine and histidine side 

chains. 

 

Scheme 12: A photoinduced TEC reaction on cysteine. Reproduced from source.78 

Thiolates will also react in a non-radical manner via conjugate addition with carbon-

carbon double bonds bearing an EWG to form thioether linkages. Acrylates, 
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6).149 Acrylonitriles have been explored as reversible cysteine modification reagents, 

whereby careful tuning of electron withdrawing R group a to the cyano moiety can 

modulate the off rate (the speed at which deconjugation occurs) by 3 orders of 

magnitude.150 More recently, acrylamides have also been encoded into proteins as 

non-natural amino acids in order to covalently join onto other thiol bearing proteins.151 

 

Figure 6: Acrolyl derivatives for protein modification. 

Vinyl sulfones were reported as cysteine-reactive reagents as early as 1976.152 Their 

potential use as cysteine protease inhibitors was reported 20 years later153 and due to 

their high aqueous stability, they are still used to modify cysteine residues. Morales-

Sanfrutos and coworkers have reported more recently on the site-selective bifunctional 

modification of the protein horseradish peroxidase using vinyl sulfone reagents.154 

Cysteine may undergo interchange reactions with disulfides to form mixed disulfide 

products. A prominent example of thiol interchange is with the disulfide-containing 

Ellman’s reagent, a reaction used to determine the quantity of free thiol on a protein 

through UV-vis spectroscopy. As thiol interchange is typically an equilibrium between 

different possible disulfide products, it is either “forced” to the desired product through 

judicious use of thiol equivalents or by intelligent reagent design, such in the case of 

pyridyl disulfides (Scheme 13). Upon reaction with a free thiol, the pyridyl disulfide 

releases a leaving group which readily transforms into a non-reactive thiocarbonyl 

compound, unable to further participate in the interchange equilibrium.155 

 

Scheme 13: The modification of a cysteine residue with a pyridyl disulfide to form a 

disulfide product. 
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another thiol. However, the reaction kinetics are slow and a large excess of the 

modifying thiol is required to prevent protein dimerisation.156 The nature of these 

interchange reactions means that mixed disulfide protein conjugates are susceptible 

to thiol exchange and thus are not stable to endogenous thiols. 

The most widely used alkylating reagent for modifying cysteine residues are 

maleimides (Scheme 14). First used for protein modification over 70 years ago,157 

maleimides are highly reactive Michael acceptors. The high reactivity of the double 

bond can be rationalised by the neighbouring electron withdrawing imide moiety and 

the increased ring and torsional strain resulting from a double bond in a 5-membered 

heterocycle, giving rise to a lower energy LUMO.158–160 Maleimide-bearing protein 

modification reagents are widely available from commercial sources and react 

efficiently with cysteine residues between pH 6.5-7.5. Under more alkaline conditions, 

undesired hydrolysis of the maleimide reagent is observed, with the rate of hydrolysis 

increasing with elevation of pH. Owing to their rapid and selective reaction with thiolate 

ions, maleimides have been used in fields ranging from materials chemistry,161,162 to 

polymer163,164 and pharmaceutical sciences160,165. Much of the current pharmaceutical 

research on maleimides focuses on their use as protein modification reagents for 

targeted therapies, which will be explored later in this introduction. 

Maleimides form succinimide I upon conjugation to cysteine (Scheme 14). Recent work 

has shown that construct I can then deconjugate via a hydroxide-mediated retro-

Michael pathway, due to the lack of stability of the succinimidyl thioether bond. This 

retro-Michael pathway is in direct competition with the hydrolysis of the conjugate, 

which confers thiol-stable product II.166–168 Two regioisomers are formed from the 

hydrolysis of I, with the hydroxide attacking either carbonyl. For clarity, only one 

regioisomer will be shown in this report, although investigations to explore the 

regioselectivity of the reaction are detailed in section 3.1.7 (vide supra). Robust thiol-

stability is a key trait for constructs where the payload must reach the target intact and 

where exposure to endogenous thiol is unavoidable, such as targeted therapies. 
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Scheme 14: Maleimide exchange pathways for classical maleimides. Note that two 

regioisomers are formed upon hydrolysis of I. 

The deconjugation of I yields the original maleimide, which, in vivo, is then able to react 

with other thiols in the blood, or will hydrolyse and become unreactive. The hydroxide 

sensitivity of succinimide-thiol conjugates leads to a mixture of deconjugated and 

hydrolysed products and as such is an inadequate method of reversibility. 

Next-generation maleimides (NGMs) have been developed to afford a variety of new 

opportunities in cysteine bioconjugation and overcome the lack of in vivo stability 

afforded by classical maleimide chemistry (Figure 7). Originally designed to provide 

additional points of attachment compared to the classical maleimides,127 NGMs feature 

one or two leaving groups on the carbon-carbon double bond, providing up to three 

points of attachment (including the nitrogen in the ring).  

 

Figure 7: Next-generation maleimide capability. 

NGMs also boast increased stability because once conjugated (conjugation occurs via 

an addition-elimination mechanism), a retro-Michael pathway is not mechanistically 

possible with the  thioether-maleimide bond on III (Scheme 15).168 As a result, 

quantitative hydrolysis is possible, affording the thiol-stable maleamic acid IV. 

Furthermore, addition of 1 equivalent of glutathione results in succinimide V. 
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Scheme 15: Enhanced stability of NGMs. Note that two regioisomers are formed 

upon hydrolysis of III. 

The reactivity of NGMs can be modulated by altering their leaving group. NGMs with 

a halogen leaving group are typically far more reactive than those with a phenoxy 

leaving groups (Figure 8).167 Within the monosubstituted halomaleimides, 

chloromaleimides react slower than corresponding maleimides with a bromine or 

iodine leaving group. The exact rates of the iodo- and bromomaleimides have been 

difficult to determine, owing to their fast rates of conjugation and a complex 

experimental design.  Monosubstituted NGMs have been applied in a number of 

different ways; e.g. reversible biotinylation of proteins,169 irreversible fluorophore 

labelling of albumin,170 generation of protein conjugates that are cleavable in 

mammalian cells171 and the synthesis of nanoparticles for controlled payload 

release.172 Disubstituted NGMs have provided excellent and varied opportunities for 

bis-modifications173,174 and perhaps most significantly, disulfide rebridging (vide infra).  

 

Figure 8: The reactivity of different NGMs. 
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Within the last 10 years, pyridazinediones (PDs) have been reported as selective tools 

for cysteine modification (Scheme 16).175 They boast impressive hydrolytic stability 

and their lack of reactivity with lysine residues is a significant advantage when 

modifying lysine rich proteins that also contain a reactive cysteine residue.175 Due to 

the addition of another nitrogen on the ring, PDs are less electron deficient than NGM 

reagents and thus, less potent electrophiles. PDs do not react efficiently with all 

cysteine residues, one example being the diminished reactivity with the hindered and 

poorly reactive Cys-34 residue of human serum albumin (HSA). However, PDs may 

be used to modify the vast majority of cysteines in a highly selective manner and, upon 

exposure to a cellular concentration of thiol (1-10 mM), PD derivative VI will release its 

payload, providing an elegant mechanism of controlled drug release.175,176 

 

Scheme 16: The reaction of a monobromo PD with cysteine and pathway for payload 

release upon exposure to an excess of thiol. 

1.1.3.3. Disulfide Rebridging 

The vast majority of cysteine residues in proteins are in the form of disulfide bonds. 

These often perform a crucial role in the tertiary structure of a protein, in ways which 

are increasingly well understood and predictable. Notably, they function to stabilise the 

folded protein state, by bringing together complementary regions such as hydrophobic 

areas.177 Reduction of a disulfide bond with the use of reagents such as tris(2-

carboxyethyl)phosphine (TCEP) or DTT enables facile modification of the resultant 

sulfhydryls (through methods previously mentioned in this report). However, in order 

to maintain protein structure and function, rebridging the disulfides is suggested. This 

was first shown by Brocchini and coworkers, using a Michael acceptor bearing a 

monosulfone leaving group to form a 3 carbon bridge between two cysteine thiol 

residues (Scheme 17).178 This enone-sulfonyl reagent has since been used to modify 

antibodies and antibody fragments.179,180 
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Scheme 17: Brocchini’s step-wise disulfide reduction and re-bridging with a PEG-

functionalised monosulfone reagent. 

Baker, Caddick and coworkers have reported on the use of NGMs to re-bridge 

disulfides in proteins (Scheme 18). More specifically, the NGM reagent bears two 

leaving groups in order to undergo two successive addition-elimination reactions, thus 

forming a two carbon link between the two sulfur atoms and avoiding the introduction 

of a chiral centre.127 The NGM platform is versatile; the use of thiophenol, instead of 

halogen leaving groups on the maleimide backbone has enabled NGMs with reduced 

reactivity, preventing issues of cross-reactivity with reducing agents such as 

TCEP.181,182 Notably, dithiophenolmaleimides represent the first reagents to enable (in 

the presence of TCEP) effective in situ disulfide reduction and re-bridging. Modification 

of a disulfide in such a manner has been observed to retain the biological activity of 

the parent molecule, enabling modification of peptides,181 antibody fragments,183 full 

antibodies184,185 and enzymes.186 NGMs used in a re-bridging context also require 

hydrolysis to achieve robust thiol-stability. However, the exchange pathway of non-

hydrolysed NGM constructs (upon exposure to excess thiol) provides an elegant 

method of payload release, if controlled reversibility is desired. 

 

Scheme 18: NGM disulfide re-bridging reported by Baker, Caddick and 

coworkers.127,169,183,187 
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In a similar fashion, dibromo PD reagents have also been developed by Chudasma, 

Caddick and coworkers to efficiently rebridge disulfides in native proteins.175 

Alternative methods to re-bridge disulfides have also been used to modify a range of 

biomolecules.179,188–190 

1.1.3.4. Dual Modification of Proteins 

The dual modification of proteins enables the introduction of two (usually different) 

functionalities into a biomolecule. Platforms to achieve this are highly sought-after and 

are of significant use in the fields of therapeutic oncology and diagnostic medicine, 

although the applications are numerous. As a relevant example, targeted 

chemotherapy strategies may benefit from the simultaneous action of two different 

drugs to help overcome treatment-resistant cancers and heterogenous mixtures of 

tumours.191–193 

Methods to achieve dual modification of proteins broadly fall into two categories, 

whereby the dual functionalisation occurs on either the same or two different amino 

acids (Figure 9).194 

 

Figure 9: Approaches to achieve dual modification of a protein: (a) modification at 

two distinct amino acid locations or (b) through a scaffold bearing two functional 

handles. Adapted from source.194 

Whilst a number of methods to create dual conjugates at different amino acid sites rely 

on UAA incorporation,195,196 this discussion will focus on reagent-based methods that 

may be applied to proteinogenic amino acids. Strategies include modifying identical 

amino acids that differ in reactivity; identical amino acids in a sequential manner; or 

modifying two different amino acids. Approaches using two orthogonal sortase 

enzymes (to catalyse transpeptidation reactions between engineered sequences on 

the protein and labelled peptides) have also been demonstrated, although are limited 

to only labelling the terminal regions of the protein.194 
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Due to the complex nature of protein folding, the position of an amino acid may have 

a drastic effect on its pKa and thus, nucleophilicity. Ratner and coworkers reported on 

the successful dual modification of a mutant of Escherichia coli adenylate kinase 

bearing two cysteine residues with significantly different reactivity.197 Although 

analogous methods have been effectively reported by other groups,198,199 production 

of protein variants with a significant disparity in cysteine reactivity is non-trivial. 

Methods that differentiate cysteine residues not just by innate reactivity, but by their 

local microenvironment have been demonstrated and are of merit.200 Expressed 

protein ligation (EPL) is an effective way to generate a dual conjugate through 

sequential reaction at identical amino acids.201,202 Separate protein fragments are 

individually modified and subsequently linked via EPL (a procedure closely related to 

native chemical ligation)203 to form the complete biomolecule. The use of EPL to make 

bifunctional conjugates has been demonstrated in a number of applications: notably, 

Zheng et al. reported on EPL dual conjugates to monitor ligand-protein interactions 

through optical binding assays.204 However, the modification of two different amino 

acids, using the ever-expanding toolkit of site-selective conjugation reagents is a more 

straightforward route to dual conjugates. This was demonstrated in a solid-phase 

approach to modify a mutant trastuzumab antibody by Puthenveetil et al. (Scheme 

19).205 Enzymatic conjugation of a BCN-amine to the deglycosylated antibody provided 

the initial modification. The second handle was installed via maleimide conjugation to 

the engineered cysteine residue, followed by click modification of the strained alkyne 

to yield a homogenous, dual functionalised conjugate. This well-designed approach is 

broadly applicable, presenting a much needed method to screen a variety of linker-

payload combinations at multiple locations on an antibody.205 
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Scheme 19: Dual modification of a mutant antibody by Puthenveetil et al. Adapted 

from source.194 Methods: (i) deglycosylation, (ii) transglutaminase-mediated 

conjugation, (iii) reduction/re-oxidation, (iv) maleimide-thiol conjugation/SPAAC. 

Reagents that enable dual functionalisation of a single, native amino acid are a 

valuable commodity as they preclude the need for complex protein engineering. 

Reagents exist to create bifunctional scaffolds which, after functionalisation may then 

be conjugated onto a protein at a single amino acid location. However, these typically 

suffer from slow conjugation kinetics and as such are very limited in the variety and 

size of payloads they may carry. To enable rapid conjugation kinetics, the ideal reagent 

would be a highly selective platform that bears stable handles for orthogonal 

modification to enable post-conjugation dual functionalisation (Scheme 20). These 

strategies allow the creation of an almost infinite number of different multi-functional 

platforms, depending heavily on advances in “click” chemistry.  

 

Scheme 20: Post-conjugation “click” method to enable dual functionalisation at a 

single amino acid residue. 

There are a number of published heterotrifunctional crosslinker scaffolds, some of 

which are commercially available such as Sulfo-SBED; bearing an amine reactive 

sulfo-NHS group, a photoactivated phenylazide moiety and a biotin group.183,184 In 

S
S

O

HN Glycan

S
S

O

HN

H

H

S

O

HN

H

H

N

O

O

N N
N

(i, ii) (iii, iv)

= PEG linker

X

Yinitial 

conjugation
“click” 

functionalisation

X

Y



 27 

addition, the crosslinker may also be cleaved at a central disulfide with exposure to 

thiols. Weil and coworkers reported on the use of a fluorophore-bearing monosulfone 

reagent to selectively modify GFP’s free cysteine at pH 6. The intermediate was then 

reacted with a thiol-bearing biotin at pH 8 to complete the dual functionalisation.208 

NGMs are capable of bearing three separate handles. Early publications127 suggest 

that dual functionalisation of a protein would be obtained through facile modification of 

the maleimide nitrogen with a click handle. The aforementioned pyridazinediones 

(PDs) enable four points of attachment175 and have been used to dually modify re-

bridged antibodies via orthogonal click chemistry.193 Recent work by Bernardes and 

coworkers reports the use of azabicyclic vinyl sulfone (AVS) reagents to enable 

cysteine modification and iEDDA biorthogonal labelling, whilst bearing a functional 

substituent on the nitrogen (Scheme 21).209  

 

Scheme 21: Outline of azabicyclic vinyl sulfone reactivity. 

To demonstrate this reactivity, a biotin-AVS reagent was applied to successfully modify 

the phosphatidylserine-targeting C2Am protein and underwent subsequent iEDDA to 

fluorescently image apoptotic cells.209 

Though there are a number of methods to construct multi-labelled conjugates, each 

method has its constraints; be it the difficulty of expressing UAA-bearing proteins and 

engineering of stable cysteine mutants; the complex and low-yielding synthetic routes 

to polyfunctional reagents; or even slow conjugation kinetics. Thus, continued research 

in the area is of significant value, further expanding the toolkit for a variety of 

increasingly complex applications. 
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1.2. Bioconjugation Applications 

Bioconjugation allows the combination of a biomolecule with another functionality, thus 

acquiring the benefits of the two entities in a single system. Protein conjugates have 

been used in biological assays, diagnostics, therapeutics and even to aid the drug 

discovery process itself, specifically in high throughput screening and ligand discovery 

processes.210 Conjugation to enzymes (enzymes are a particularly useful type of 

protein, able to catalyse reactions with remarkable specificity), has also been used in 

an industrial context, both in food manufacturing and the production of 

pharmaceuticals.211,212 Bioconjugation is used extensively within biological assays, 

including Förster resonance energy transfer (FRET) and enzyme-linked 

immunosorbent assays (ELISAs). FRET has been used to monitor biochemical 

reactions and to analyse the structure of proteins.213,214 ELISAs are a prominent 

biological technique first described by Engvall and Perlmann in 1972, crucial to 

monitoring the binding affinity of antibodies to antigens.215  

The field of bioconjugate therapeutics is broad, and can loosely be defined as the 

linking of small molecule therapeutics to a carrier molecule.216 Carrier molecules have 

historically been proteins or peptides that perform two main roles – to improve the 

pharmacokinetic (PK) properties of the drug, and secondly, to improve its selectivity. 

One leading example is the use of antibody drug conjugates (ADCs).  

1.2.1. Antibody Drug Conjugates (ADCs) 

Antibodies are large, Y-shaped proteins that are produced in the body to function as 

part of the immune response against pathogens.217 They recognise and bind to specific 

molecules with a high degree of selectivity.218 These complimentary molecules are 

known as antigens. The most common antibody found in the human blood is the 

immunoglobulin G (IgG) antibody, of which there are four subclasses.219 The structure 

of IgGs may be broken down into different components (Figure 10). The antigen-

binding fragment (Fab region) is where the IgG binds to antigens.220 The fragment 

crystallisable region (Fc region) interacts with various cell-surface receptors and other 

proteins that form part of the immune system.221 IgG is made up of two light and heavy 

chains that are linked via four interchain disulfide bonds. The large size of IgG (~ 150 
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kDa) and its propensity to undergo neonatal Fc receptor (FcRn) recycling (Section 

1.2.3, Scheme 22) affords a long serum half-life of ~ 21 days.222,223 

  

Figure 10: General IgG structure (disulfide bonds shown in purple). 

Since the advent of the hybridoma technique in 1975, it has been possible to 

manufacture monoclonal antibodies (mAbs) in significant quantities.224 There are now 

over 79 approved therapeutic mAbs on the market to treat a variety of different 

diseases, including 30 for cancer.225 mAbs may be used as a therapeutic to target 

tumours that overexpress specific antigens in comparison to healthy tissue. Whilst 

these “naked antibody” therapeutics can kill cancer cells though recruitment of 

endogenous immune cells, there is still a requirement in oncology for increased 

tumour-killing capabilities. This has led to the development of antibody drug conjugates 

(ADCs). 

By utilising a mAb with increased affinity for overexpressed antigens on the cancer cell 

surface, a highly selective vehicle can be created and used to deliver a cytotoxic 

warhead to the tumour. Ado-trastuzumab emtansine, currently sold under the name 

Kadcyla, is one of eight antibody drug conjugates (Kadcyla,226 Adcetris,227 Mylotarg,228 

Besponsa,229 Polivy,230 Padcev,231 Enhertu232 and Trodelvy233) currently approved in 

the clinic to treat a number of cancers (Figure 11).188,234 Lysine residues on the full 

trastuzumab antibody are used as bioconjugation handles for the amine-reactive, NHS 

ester-derived linker. Once inside the cell, lysosomal degradation of the conjugate is 

required to liberate the emtansine (DM1) warhead.235 
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Figure 11: Diagram of Kadcyla. 

Sacituzemab govitecan (trade name Trodelvy) is the most recent ADC to be approved 

by the FDA (Figure 12).233 It employs a thiol-reactive maleimide linker to modify 

reduced interchain disulfides.236 There are 4 interchain disulfides for an IgG antibody 

such as hRS7 and thus after attempting full modification, Goldberg and coworkers 

achieved a drug-antibody ratio (DAR) between 7 and 8.237 Upon arrival at the tumour, 

the linker cleaves at a carbonate group, releasing the cytotoxic SN-38 payload.237–239 

SN-38 inhibits the action of topoisomerase-1, an enzyme crucial to the replication of 

DNA, leading to cell death.240  

 

Figure 12: Diagram of Trodelvy, with maleimide linker shown pre-conjugation. 
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Interestingly, Trodelvy’s design somewhat differs from current consensus in the ADC 

field.238 Present-day sentiment suggests the “ideal” ADC is comprised of a potent drug 

(typically in the picomolar IC50 range) conjugated to a highly selective antibody, with a 

target that is considerably overexpressed in tumour cells compared to healthy cells.241 

Typical conjugation strategies aim for a moderate DAR of 2-4 using robustly stable 

linkers that will not be cleaved from the antibody until internalisation into the tumour 

cell. Trodelvy’s high DAR, moderately toxic warhead (nanomolar IC50), total reduction 

of the interchain disulfides and use of an acid-cleavable carbonate linker (with t1/2 ~ 24 

h in serum)237 all deviate from the “ideal”, but have culminated in an efficacious and 

approved therapeutic.233,238 This suggests that despite significant work in the field, it is 

incredibly difficult to determine how an ADC will perform before in vitro/in vivo studies.  

Valuable therapeutics have been approved that utilise fragments of the antibody.242,243 

It is possible to cleave the Fab region from the rest of the antibody through enzymatic 

digestion with papain.244 This Fab fragment retains the antigen binding attributes of the 

original antibody but at a reduced size, leading to improved tissue penetration and 

reduced immunogenicity.245,246 However, due to their reduced size and lack of Fc 

region, the serum half-life of Fab fragments is significantly shorter (t1/2 ~ 12-20 h when 

parenterally administered) than that of their parent antibody.247,248 

1.2.2. Half-life Extension 

Many therapeutics, both protein-based and small molecule, suffer from short in vivo 

half-lives. In part, this is due to the renal clearance process, which rapidly affects 

molecules with a molecular weight below 50 kDa.249,250 Enzymatic degradation, 

lysosomal degradation and target mediated clearance are also responsible for the 

clearance of therapeutics from the body.249,251 Remarkably, many low molecular weight 

peptides have a circulatory half-life of just a few minutes.252 This rapid clearance from 

the body leads to increased treatment frequency, cost and patient inconvenience.253  

Within the last 30 years, various methods of half-life extension have been created and 

exploited to combat this issue. By increasing the hydrodynamic volume of a 

therapeutic, its size may be taken above the renal clearance threshold. This approach 

has been used for over two decades to extend half-life.254,255 Molecules such as 

polyethylene glycol (PEG) or carbohydrate polymers provide flexible, hydrophilic 
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groups that, if successfully linked to the drug, can improve its existing pharmacokinetic 

properties.254 When applied appropriately, PEGylation improves a biotherapeutic’s 

solubility and stability, reducing rates of proteolysis and renal excretion.255 The 

immunogenicity of PEG has been the subject of much debate and although unclear (in 

part due to a lack of standardised assays for antibodies to PEG)256 is believed to be a 

function of PEG size and payload.257 Furthermore, anti-PEG antibodies have been 

observed in healthy populations, owing to the use of PEG in pharmaceuticals, 

cosmetics and other consumer goods.258–260 Work has been carried out to identify the 

genetic predisposition to PEG immunogenicity.261 The exact effects of anti-PEG 

antibodies in patients receiving PEG-based therapeutics are currently 

ambiguous,255,256,262–264 but alternative biocompatible polymers are highly sought after 

and research has yielded a number of options.257 Improved “bulking agents” should be 

non-immunogenic and biodegradable, such as Amunix’s XTEN; an unstructured 

protein polymer consisting of six hydrophilic amino acids Ala, Glu, Gly, Pro, Ser and 

Thr.265,266 

A key benefit of many half-life extension methods is the reduction in Cmax (the maximum 

concentration of the drug in the blood) due to the opportunity to administer less 

frequent (and potentially lower) doses (Figure 13).12,267 This has a positive effect on 

patient wellbeing, as the majority of short term side-effects and adverse events for 

therapeutics occur at serum concentrations near the Cmax.268 

 

Figure 13: Illustration of drug concentration in the blood over time. Regular drug 

shown as black line. Half-life extension strategy shown as brown line. Black arrows 

denote dosing timepoints. 
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Genetic fusion and chemical conjugation to IgG antibodies and human serum albumin 

(HSA) have been used extensively as tools for half-life extension. Due to FcRn binding 

(Section 1.2.3, Scheme 22), and a molecular mass above the renal clearance 

threshold, both IgG and HSA proteins have long in vivo half-lives (21 and 19 days 

respectively).249 Whilst attachment to biomolecules is a well-researched and valued 

method for extending the half-life of therapeutics, potential drawbacks include a 

reduction in drug potency and cellular penetration.268  

1.2.3. Human Serum Albumin (HSA) 

Created primarily in the liver, HSA is the most abundant protein in the blood plasma, 

accounting for roughly half of the protein mass (Figure 14).269 It can also be found in 

sweat, tears and milk from the human body.270 Owing to its alpha-helical structure and 

17 disulfide bonds, HSA is remarkably temperature and pH stable.253 It plays a crucial 

role in maintaining blood pressure, and for many years HSA has been used as a 

volume replacement following patient blood loss.271 Despite its strong negative charge, 

HSA binds to both cations and anions, allowing it to transport vital fatty acids and other 

metabolites around the body.271 

 

Figure 14: HSA (Cys-34 shown in yellow).  

HSA is a 67 kDa heart-shaped protein that sits above the renal clearance threshold.254 

Many larger human proteins exhibit shorter in vivo half-lives, indicating that molecular 

size is not the sole factor affecting half-life extension. The neonatal Fc (FcRn) receptor, 

located on the surface of endothelial cells, also plays an important role. The process 

of FcRn recycling is crucial to HSA’s properties (Scheme 22).254 HSA is taken into 
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endothelial cells that line blood vessels, it then binds to the FcRn receptor in the acidic 

environment of the endosome.254 It is this binding that prevents its degradation via 

lysosomes, and in turn leads to HSA being ejected back into the blood plasma.254 The 

involvement of histidine residues in the binding of the two ligands is thought to be 

crucial, as stronger binding between HSA and FcRn is observed at lower pH and 

histidine is the only amino acid residue to alter charge between pH 5.5 and 7.4.272 The 

movement of HSA in the body has been studied extensively by using various isotopes 

of iodine to label albumin.52 Sterling’s use of 131I-labelled albumin confirmed the first-

order removal of albumin from the body, and that it occurs at a daily rate of ca. 4%, 

resulting in an average lifetime of 27 days for an HSA molecule.273 Remarkably, this 

lifetime translates to approximately 15,000 journeys around the average human 

circulatory system.52 

 

Scheme 22: The FcRn recycling process. Adapted from Mitragotri et al.274 

Of particular structural note is the free thiol at Cys-34 on HSA, which in its reduced 

form is capable of scavenging dangerous free radicals, and as such, HSA is the most 

abundant antioxidant in the plasma.275 Furthermore, HSA is capable of binding Cu2+, 

a species which is known for its role in creating free radicals.271 It should be noted that 

Cys-34 is found in all animal albumin variants (with the exception of salmon), for which 

the proteins have been sequenced.276 In the blood, Cys-34 is found to be in its 

sulfhydryl form in 70% of HSA molecules.276 Unsurprisingly, Cys-34 in HSA is the most 

abundant thiol group in human plasma, with a pKa of 7 (1.5 lower than cysteine).277 It 
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has also been suggested that the binding of long-chain fatty acid residues to HSA 

causes the cleft in which Cys-34 sits to open up, becoming more solvent accessible, 

which may play crucial a role in HSA’s bodily function.276,277 Most crucially, HSA is non-

immunogenic, and as such represents a powerful tool for drug-delivery and half-life 

extension technologies.278 

Over the past 20 years, the use of recombinant albumin has greatly increased.279 It is 

typically produced from Saccharomyces yeast strains and as a result, offers a safer 

alternative to albumin derived from animal sources, with a higher batch-to-batch 

consistency.279 The increased safety of recombinant albumin arises from a lack of 

blood-borne infectious agents and viruses that could be present in human/animal 

derived products.280 The albumin used in this project is recombinant human albumin 

and is structurally equivalent to human serum albumin.279 

1.2.3.1.  Enhanced Permeability and Retention (EPR) Effect 

Almost 50 years ago, Matsumara and Maeda discovered that HSA accumulated in 

solid tumour tissue.281 This accumulation is largely due to the poor vessel infrastructure 

in tumours and their abnormal development.281 These irregularities lead to leaky 

vessels that allow HSA and other macromolecules to collect in the tumour over time. 

Typically, the lymphatic system is also poorly developed and therefore there is 

inefficient recovery of macromolecules from the tumour.282 This phenomenon was 

given a title of the enhanced permeability and retention (EPR) effect and becomes 

apparent for HSA due to its long in vivo half-life.281,282 The accumulation typically takes 

48-72 h, before which many other molecules are cleared from the body and hence do 

not experience the same degree of collection in the tumour.281 

1.2.3.2.  Approaches to HSA Modification 

Conjugation to Cys-34 or protein fusion are the most likely candidates for modifying 

HSA in a homogenous fashion.270 Fusion entails joining the gene for a protein to that 

of HSA and expressing from a suitable host, producing a single polypetide.270 Once a 

production method is established for a particular therapeutic, protein fusion represents 

a useful method of rapidly generating high purity products. The biological nature of 

fusion therapeutics also avoids the reliance on PEG moieties.256 Fusion to HSA is not 
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without limitations however, as it may only occur at the C and N terminus of the protein. 

Additionally, a reduction in FcRn binding (and hence a reduced in vivo half-life) has 

been reported for such fusion conjugates due to disruption of the FcRn binding 

region.283  

Given the increased nucleophilicity of cysteine in comparison to other amino acid 

residues, typical conjugation strategies to HSA have used the single free thiol located 

at Cys-34 in combination with maleimide reactive groups.252 

Non-covalent methods to bind therapeutics to HSA have also been employed.284 Most 

of these methods rely on the in vivo modification of HSA using moieties with high 

affinity for regions of HSA (vide supra).  

1.2.3.3.  Existing HSA Therapeutics 

A variety of methods have been exploited in the binding of therapeutics to HSA, with 

both non-covalent and covalent routes having been employed. As an example, non-

covalent approaches have yielded Levemir® and Abraxane®.  

Insulin detemir, marketed under the name Levemir, depends on a reversibly bound 

insulin-albumin complex. It prolongs insulin action; regulates inconsistencies in 

administration (within-person variability); and lowers the occurrence of rapid patient 

weight gain associated with treating diabetes.285 Levemir is an engineered analogue 

of insulin, with an added myristic acid at position B29 that allows reversible binding to 

HSA, through one of its five high-affinity fatty acid binding sites.129 

Abraxane was developed as a solution to the inherent toxicity and insolubility of taxol-

based regimens, avoiding the use of cremophor EL, a toxic solubilising agent.129 It is 

a nanoparticle formulation, in which paclitaxel molecules are surrounded by HSA to 

form particles with an average diameter of 130 nm.129  

One of the numerous examples of covalent modification of HSA to make it to the clinic, 

GSK’s Albiglutide gained FDA approval in 2014, and is an example of an HSA fusion 

therapeutic that boasts an in vivo half-life of 6-7 days. It was used to treat type II 

diabetes and is comprised of the GLP-1 protein fused to the N-terminus of HSA.253,286 

However, Albiglutide was discontinued in 2018 due to a lack of market penetration.  
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Covalent approaches that do not use protein fusion have seen less immediate success 

in the clinic, however Cytrx’s Aldoxorubicin is currently in late-stage clinical trials. 

Aldoxorubicin is a derivative of doxorubicin (DOX), a cytotoxic drug currently used for 

multiple cancer types. The DOX payload is attached to a maleimide via an acid-labile 

hydrazone linker (Figure 15).287 At pH 7 the linker is relatively stable (t1/2 ~ 158 h), but 

the half-life is reduced to 3.2 h at pH 5 (such acidic conditions are observed in the 

endocytic lysosome), releasing the free DOX.288 The maleimide covalently binds to 

Cys-34 of HSA upon injection into the bloodstream. Aldoxorubicin is now in stage 3 

clinical trials for soft tissue sarcoma.288,289 

 

Figure 15: Aldoxorubicin 

Whilst Aldoxorubicin exploits the in vivo reactivity of maleimides with thiols, there is a 

degree of uncertainty regarding the fate of the therapeutic molecule. Aldoxorubicin 

relies on the high concentration of albumin in the blood plasma, but this does not avoid 

the high reactivity of thiols such as glutathione in the blood, which will inevitably 

conjugate to the maleimide. Given that the construct adopts a classical maleimide 

approach, there will also be an appreciable level of maleimide deconjugation, resulting 

in a degree of the free linker-drug scaffold in the blood. As such, efficient methods for 

creating robustly stable HSA-drug conjugates are still highly desirable. 
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2. Project Aims 

Research has demonstrated the use of next generation maleimides (NGMs) in the site-

selective modification of proteins and peptides.171,184,187,290,291 Their reaction is rapid, 

highly selective for cysteine and yields robustly stable conjugates upon hydrolysis. The 

projects described herein aim to both improve understanding of, and utilise, NGM 

reactivity to develop further tools for cysteine bioconjugation on a variety of thiol-

bearing molecules. 

2.1. Optimisation of MBM Reagents for HSA-Drug 
Conjugates 

Human serum albumin is a promising strategy for half-life extension and passive 

tumour targeting of therapeutics, with a number of HSA-drug conjugates in the 

clinic.129,252,272,292–294 A number of promising HSA-drug conjugates in clinical trials have 

employed classical maleimide methodology.252,295 Developments in the field have 

shown that the resulting succinimide conjugates are sub-optimal as they are subject to 

retro-Michael reactions (in direct competition with stabilisation via succinimide 

hydrolysis) which may lead to undesired deconjugation of the conjugate in vivo. As a 

result, alternative methods to site-selectively modify HSA in order to produce robust 

HSA-drug conjugates are of significant scientific interest. 

Recent work has indicated that monobromomaleimides (MBMs) are a valuable tool for 

modifying biomolecules containing a single free cysteine, such as HSA.168 However, 

the deep anionic crevice in which HSA’s Cys-34 sits is a challenging environment in 

which to fulfil site-selective bioconjugation and rapid, quantitative hydrolysis of the 

construct (forming serum-stable products). The current protocol for hydrolysis of MBM-

HSA conjugates requires prolonged time under alkaline conditions at an elevated 

temperature (pH 9, 37 oC, 16 h). Crucially, such conditions are known to contribute to 

payload degradation,296–303 requiring a further purification step to ensure a 

homogenous final product.  

The principle aim of this project is to optimise MBM linker design, conjugation and 

subsequent maleimide hydrolysis conditions. Given its proximity to the imide ring, 
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variation in the design of the linker will provide a valuable means of augmenting 

conjugation and hydrolysis rates. An ideal design would rapidly afford serum-stable 

HSA conjugates under mild conditions, ensuring intact payload and a homogenous 

product. These optimised conditions and linker will then be applied to create a 

functional HSA-drug conjugate (Scheme 23). 

 

Scheme 23: General design for MBM reagent, facilitating efficient conjugation and 

hydrolysis under mild conditions. Two regioisomers are formed upon hydrolysis. 

Initial drug candidates are Doxorubicin and Paclitaxel, as they are both cytotoxic 

payloads that have seen extensive use in the clinic and would both benefit from 

conjugation to HSA due to their poor solubility, stability and highly toxic 

nature.22,252,288,304–306 Additionally, both candidates would benefit from the EPR effect 

mentioned earlier in this report, due to the accumulation of HSA in tumours.281,282,307 

HSA variants (with engineered surface accessible cysteine residues) provide further 

scope for bioconjugate analogues. By creating an HSA variant with a more reactive 

cysteine handle, faster, more efficient conjugation and hydrolysis may become 

feasible. 

In the literature, the in vivo half-life of albumin-based therapeutics has invariably been 

shorter than the 19 day figure given for native HSA.272 If, via conjugation, modification 

at Cys-34 is observed to disrupt FcRn binding, using an alternative engineered thiol 

location may prove beneficial for achieving a conjugate with an extended in vivo half-

life. 
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2.2. Development of NGM Reagents for Dual-
functionalised Bioconjugates 

Disubstituted maleimides have been used to rebridge disulfides in peptides and 

proteins, as well as modify single cysteine-bearing compounds and create bis-

functionalised peptide conjugates.127,181,184,308,309 It has recently come to light that upon 

conjugation to HSA, both bromine atoms of a dibromomaleimide (DBM) are lost.309 

MS-MS analysis of such conjugates suggests that an aminothiomaleimide is formed 

as a final, stable construct (via crosslinking between a cysteine and lysine residue). If 

this intramolecular amine reactivity results in a stable conjugate, then it is feasible that 

amine addition may provide an alternative route to hydrolysis in stabilising conjugates 

derived from disubstituted maleimides (Scheme 24). 

 

Scheme 24: Basic scheme depicting disubstituted maleimide-thiol conjugation 

followed by subsequent amine addition to form an aminothiomaleimide conjugate. 

A variety of amine nucleophiles will be screened for reactivity using small molecule 

models of halothiomaleimides. Resultant aminothiomaleimides will be assessed for 

robust stability under physiological conditions. If successful, derivatives of appropriate 

amines will be designed and synthesised in order to provide reactive nucleophiles 

bearing a biorthogonal handle. It is envisaged that this two-step conjugation system 

will afford stabilisation of the halothiomaleimide core and simultaneous addition of new 

functionality to create protein and peptide triconjugates. Whilst homogenous dual 

modification of proteins is an interesting use for this dual conjugation strategy, it is the 

scope for introducing dual functionality to the protein conjugate that best exploits recent 

advances in conjugation technology. 
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3. Results and Discussion 

3.1. Optimisation of Monobromomaleimide (MBM) 
Reagents for HSA-Drug Conjugates 

The overall objective was to design an MBM reagent that, bearing a payload, would 

conjugate efficiently to albumin and then quickly hydrolyse under mild conditions to 

generate serum stable products. The first design aspect to consider was the choice of 

starting linker. Together with the maleimide motif, it would form the first building block 

of the conjugation scaffold (Scheme 25). Work from the Kratz group has shown the 

effective conjugation of a maleimide with a caproic acid (C-6) linker to HSA, although 

there is currently no hydrolysis data for this molecule on HSA.304 As mentioned in the 

project aims, rapid maleimide hydrolysis is desired to afford serum-stable 

conjugates.187 Recent work from Smith et al. shows the harsh conditions required for 

the hydrolysis of an N-Methylmaleimide-albumin conjugate; incubation overnight at pH 

9.0, 37 oC is not suitable for many payload molecules and represents an opportunity 

for improved reagent design.168 It was hypothesised that a more electron withdrawing 

linker would afford faster hydrolysis rates. Potential candidates were benzoic acid (aryl) 

or glycine derived (C-2) linkers. It was believed that the aryl linker would unnecessarily 

increase the hydrophobicity of the construct, and thus the C-2 linker was chosen as a 

starting point for the monobromomaleimide (MBM) scaffold.308 Furthermore, previous 

work has shown that the dibromomaleimide (DBM) C-2 linker analogue exhibits a fast 

hydrolysis, appropriate hydrophilicity and a simple synthesis, as such the monobromo 

variant was an appropriate starting point for the conjugation platform.187  

The synthesis of the C-2 linker variant was facile, requiring a dehydrative condensation 

of 1 with glycine to form bromomaleimide 2 (Scheme 25). 

 
Scheme 25: Synthesis of bromomaleimide 2; Reagents and conditions: (i) glycine, 

AcOH, reflux, 24 h. 
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To rigorously appraise the bioconjugation potential of the MBM scaffold with the C-2 

linker, a spacer attached to a model “cargo” was added to the construct. This model 

“cargo” would serve to mimic the hydrophobicity of drugs such as doxorubicin or 

paclitaxel whilst also having the capability of fluorescence. A dansyl fluorophore was 

selected as the cargo, as it fulfils both the aforementioned criteria but crucially, its 

fluorescence is effectively quenched by maleimide.310 This would enable us to track 

hydrolysis, as the process of the maleimide hydrolysing into the serum-stable 

maleamic acid would then turn fluorescence back “on” (Scheme 26).291 

 

Scheme 26: Envisaged “turn-on” of fluorescent dansyl cargo upon hydrolysis 

3.1.1. Ethylenediamine Spacer 

With the C-2 linker as a starting point, the choice of spacer was a matter of simplicity. 

The role of the spacer would be to distance the payload from the maleimide moiety, 

reducing steric hinderance and permitting insertion into the 9.5 Å deep crevice of 

HSA’s Cys-34, enabling conjugation to the thiol. An ethylenediamine moiety was 

chosen for its lack of functional groups and facile incorporation into the conjugation 

platform. With the C-2 maleimide 2 in hand, the full dansyl construct 4 was synthesised, 

according to a protocol established by Youziel et al.291 Base-catalysed formation of 

dansyl amine 3 followed by an EEDQ-mediated amide coupling reaction with 2 yielded 

target molecule 4 (Scheme 27). 

 

Scheme 27: Synthesis of bromomaleimide 4; Reagents and conditions: (i) mono-Boc-

protected ethylenediamine, NEt3, DCM, RT, 4 h, (ii) TFA, RT, 2 h, (iii) DIPEA, MeCN, 

RT, 5 min, (iv) 2, EEDQ, MeCN, RT, 1 h. 
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Using a protocol established within literature, initial cysteine conjugation reactions 

were attempted.168 Conjugation of 4 to HSA was carried out at pH 7.4 to limit undesired 

reactivity with other nucleophilic side chains on the protein (namely the primary amine 

sidechains of lysine residues) (Scheme 28). 

 

Scheme 28: Conjugation of bromomaleimide 4 to HSA; Reagents and conditions: (i) 

4 (1.5 equiv.), PBS (pH 7.4), RT, 30 min. 

MS analysis of the conjugate 5 showed peaks for both unmodified (native) HSA, 

desired cysteine modification and undesired double HSA modification (cysteine and 

nonspecific modification). Despite multiple attempts at the conjugation (and 

independently varying the buffer pH, as well as the concentration and equivalents of 

the bromomaleimide 4 and HSA), both native HSA and doubly modified HSA existed 

in the same bioconjugate samples, and this was adequate evidence that our reagent 

was not completely selective (Figure 16). 
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Figure 16: Top - deconvoluted LCMS data for native HSA. Expected mass 66,439, 

observed 66,439 Da. Bottom - deconvoluted LCMS data for conjugate 5. Expected 

product 66,886 (hydrolysed unintentionally after submission for MS), observed 

66,885 Da. Expected double modification 67,315, observed 67,314 Da. Expected 

native 66,439, observed 66,440 Da. 

It should however be noted that through limiting the equivalents of 4 to 0.9, nonspecific 

modification could be reduced to negligible levels. Although this approach resulted in 

a greater degree of unmodified HSA (Appendix Figure A8), it allowed the conjugates 

to be taken on to hydrolysis studies. 

3.1.1.1.  Hydrolysis Study 

Bromomaleimide 4 was conjugated to HSA at pH 7.4, and then after 15 minutes, buffer 

exchanged into an ammonium acetate (25 mM, pH 8.0) solution. As conjugate 5 
hydrolysed, the fluorescence increase at 559 nm (excitation wavelength of 337 nm) 

over time was recorded (Scheme 29).  
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Scheme 29: Hydrolysis of conjugate 5; Reagents and conditions: (i) ammonium 

acetate (25 mM, pH 8.0), RT. 

The hydrolysis kinetics were expected to fit a pseudo-first order kinetics model. It was 

expected that the buffering capacity of ammonium acetate would ensure regulation of 

the concentration of hydroxide ions during the reaction and thus the concentration 

could be assumed to be constant (Figure 17). 

 

Figure 17: Fluorescence increase upon hydrolysis of conjugate 5 (excitation 337 nm, 

emission 559 nm). Black line denotes first-order fitting using Graphpad Prism 

software.  

Bromomaleimide 4 and model thiomaleimide 6 (made according to reference)311 were 

studied with the hydrolysis protocol (Figure 18). This would reveal two key insights: 

firstly, the effect of the Cys-34 cleft (compared to the model thiomaleimide 6) on 

hydrolysis rates and secondly, the rate at which reagent 4 would be deactivated by 

hydrolysis once added to the reaction. t99% denotes the time required for 99% 

hydrolysis and is calculated as 7 half-lives. 
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Moleculea k (min-1) Half-life (t1/2) (min) t99% (min) 

5 0.0006819 1017.0 7119.0 

6b 0.01401 49.5 346.4 

4 0.05868 11.8 82.7 

aReactant at 90 µM or b56 µM in ammonium acetate (25 mM, pH 8.0, RT). 

Figure 18: Hydrolysis of 4, 5 and 6 at pH 8, RT (see Figure A4 and Figure A5 for 

individual data on 4 and 6). Excitation 337 nm, emission 559 nm. 

The hydrolysis timescale for the HSA conjugate 5 was significantly longer than both 

the thiomaleimide variant 6 and bromomaleimide 4. There were two conclusions drawn 

from this data. Firstly, the electronegativity of the maleimide substituent atom (Br or S) 

was a factor affecting hydrolysis rate (the increased electronegativity of the bromine 

atom would further activate the carbonyl groups on the maleimide to attack by the 

hydroxide nucleophile). Another crucial factor was solvent accessibility. The HSA 

conjugate 5 was the slowest to hydrolyse and it was concluded that the deep, 

hydrophobic cleft in which Cys-34 sits greatly reduces the accessibility of hydroxide 

groups to attack the maleimide carbonyls.  
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Before further hydrolysis experiments were to be carried out, a more selective 

conjugation platform than 4 was required. Although lysine modification could be limited 

with careful choice of reagent equivalents, it invariably resulted in unsatisfactory levels 

of native HSA and as such would not provide a high enough degree of drug to HSA 

loading. 

3.1.2. PEG[2] Spacer 

It was hypothesised that the hydrophobic nature of the ethylene diamine spacer and 

the dansyl fluorophore for bromomaleimide 4 was a contributing factor to its lack of 

selectivity for Cys-34, due to “sticking” in hydrophobic pockets on the surface of HSA, 

leading to the modification of nearby lysine residues. By increasing the hydrophilicity 

of the spacer (to help counteract the hydrophobic dansyl moiety), it was believed that 

superior conjugation efficiency and selectivity could be achieved. To this end, a PEG[2] 

diamine spacer was incorporated into the dansyl construct with a synthesis route as 

before, but instead with a PEG[2] diamine, resulting in the bromomaleimide 8 (Scheme 

30). 

 

Scheme 30: Synthesis of bromomaleimide 8; Reagents and conditions: (i) mono-Boc-

protected PEG[2] diamine, NEt3, DCM, RT, 4 h, (ii) TFA, RT, 2 h, (iii) DIPEA, MeCN, 

RT, 5 min, (iv) 2, EEDQ, MeCN, RT, 1 h. 

Gratifyingly, conjugation attempts to HSA with bromomaleimide 8 (1.1 equiv., 10 min, 

RT) were more successful, with analysis by MS showing increased selectivity for 

cysteine. The corresponding unmodified (native) and lysine modification peaks were 

less significant in comparison to the desired cysteine modification peak (Figure 19). 

With an improved conjugation platform in hand, we were able to study hydrolysis 

kinetics with greater confidence. Owing to the increased solubility of the PEG[2] spacer 

compared to the previous ethylenediamine spacer, it was speculated that the rate of 

subsequent hydrolysis may also be increased through greater affinity for water. 
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Figure 19: Deconvoluted LCMS data for conjugate 9. Expected product 66,974 

(hydrolysed), observed 66,973 Da. Native HSA 66,439, observed 66,441 Da. 66,551 

Da is a diacid species (MS artefact) observed with high LC column temperature.312 

3.1.2.1. Hydrolysis Study 

Initially, reagent 8 was assessed with previous fluorescence protocol (excitation 

wavelength of 337 nm) (Figure 20). It was interesting to observe the very similar 

hydrolysis kinetics to bromomaleimide 4, suggesting that the spacer design has a 

limited effect on reagent hydrolysis. Considering the lack of steric hinderance around 

a small molecule in comparison to an HSA conjugate, this finding seems unsurprising. 

However, it would be pertinent to observe the effect of spacer design on the hydrolysis 

of the conjugate.  

Moleculea k (min-1) Half-life (t1/2) (min) t99% (min) 

4 0.05866 11.8 82.7 

8 0.05542 12.5 87.6 

aReactant at 90 µM in ammonium acetate (25 mM, pH 8.0, RT) 

Figure 20: Hydrolysis timescales for 4 and 8 at pH 8.0, RT (see Figure A6 for 

individual data on 8). Excitation 337 nm, emission 559 nm. 
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Remarkably, the faster hydrolysis timescales for conjugate 9 were a twofold 

improvement on previous conjugate 5 (Scheme 31). This was encouraging and 

tentatively supported our previous hypothesis regarding increased hydrophilicity of the 

probe leading to faster hydrolysis times. However, due to the known instability of many 

drug payloads (e.g. paclitaxel (PTX)) in aqueous media, it was decided that further 

improvements to reagent design and protocol were imperative. These changes would 

seek to limit payload degradation upon hydrolysis of an HSA-drug conjugate. 

 

 

Moleculea k (s-1) Half-life (t1/2) (min) t99% (min) 

13 0.0017 534.9 3744.3 

aHydrolysis carried out in ammonium acetate (25 mM, pH 8.0, RT) 

Scheme 31: Hydrolysis of conjugate 9. Reagents and conditions: (i) ammonium 

acetate (25 mM, pH 8.0), RT. Excitation 337 nm, emission 559 nm. 

The options available to increase the rate of hydrolysis were increasing temperature, 

pH, or, as reported by Torres et al., to add fatty acids to HSA.313 The addition of fatty 

acids was reported to open the cleft in which Cys-34 sits, permitting greater “access” 

for hydroxide ions and thus affording faster rates of hydrolysis. The previous hydrolysis 
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reactions had been carried out at pH 8.0, but any further increase would likely lead to 

increased degradation of the payload. The pH sensitivity of doxorubicin and paclitaxel 

has been reported in literature, and thus pH 8 was the upper limit we set 

ourselves.297,301,302,314 To this end, the first route to investigate was by modulating 

temperature. Due to equipment limitations, it was not possible to maintain a constant 

temperature and carry out regular fluorescence readings. Carrying out fluorescence 

readings at interval time points was an option but would involve working over a 48 h 

time period, carrying out measurements every hour. As a result, a UV experiment was 

proposed: to monitor the loss in absorbance at 350 nm as the maleimide ring 

hydrolyses. This was attempted with conjugate 9, but the maleimide and dansyl 

moieties had a very similar absorption maxima (350 vs 337 nm). Initial UV studies gave 

a half-life that was significantly shorter than when the same experiment was carried 

out through fluorescence, and thus a new reagent was required. The dansyl reagent 

had served a purpose in understanding conjugation, but by switching to a UV 

experiment, it would be possible to carry out a greater number of hydrolysis reactions 

at varying temperatures. Furthermore, there would be increased scope for varying the 

cargo, as a fluorophore would not be required. 

3.1.3. Ethanolamide Spacer 

From a selection of potential candidates, the ethanolamide spacer was chosen to be 

an adequate model reagent for UV studies. Due to its high polarity, it was expected 

that it would exhibit similar properties to the PEG[2] spacer and thus yield a similar 

quality of HSA conjugate as bromomaleimide 8. Bromomaleimide 10 was synthesised 

with an EEDQ-mediated amide coupling reaction, requiring two attempts due to 

difficulty in isolating a pure product (Scheme 32).  

 

Scheme 32: Synthesis of 10; Reagents and conditions: (i) ethanolamine, EEDQ, 

MeCN, RT, 90 min. 

Syntheses of the C-6 and aryl variants were also carried out. This would enable an 

appraisal of the benefits of the C-2 system over other linkers (Scheme 33).  

N

O

O O

N
H

OH

Br

N

O

O O

Br
OH

102
31%

(i)



 51 

 

Scheme 33: Synthesis of 11 and 12; Reagents and conditions: (i) 4-aminobenzoic 

acid/6-aminohexanoic acid, AcOH, reflux, 16 h. 

The synthesis of 13 proved facile with the capricious EEDQ-mediated amide coupling 

reaction giving the product in high yield (Scheme 34). 

 

Scheme 34: Synthesis of 13; Reagents and conditions: (i) ethanolamine, EEDQ, 

MeCN, RT, 90 min. 

Interestingly, despite a number of amide coupling attempts with compound 12, isolation 

of a C-6-ethanolamine variant proved extremely difficult due to formation of side 

products. Whilst these side products were not characterised, it was believed that alkyl 

linkers were less amenable to the amide bond formation with ethanolamine and more 

prone to generating side products. Furthermore, it was agreed that ethanolamine was 

not an ideal spacer for synthetic reasons, owing to having two nucleophilic groups that 

would interact with each other. Data was gathered with 10 and 13, in the knowledge 

that an alternative spacer would later be required for a complete comparison of the 

three linkers (C-2, aryl and C-6). Gratifyingly, conjugations with 10 and 13 did indeed 

yield suitable and comparable conjugates, confirmed by MS (Scheme 35).  
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Scheme 35: Conjugation of 10 and 13 to HSA; Reagents and conditions: (i) 10 (2 

equiv.)/13 (5 equiv.), PBS (pH 7.4), 20 min, RT. A) Expected conjugate 14 mass 

66,636 (unhydrolysed), observed 66,635 Da. B) Expected conjugate 15 mass 66,698 

(unhydrolysed), observed 66,703 Da. 

However, compared to 10, 13 required a significantly higher number of equivalents of 

NGM reagent (5 equiv.) relative to HSA. This was postulated to be due to rapid reagent 

hydrolysis of the aryl linker in the conjugation buffer, or the increased hydrophobicity 

of the aromatic ring causing maleimide 13 to conjugate less efficiently. 

3.1.3.1. Hydrolysis Study 

The hydrolysis study for 14 and 15 was carried out with a similar protocol to previous 

hydrolysis experiments. However, Borate buffered saline (BBS) was adopted as a 

more pH stable buffer system, and the decrease in UV absorption was used to 

measure the progress of hydrolysis. The conjugates 14 and 15 absorb at 348 nm and 

360 nm respectively and as the maleimide ring is opened during hydrolysis, this 
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characteristic absorbance is lost (Figure 21).168 Post analysis, the data was combined     

to show the hydrolysis timescales for 14 and 15 at different temperatures (Figure 21).  

 14 15 

Temperature (oC)a k (min-1) t99% (min) k (min-1) t99% (min) 

20.5 0.0011 4410 - - 

25.0 - - 0.0017 2906 

37.0 0.0091 533 0.0117 415 

47.0 0.0309 157 0.0425 114 

57.0 0.1593 30 0.1408 34 

aHydrolysis carried out in BBS (pH 8.0) 

Figure 21: Top left) Hydrolysis of 14 at pH 8, 20.5 °C. Top right) Hydrolysis time for 14 

and 15 at different temperatures (time taken for 99% completion). Bottom) tabulated 

data for hydrolysis of 14 and 15 at different temperatures (see Section 4.5.2.1 for full 

data). 

The effect of increasing the temperature on the hydrolysis timescale was dramatic for 

both conjugates and confirmed significantly faster hydrolysis when carried out above 

room temperature. It should be noted that conjugates 14 and 15 exhibit fairly similar 

hydrolysis timescales. This result is surprising, as it was expected that the aryl linker 

would lead to significantly faster hydrolysis. However, these data support the 

hypothesis that the additional hydrophobicity of the aromatic ring prevents the aryl 

reagent 13 from conjugating efficiently at Cys-34, but not that the reagent is 

deactivated by rapid hydrolysis as was initially presumed. This theory is further 

supported by earlier findings from conjugations with the dansylmaleimide molecules 

which showed that increased hydrophilicity of the molecules led to improved 
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conjugation efficiency. More generally, it was decided that inclusion of additional 

hydrophobicity (without a significant enhancement in conjugate hydrolysis rates) was 

undesirable and future work with aryl linkers was stopped. 

3.1.4. Thiol Stability Study 

To appraise the thiol-stability of the thiomaleimide scaffold, conjugates 14  and 16 were 

incubated with a large excess (40 equiv.) of glutathione (GSH) at 37 °C for 4 h (see 

Scheme 36 for details). These data show the instability of 14 (the unhydrolysed 

species) towards a large excess of thiol, resulting in native HSA. Under very similar 

conditions, 16 (the hydrolysed species) shows robust thiol stability over a 4 h 

timeframe. This data is comparable to the data acquired by Smith et al. and supports 

the rationale for the use of the NGM platform to make stable HSA-drug conjugates.168 

 

 

 

 

 

 
 

 

 

Scheme 36: Thiol stability study with GSH; Reagents and conditions: (i) 14 (19.6 μM 

final conc.), GSH (40 equiv.), PBS (pH 7.4), 37 oC, 4 h, (ii) BBS (pH 8.0), 37 oC, 21 h, 

(iii) 16 (16.0 μM final conc.), GSH (40 equiv.), PBS (pH 7.4), 37 oC, 4 h. MS data: A) 

Expected native HSA 66,439, observed 66,442 Da. 14) Expected cysteine 

modification 66,636, observed 66,635 Da. 16/B) Expected hydrolyte 66,654, 

observed 66,653 Da. N.B Peak with * at 66,553 Da is diacid artefact. 
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3.1.5. PEG[2]OMe Spacer 

To overcome the synthesis issues encountered with the ethanolamide spacer, and 

compare the properties of the C-6 against the C-2 linker, a novel spacer with a simple 

synthesis and easier purification was sought. Initial attempts with a PEG[2]OMe spacer 

proved sufficient; a small library of related compounds was synthesised in varying 

yields, owing to difficult purifications via column chromatography (Scheme 37). The 

spacer would mimic PEG chains used for previous conjugations and be more inert in 

comparison to the ethanolamine analogues. 

 

Scheme 37: Synthesis of 17 and 18; Reagents and conditions: (i) NH2-PEG[2]OMe, 

EEDQ, MeCN, RT, 90 min. 

The N-PEG variant 19 was also synthesised to offer an insight into the rate of 

hydrolysis for maleimides without linkers. 

 

Scheme 38: Synthesis of 19; Reagents and conditions: (i) NH2-PEG[2]OMe, AcOH, 

reflux, 16 h. 

Conjugations to HSA were carried out and reagents 17-19 were observed to modify 

HSA in an efficient, site-selective manner (Scheme 39).  
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Scheme 39: Conjugation of 17-19 to HSA; Reagents and conditions: (i) MBM (2 

equiv.), PBS (pH 7.4), 10 min, RT. Deconvoluted LCMS data for conjugate 21. 

Expected 66,750, observed 66,750 Da.  

Hydrolysis studies were then commenced using the same protocol as with the 

hydrolysis of the ethanolamide linker variants (vide infra). 

3.1.5.1.  Hydrolysis Study 

The C-2 (20), C-6 (21) and N-PEG (22) conjugates were compared in a conjugate 

hydrolysis experiment (Scheme 40). Including conjugate 22 in these tests would allow 

us to know if the presence of a linker was necessary, or if the “spacer” moiety could be 

attached directly to the maleimide ring. 
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Conjugatea k (min-1) t99% (min) 

21 0.00044 11102 

22 0.00110 4420 

20 0.01107 439 

aHydrolysis carried out at 37 °C in BBS (pH 8.0) 

Scheme 40: Kinetic data for conjugate hydrolysis with varied linker (see Section 

4.5.2.1 for individual data on 20-22). Data obtained by measuring decrease in UV 

absorbance at 350 nm. 

Gratifyingly, these data confirmed our initial hypothesis that the rate of conjugate 

hydrolysis could be increased by nitrogen substituents that were more electron 

withdrawing. At 37 oC, conjugate 20 is 99% hydrolysed in 8 hours, and conjugate 21 

in 7.7 days. As expected, these data also show that presence of a C-2 linker is 

preferable to direct connection of the PEG “spacer” to the maleimide nitrogen, in 

affording rapid conjugate hydrolysis. Conjugate 22 took ~ 3.1 days to achieve 99% 

hydrolysis, 10-fold longer than the timescale for C-2 variant 20. These results are 

consistent with the findings of Santi et al. on the hydrolysis of maleimides conjugated 

to small molecule thiols.315  

The timescale of 8 h at 37 oC represents the optimal protocol for the enhanced MBM 

scaffold, in efficient conjugation and fast hydrolysis under mild conditions. As such, the 

C-2 linker is the clear choice for use in future MBM conjugations to HSA. 
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3.1.6. Fatty Acid Addition to HSA 

The literature suggests the Cys-34 cleft of HSA can be opened up by the binding of 

fatty acids (FAs) to the surface of HSA.313,316–318 To observe the effect this 

phenomenon had on the rate of conjugate hydrolysis, a study was carried out in which 

an excess of stearic acid was added to a hydrolysis experiment with conjugate 20, and 

the decrease in absorbance measured over time (350 nm), in comparison to a FA-free 

control (Scheme 41). 

 

 

Scheme 41: Conjugate 20 hydrolysis with addition of stearic acid. Reagents and 

conditions: (i) stearic acid (13.3 equiv. in EtOH), BBS (pH 8.0), 37 °C. 

The data above shows that the addition of stearic acid to HSA has not significantly 

altered the rate of conjugate hydrolysis, when compared to the control experiment. The 

elevated initial absorbance of the variable experiment is due to undissolved stearic 

acid resulting in a heterogeneous mixture. It slowly dissolves into the BBS buffer 

solution exhibiting a similar absorbance to the control experiment. Literature 

procedures from Torres et al. offer confidence that our protocol resulted in FA-bound 

HSA,313 but the use of fatty acids did not offer a discernible improvement on the 

optimised time of 8 h at 37 oC. 
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3.1.7. Regioselectivity of Hydrolysis 

It was of interest to identify the regioselectivity of hydroxide ion attack during 

hydrolysis. This would afford a greater understanding of the electronics of the thio- and 

bromomaleimide ring. Due to the specific nature of the data required, NMR 

experiments using small molecule models were considered as the most appropriate 

analysis method. LCMS would be unable to distinguish between the two expected 

isomers, and it would be extremely complex to analyse NMR data of HSA conjugates. 

Bromomaleimide 23 was dissolved in a PB/DMSO solution. NaOH (1 M) was then 

added to bring to the pH to 11. Subsequent 1D and 2D NMR analysis revealed that a 

mixture of isomers was formed as the hydrolysis products (Scheme 42). It was 

unsurprising to observe isomer A was preferentially formed in a ratio of 3.17:1 (76% A 

to 24% B), likely due to the presence of the bromine atom – drawing electron density 

away from the alpha carbonyl, whilst mesomerically deactivating the beta carbonyl on 

the other side of the ring. Although understanding more about reagent hydrolysis was 

useful, the ratio of isomers would need to be established for thiomaleimide hydrolytes 

to develop our understanding of cysteine conjugate hydrolysis. 

 

Scheme 42: Hydrolysis of 23 at pH 11; Reagents and conditions: (i) PB/DMSO (7:3), 

NaOH (1 M), pH 11, 5 min, RT. 

The key challenge with this aspect of the experiment was the design of the 

thiomaleimide. In order to be comparable to the results of 23, the thiomaleimide would 

ideally bear a methyl substituent on the Nitrogen atom and be appreciably water 

soluble to readily dissolve in the PB/DMSO (7:3) buffer system. The proposed 

mercaptoethanol derivative 25 was synthetically awkward, cysteine derivative 24 

would present issues in NMR analysis due to ester and carbamate hydrolysis, and 

hexanethiol derivative 26 was indeed observed to be insoluble in water (Figure 22). To 

improve the water solubility of the hexanethiol derivative 26, a carboxylic acid group 
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was introduced into the molecule design. Remarkably, molecule 27 was still poorly 

soluble in phosphate buffer/DMSO solutions. 

 

Figure 22: Proposed molecule 24 and 25. Synthesised molecule 26 and 27. 

To ensure comparability between thio- and bromomaleimide hydrolysis data sets, it 

was decided that the hydrolysis of 23 and 26 would be carried out in DMSO (to ensure 

solubility), with the addition of NaOH (1 M) (Scheme 43). Whilst not mimicking the 

conditions under which conjugate hydrolysis was taking place, it would still serve to 

improve our understanding of substituent effects on the hydrolysis of the maleimide 

ring. Compared to a bromo-substituent, it was expected that the mesomeric 

deactivation of the beta-carbonyl by the thiol substituent would be more significant, 

and the inductive withdrawal of electron density from the alpha carbonyl would be 

reduced. However, it was not known which effect would have a greater impact on the 

regioselectivity of the reaction. 

 

Molecule Isomer A% Isomer B% 

23 72 28 

26 88 12 

Scheme 43: Hydrolysis of 23 and 26 at pH 11; Reagents and conditions: (i) DMSO, 

NaOH (1 M), pH 11, 5 min, RT. 

These data highlighted a number of things: firstly, it was interesting to observe very 

similar ratios between regioisomers of 23 under the buffered and pure DMSO 
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of aqueous solvent would still give data that was relevant to the hydrolysis of protein 

conjugates. The second observation was that the hydrolysis of thiomaleimide 26 

proceeded with increased regioselectivity compared to bromomaleimide 23, 

suggesting that the mesomeric deactivation of the β-carbonyl to the substituent is a 

stronger influence on hydrolytic regioselectivity than the activation of the α-carbonyl. 

 

3.1.8. Note on Hydrolysis Experiments 

Thorough mass spec analysis of conjugates that had appeared to be fully hydrolysed 

by UV (the UV absorbance at 350 nm had plateaued) revealed that whilst there was a 

new peak at +18 Da (from addition of water during hydrolysis), there was also a 

percentage of the product that had the same mass as the conjugate (Figure 23).  

 

Figure 23: Zoomed-in deconvoluted MS data for conjugate 14 after hydrolysis. 

Hydrolysis conditions; Conjugate 14, ammonium acetate (pH 8.0), RT, 6 days. 

Expected hydrolysis product 66,654, observed 66,653 Da. Expected non-hydrolysed 

product 66,636, observed 66,633 Da. Expected diacid (LCMS artefact) 66,554, 

observed, 66,554 Da. 

The products were subjected to incubation with a large excess of glutathione, and were 

found to be thiol-stable. It was initially hypothesised that a neighbouring lysine residue 

(Lys-41) was attacking the maleimide ring to yield an aminomaleimide and it would be 

thiol-stable due to the nitrogen atom pushing electron density into the maleimide ring 

(Figure 24). 

66633.18 

66553.98 
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Figure 24: Initial proposed mechanism and structure for hydrolysis-resistant product. 

However, it is clear that this product would liberate Cys-34, and thus we would expect 

to see a significant peak for the GSH-HSA heterodimer in the thiol stability assay. As 

this was not observed, an additional structure is proposed (Figure 25), although further 

work is required to elucidate the exact structure of the side product. 

 

Figure 25: Additional proposed structure for hydrolysis-resistant product. 

3.1.9. Conjugation Study 

Substantial data for the hydrolysis of the maleimide ring, both conjugated and as the 

bromo-reagent, was collected by recording the decrease in absorbance of the 

maleimide ring (350 nm) over time. However, it is also possible to monitor the rate of 

conjugation by monitoring the increase in absorbance at this wavelength; 

Monobromomaleimides have a negligible absorbance at 350 nm, their post-

conjugation thiomaleimide products have a significant absorbance contribution at this 

wavelength. Monobromomaleimide 17 was conjugated to HSA, and the change UV 

absorbance was recorded (350 nm) (Scheme 44). 
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Scheme 44: Conjugation of 17 to HSA; Reagents and conditions: (i) 17 (1.5 equiv.), 

PBS (pH 7.4), 10 min, RT. UV kinetics of conjugation. 

Although outside the scope of the project, a more detailed kinetic analysis of the 

conjugation would be required to confirm the exact rate constants with respect to the 

protein and the maleimide. Nonetheless, it was valuable to know the conjugation 

timeframe of the C-2 linker on HSA to improve future protocols. Crucially, it showed 

that UV analysis is an excellent way to monitor a conjugation in real time and be 

confident the reaction has reached completion. This is especially pertinent for research 

into protein modification where access to protein LCMS is difficult. 
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3.2. HSA-Paclitaxel Conjugate 

3.2.1. Concept 

Furthering the progress of the conjugate scaffold optimised in section 3.1, paclitaxel 

was chosen as the payload of choice to conjugate to HSA. This construct would then 

be assessed for in vitro and in vivo properties. 

Paclitaxel (PTX) is a cytotoxic drug, first isolated from the bark of the Pacific Yew tree 

in 1967.300 It is administered through intravenous injection and used to treat ovarian, 

breast and lung cancer, as well as numerous other indications off-label.319 It works by 

the induction of multipolar divisions in a replicating cell, leading to abnormal spindle 

formation. Subsequent cell division creates irregular daughter cells, some of which die 

due to a lack of necessary chromosomes. Although first manufactured entirely from 

natural sources, it is now synthesised using semi-synthetic methods.320 Paclitaxel is 

poorly water soluble, and thus does not dissolve easily in the blood. To aid 

solubilisation, it is administered to patients in combination with Cremophor EL, a 

mixture of polyethoxylated castor oil, and ethanol.306 Cremophor EL is known to cause 

hypersensitivity reactions and unpredictably affect the toxicity profile of the drug with 

which it is administered.321 Conjugation to HSA would preclude the need for 

Cremophor EL; offer an extended in vivo half-life; and afford passive tumour targeting. 

Additionally, paclitaxel is both more stable and easier to work with than alternatives 

such as doxorubicin, which has a tendency to adsorb onto glass, associate in high 

concentrations and is liable to oxidation.297  

3.2.2. Scaffold Design and Synthesis 

Utilising the conclusions drawn from the previous experiments, the desired final 

structure for the paclitaxel HSA conjugate 28 incorporated monobromomaleimide 

functionality, the C-2 linker and a PEG spacer (Figure 26). A longer PEG[5] spacer 

was chosen for the additional hydrophilicity it provides, further offsetting the 

hydrophobic nature of the paclitaxel payload and thus improving conjugation efficiency. 

The payload was attached with an ester bond, chosen both for its cleavable nature (it 

is required to cleave to release the payload) and for synthetic reasons, due to the high 

reactivity of the hydroxyl group. The ester forms selectively at this location due to the 
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steric hindrance experienced by the hydroxyl groups found on the other side of the 

molecule. 

 

Figure 26: Paclitaxel MBM Scaffold 

Although the use of esters in cleavable linkers for paclitaxel is well documented in the 

literature,306,322,323 the stability of the ester bond to the payload was still a concern for 

future experiments. The conditions established for rapid hydrolysis of the maleimide 

ring could lead to a release of free paclitaxel, but the extent to which this release would 

occur, and the degree of protection that the Cys-34 cleft would offer, was unknown. 

Literature studies of closely related paclitaxel-PEG esters confirm a significant degree 

of drug release over an 8 h timeframe at pH 7.4, 37 oC, showing that HSA serves an 

important role in “protecting” the payload.324 

Having obtained the amine-PEG[5]-tButyl ester from commercial sources, the EEDQ-

mediated coupling of the MBM C-2 linker was facile and high yielding. TFA/DCM 

deprotection of the ester gave the corresponding carboxylic acid in quantitative yield 

(Scheme 45). 
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Scheme 45: Synthesis of paclitaxel MBM scaffold 28; Reagents and conditions: (i) 2, 

EEDQ, MeCN, RT, 90 min, (ii) TFA, DCM, 4 h, RT, (iii) DCC/DMAP, paclitaxel, DCM, 

16 h, 0 °C to RT. * Due to the toxic nature of this compound, this step was carried out 

at Recipharm AB. 

Due to the cytotoxic nature of the paclitaxel payload and the associated danger of 

handling such compounds in a university laboratory, the final stage of the synthesis 

was carried out at Recipharm AB. 

3.2.3. Hydrolytic Stability and Cytotoxicity 

Conjugations with 28 were carried out by our collaborators Albumedix Ltd (specifically 

Karl Nicholls) (Scheme 46). Gratifyingly, these conjugations occurred efficiently and 

no detectable loss of payload was observed post-hydrolysis. 
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Scheme 46: Conjugation of 28 to HSA; Reagents and conditions: (i) 28 (1.5 equiv.), 

PBS (pH 7.4), 10 min, RT, (ii) PBS (pH 8.0), 8.5 h, 37 °C. Deconvoluted LCMS data 

for conjugate 29. Expected 67,738, observed 67,737 Da. MS Data obtained at 

Albumedix. 

Assessment of similar HSA-PTX conjugates omitting the C-2 linker showed that 

harsher conditions were required to achieve hydrolysis (6.5 h, pH 8.5, 37 °C). These 

conditions led to over 30% undesired release of payload (Appendix Figure A10).311 

Collaborators at Aarhus University conducted an MTT ((3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) viability assay to appraise the cytotoxicity of 

conjugate 29 against a human breast cancer (MDA-MB-231-luc-D3H2LN) cell line 

(Figure 27). Pleasingly, the conjugate had retained cytotoxicity and was observed to 

perform similarly to free paclitaxel. It is important to note that the drug is only active 

upon ester cleavage from the linker and thus a reduction in cell-killing ability is 

expected for such conjugates. This effect is also seen in the literature with comparable 

paclitaxel ester prodrugs.306,325 
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Figure 27: MTT viability assay. MDA-MB-231-luc-D3H2LN cells using either free 

paclitaxel (PTX) or HSA-paclitaxel (HSA-PTX) conjugate 29 at concentrations 

ranging from 5 nM–1000 nM after 48 h of incubation. Data points represent the mean 

± S.D (n = 3). Assay conducted by Stig Skrivegaard (Aarhus University) as in 

reference.311 

3.3. Conclusions 

The project has explored the potential of the MBM system for the conjugation of small 

molecule drugs to HSA. We have established that MBMs are valuable reagents for 

HSA conjugation, and that the Cys-34 cleft is highly sensitive to linker and spacer 

design. Our studies have shown that the cleft of HSA is responsible for greatly slowing 

the rate of hydrolysis, and that increased hydrophilicity of the spacer moiety can 

improve conjugation efficiency and increase hydrolysis rate. The effect of increased 

temperature on the hydrolysis rate is substantial, accelerating the rate by over 3 times 

for each 10 °C increase. The design of the NGM platform for conjugation to HSA and 

subsequent rapid hydrolysis under mild conditions has been optimised with the 

incorporation of the C-2 linker, and has been used to create a paclitaxel-HSA conjugate 

that exhibits promising cell-killing abilities. 

Intriguingly, it has also been identified through MS analysis that 100% hydrolysis of the 

HSA-conjugate is not achieved. Crucially however, for any unhydrolysed conjugate, 

serum stability is still conferred through an alternative mechanism. MS/MS analysis 

offers an explanation to this phenomenon, and recent work from the Baker group has 
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established the tendency of a lysine residue, proximal to Cys-34, to attack the 

maleimide ring under hydrolysis conditions, this residue has recently been identified 

as Lys-41. However, it must be noted that the aforementioned MS/MS study has been 

carried out with respect to the DBMs conjugated to HSA, and further analysis (including 

MS/MS experiments) of the MBM system on HSA is required to confirm the lysine-41 

residue is responsible. 

Finally, the project has established the merit and tuneability of the NGM platform with 

respect to HSA conjugation. It is hoped that this optimised platform will encourage and 

enable the development of next-generation therapeutics featuring an extended in vivo 

half-life and improved pharmacokinetic properties. 

3.4. Future Work 

MBM C-2 linkers are a highly valuable platform for the quantitative generation of HSA-

drug conjugates. Looking forward, it would be interesting to discover the full potential 

of the MBM C-2 linker through multiple routes: (a) exploring conjugation to a wider 

variety of proteins and peptides; (b) investigating the use of linkers bearing click 

handles such as tetrazine to enable post-conjugation functionalisation through 

biorthogonal chemistries; and (c) developing analogues of the MBM linker that function 

as protein and peptide cross-linking reagents. More specifically, effective cross-linking 

reagents could be created by modulating the reactivity of the conjugation platform 

(using more mildly reactive phenoxymaleimides or even pyridazinediones (PDs), in 

combination with the more reactive NGMs). We envisage the creation of albumin-

peptide conjugates. The benefits of this technology could be clearly displayed with a 

peptide drug such as Exenatide. Exenatide exhibits a short in vivo half-life and thus by 

conjugating it to HSA, this could be significantly increased.326 A heterobifunctional 

reagent could allow for conjugation to Cys-34 of HSA (utilising a highly reactive NGM 

moiety), whilst the PD arm of the construct would conjugate to an engineered cysteine 

residue on Exenatide (Scheme 47). 
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Scheme 47: Proposed MBM-PD crosslinking reagent to link HSA to a Cys 

engineered Exenatide. 

In this case, using a PD reagent for the second conjugation handle would provide 

additional benefits to using another maleimide. Reduced reactivity would prevent 

conjugation at Cys-34, PDs are hydrolytically stable (do not have to perform the second 

conjugation in quick time to prevent reagent degradation), and due to their reduced 

reactivity, PDs do not react with lysine residues. In theory, this construct could be used 

to create any HSA-peptide conjugate, providing a cysteine residue was naturally 

occurring or could be engineered on to the peptide, crucially in a position that would 

not diminish the peptide’s therapeutic activity. 

HSA variants (with engineered surface accessible cysteine residues) provide further 

scope for bioconjugate analogues. By creating an HSA variant with a less hindered 

cysteine location, faster, more efficient conjugation and hydrolysis may become 

feasible. In the literature, the in vivo half-life of albumin-based therapeutics has 

invariably been shorter than the 19 day duration observed for native HSA.272 If, via 

conjugation, modification at Cys-34 disrupts FcRn binding, using an alternative 

engineered thiol location may prove beneficial for achieving an extended in vivo half-

life of the construct.  Indeed, variants bearing multiple cysteine locations could be 

modified twice, providing double loading (Scheme 48).  

SH N

Br

O

O

N
N

O

O

R

Br S

N

O

O

HS

Linker N
N

O

O

R

Br

Linker

S

N

O

O

N
N

O

O

R

S

Linker



 71 

 

Scheme 48: Proposed double loading on a cysteine variant. 

Whilst homogenous dual modification of the HSA protein is certainly an interesting use 

for cysteine variants, it is the scope for introducing dual functionality to the protein drug 

conjugate that perhaps best exploits the benefits of monosubstituted maleimides. 

Differences in the reactivities of the two cysteine residues could be exploited: one could 

be targeted by a different maleimide reagent (bearing a different leaving group), 

resulting in the site-selective single or dual modification of HSA (Scheme 49). The 

diminished reactivity of phenoxymaleimides may prevent conjugation at Cys-34, 

allowing for later modification of the Cys-34 residue with a more reactive 

bromomaleimide reagent (Scheme 49). 

 

Scheme 49: Site-selective modification of HSA cysteine variant (where B is more 

reactive Cys location) to afford dual functionality. 
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3.5. Development of NGM Reagents for Dual-
functionalised Bioconjugates 

Work by Forte et al. uncovered the propensity of a reactive lysine residue (Lys-41) to 

intercept the intermediate formed upon conjugation of N-Methyl dibromomaleimide  

(N-Me DBM) 30 to HSA, forming a serum-stable aminothiomaleimide (Scheme 50).309 

The intermediate was observed to be thiol cleavable. It was postulated that Tyr-84 may 

initially displace the second bromine atom (aryloxythiomaleimides have been shown 

to be thiol-cleavable)327, before being itself displaced by Lys-41 under the elevated 

temperature and alkaline conditions of maleimide hydrolysis (pH 8, 37 °C). Analysis of 

the crystal structure of HSA (PDB: 1AO6) reveals the close proximity of 4 nucleophilic 

residues in the Cys-34 cleft (Scheme 50). Tyr-84 is known to stabilise the thiolate of 

Cys-34, lowering the pKa and thus increasing its nucleophilicity.328 It is possible that 

the local amino acid environment (namely interactions between Tyr-84, His-39 and 

Lys-41) also has a substantial effect on increasing their respective nucleophilicities. 

 

 

Scheme 50: N-Me DBM reactivity with HSA. Demonstrating Lys-41 cross-linking. 

Work by Forte et al.309 Reagents and conditions: (i) N-Me DBM 30 (1.5 equiv.), PBS 

(pH 7.4), RT, 20 min. (ii) BBS (pH 8.0), 37 °C, 72 h. Distances between Tyr-84, Cys-

34, Lys-41 and His-39 residues on HSA, created using Chimera software. 

Evidence for intramolecular lysine reactivity was also observed under similar hydrolysis 

conditions in aforementioned work with MBMs. Post-hydrolysis, LCMS analysis 

detected a small amount of HSA-MBM conjugate at the same mass as the original 
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non-hydrolysed conjugate. This was observed to be thiol stable and could be the result 

of lysine-41 addition (Section 3.1.8, Figure 24). 

It was postulated that if intramolecular lysine reactivity was feasible with HSA 

conjugates and generated a thiol-stable species, then the reactivity of 

bromothiomaleimides could be harnessed to enable the controlled addition of a small-

molecule amine. This could preclude the need for the harsh conditions associated with 

hydrolysis, and prevent the formation of isomeric hydrolytes. This method would be a 

particularly welcome addition to the DBM toolkit; intermolecular bis-thiol modification 

of DBMs is possible, but the dithioproducts are thiol-reactive. This means that careful 

control of thiol equivalents is required to prevent thiol-scrambling, and hydrolysis is still 

needed to ensure serum-stability, further generating two regioisomeric maleamic acids 

(Scheme 51A). It was hypothesised that the electron-donating properties of the amine 

would deactivate the maleimide ring to further attack from nucleophiles and thus serve 

as an alternative to imide hydrolysis (Scheme 51B). Moreover, the amine could provide 

an additional site for further functional modification, facilitating access to triconjugate 

species. 

 

Scheme 51: A) bis-thiol modification of DBMs and B) thiol-amine bioconjugation of 

DBMs. 
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provide a small molecule model system that would represent bromothiomaleimides 

formed upon conjugation to thiol-bearing proteins. This would facilitate rapid amine 

screening and enable robust analysis of products through techniques such as NMR. 

 

Scheme 52: Synthesis of bromothiomaleimide 31. Reagents and conditions: (i) N-

BocCysOMe (0.5 equiv.), NaOAc (1.1 equiv.), MeOH, 2 h, RT. 

Work was carried out in collaboration with master’s student Alfie Wills to screen a 

series of amines in methanol (Scheme 53). The amine scope was a combination of 

alkyl and aryl amines with differing sterics, nucleophilicities and pKaH values. 

Gratifyingly, all amines reacted with N-Me bromothiomaleimide 31 and N-Ph 

bromothiomaleimide  DBM 32 achieving excellent yields. It was interesting to observe 

the significant difference in reactivity between the alkyl and aryl amines (10 min vs 24 

h reaction times for pyrrolidine and aniline respectively). The trend in amine reactivity 

correlated strongly with the nucleophilicities quoted in literature by Mayr et al.329,330 In 

simple terms, amines with higher pKaH values reacted more quickly. The cyclic nature 

of pyrrolidine, which minimises the steric interference of the carbon atoms, was also 

believed to contribute to the fast rate of reaction. 
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R R1R2-Amine Yield (%) Product 

Ph* Piperidine 98 33 

Ph* Pyrrolidine 96 34 

Me* Pyrrolidine 92 35 

Me* Aniline 82 36 

Me p-Anisidine 90 37 

Me N-Me-p-anisidine 88 38 

Scheme 53: Reactions of amines with N-Me maleimide 31 and N-Ph maleimide 32 in 

MeOH. Reagents and conditions: (i) bromothiomaleimide 31/32, amine (2 equiv.), 

MeOH, RT. *Carried out by Alfie Wills. 

These experiments illustrated the potential of this dual conjugation system in an 

organic solvent. However, it would be vital to appraise the reactivity of amines under 

buffered conditions. To this end, reactions in THF/PBS were carried out in collaboration 

with Alfie Wills (Scheme 54). 
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R1R2-Amine Equiv. of amine Yield (%) Product 

Pyrrolidine* 100 72 35 

Aniline* 100 96 36 

p-Anisidine 10 90 37 

N-Me-p-anisidine 10 76 38 

N-Me-hydrazine 10 82 39 

Scheme 54: Reactivity of amines with 31 under buffered conditions. Reagents and 

conditions: (i) amine (10-100 equiv.), THF/PBS (3:7) (pH 7.4), RT. *Carried out by 

Alfie Wills. 

Pleasingly, these reactions occurred rapidly at room temperature, with consumption of 

the maleimide starting material observed by TLC and good to excellent yields 

achieved. The lower yields for pyrrolidine and N-Me-p-anisidine were believed to be 

due to losses in purification due to coelution with these amines. 

13C NMR analysis of the aminothiomaleimide products revealed a significant variance 

in the chemical shift of the carbon β to the N-atom (Figure 28). Remarkably, the 

chemical shift of the bromothiomaleimide starting material is 120.3 ppm, and this 

moves upfield significantly upon addition of an amine. These data robustly support the 

hypothesis that the amine donates significant electron density into the electron poor 

maleimide ring. Moving forward, it would be important to discover if the electron 

donation of the amine was sufficient to deactivate the ring to nucleophilic attack and 

also to observe how amine choice affected reaction rate under aqueous conditions.  

Additionally, after 3 days in buffer, signs of degradation were observed in the NMR for 

product 39 (derived from N-Me hydrazine) and thus further testing of this amine was 

discontinued. It is possible that the increased electron donating effects of the methyl 

hydrazine (compared to the other amines) contribute to the degradation of product 39, 

although this is yet to be proven. 
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R1R2-Amine 13C shift (ppm) Product 

N-Me-p-anisidine 95.0 38 

Aniline  92.4† 36 

p-Anisidine 90.6 37 

Pyrrolidine  87.1† 35 

N-Me hydrazine 85.3 39 

Figure 28: Variation in 13C NMR shift for carbon proximal to the sulfur atom (*) for 

different aminothiomaleimide products. Reagents and conditions: 176 or †151 MHz, 

CDCl3, 21 oC. 

3.5.1.1. Monitoring Reaction Timeframes 

To further appraise amine reactivity under buffered conditions it would be important to 

get a clear idea of reaction rates. Initially this was trialled using UV-vis 

spectrophotometry, as UV analysis of aminothiomaleimide 37 revealed a characteristic 

absorbance at ~ 415 nm (ε415 4250 M-1) (Figure 29). This was a particularly useful 

observation as the starting material, bromothiomaleimide 31, absorbed prominently at 

~ 375 nm, and thus the change in absorbance at these two wavelengths would enable 

the reaction progress to be monitored. 
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Figure 29: UV-vis spectra for bromothiomaleimide 31 and aminothiomaleimide 37 

(both at 0.1 mM). Spectra obtained in 10% THF in PBS (pH 7.4) at RT (For full data 

see Appendix Figure A1 and Figure A2). 

The large extinction coefficients for 31 (ε375 2910 M-1) and 37 (ε415 4250 M-1) meant 

that: (a) reactants had to be sufficiently dilute to ensure the absorbance did not exceed 

1 (and thus made it difficult to screen a number of amines quickly due to much longer 

reaction times); or (b) time points of a concentrated reaction had to be taken, diluted 

and then measured for absorbance. These methods were insufficient and ultimately 

the high sensitivity of UV-vis spectroscopy proved an obstacle. The ideal method would 

enable monitoring of reaction progress from the reaction vessel and at higher 

concentrations. To this end, an NMR protocol was developed, initially using CD3CN 

and PBS as the solvent system. To further improve the solubility of 31 in the buffered 

solution, the NaCl content of the PBS was removed, leaving a simple PB buffer. The 

first studies with this protocol were promising, with a clear transition from starting 

material to product observed in the NMR spectra, using the Bruker water suppression 
1H NMR program. However, the reaction appeared to stop before completion, and 

significant movement of NMR peaks suggested that the HBr formed upon the amine 

reacting with 31 was not being sufficiently buffered by the 25 mM PB system. To 

combat this, a stronger 100 mM PB buffer was employed and a series of amines were 

reacted with 31 and monitored by NMR (Figure 30). 
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R1-Amine Reaction time (min) Efficiency Product 

Pyrrolidine >900 Side products formed 35 

Aniline 786 Quantitative conversion 36 

p-Anisidine 185 Quantitative conversion 37 

N-Me-p-anisidine 186 Quantitative conversion 38 

Figure 30: NMR reactions carried out to monitor rate of amine addition to 31. A) 

Reactions monitored by NMR. Reagents and conditions: (i) amine (2 equiv.), 

CD3CN/PB (3:7) (pH 7.8), RT. B) NMR data acquired upon reaction of p-anisidine 

with 31. C) Chart to show comparison of amine reaction times with 31. 

Pleasingly, the stronger 100 mM PB buffer was successful in minimising pH change 

whilst still enabling solubilisation of the starting material 31. The pH was checked after 

the reaction and it was confirmed to be at pH 7.8. The reactions had gone to completion 

and the NMR data clearly showed the transformation of starting material 31 to the 

respective aminothiomaleimide product over time. Interestingly, the aryl amines all 

reacted more quickly than pyrrolidine (the amine that had appeared to be the most 

reactive under organic conditions). p-Ansidine reacted the fastest in 185 min compared 

to over 900 minutes for pyrrolidine. The NMR spectra acquired during the pyrrolidine 

reaction also showed formation of side products, which was not observed for reactions 

with the other amines, and as such, pyrrolidine was ruled out as a viable reagent for 

this project. It was interesting to observe the slower rate of amine addition with aniline 
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in comparison to the p-anisidine and its methylated variant. It was hypothesised that 

whilst the pKaH of aniline (pKaH = 4.79)331 was favourable for reactions at pH 7.8 (the 

amine was substantially in its unprotonated form), its lower nucleophilicity was 

hindering its reactivity. Notably, p-anisidine (pKaH = 5.61)331 and N-Me-p-anisidine 

(pKaH = 5.93)331 displayed similar rates of reactivity; it appeared that additional 

nucleophilicity (provided by the inductive effect of the N-methyl group) was 

counterbalanced by the unfavourable increase in steric hindrance. As a result, p-

anisidine was taken forward for further study. 

3.5.1.2. NMR Stability Assays 

Before assessment of the dual conjugation system on proteins, the 

aminothiomaleimide scaffold was assessed for stability at pH 7.4, pH 5.0 and for thiol-

stability with 2-mercaptoethanol (BME). Aminothiomaleimide 37 was observed to be 

completely stable in PB (pH 7.4) at room temperature over 6 days, with the NMR 

spectra showing no signs of any degradation (Figure 31). Treatment of 37 with BME 

(2 equiv.) at room temperature over 7 days showed no signs of reaction by NMR 

(Figure 32). Finally, 37 was dissolved in pH 5 buffer and left at room temperature for 9 

days. NMR timepoints showed no degradation was occurring. These data highlighted 

the promise of p-anisidine conjugation to bromothiomaleimides, encouraging further 

study of the methodology on proteins. 

 

Figure 31: NMR stability assay for 37 at pH 7.4 over 6 days. Reagents and 

conditions: (i) CD3CN/PB (5:7) (pH 7.4), RT. 
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Figure 32: NMR thiol stability assay for 37. * Denotes BME peaks. Reagents and 

conditions: (i) BME (2 equiv.), CD3CN/PB (5:7) (pH 7.4), 7 days, RT. 

 

Figure 33: NMR stability assay for 37 at pH 5.0 over 8 days. Reagents and 

conditions: (i) CD3CN/NaOAc (5:7) (pH 5.0), RT. 
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3.5.2. HSA Conjugations 

Earlier work had illustrated that DBMs conjugate to HSA in a rapid and efficient 

manner. It had also been shown that intramolecular cyclisation reactions with nearby 

amino acid side chains occurred; displacing the second bromine atom. Although known 

to be lysine reactive (under elevated temperature and pH), it was unclear whether the 

bromothiomaleimide intermediate would be sufficiently reactive to allow p-anisidine 

addition. Nonetheless, initial conjugations to HSA with N-Methyl DBM were carried out. 

After 25 minutes, a buffered p-anisidine solution (100 equiv.) was added to the reaction 

mixture and left at room temperature (Scheme 55). As expected, the thiol conjugation 

step occurred cleanly, with little to no native HSA observed by LCMS analysis. 

However, it was interesting to note the difference in LCMS data for the 2 h and 20 h 

timepoints. After 2 h, a small peak for conjugate 40 was observed, with a significant 

peak for conjugate 41 also observed. After 20 h, the reverse was observed, with a 

clear increase in the amount of conjugate 40 present. These data showed that p-

anisidine addition was indeed possible, but had not gone to completion and thus faster 

reaction times were desirable. 
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Scheme 55: N-Me DBM 30 conjugated to HSA with subsequent addition of p-

anisidine. Reagents and conditions: (i) N-Me DBM (1.4 equiv.), PBS (pH 7.4), 25 min, 

RT, (ii) p-anisidine (100 equiv.), 2 h/20 h, RT. Deconvoluted LCMS data for 2 h/20 h 

timepoints. Expected conjugate 40 mass 66,670, observed 66,671 Da. Expected 

conjugate 41 mass 66,547, observed 66,547/66,550 Da. 

To optimise the reaction and achieve rapid, quantitative conversion to product 40, a 

number of processes would need to be taken into consideration (these are shown in 

Scheme 56): (i) the reactivity of N-Me DBM 30 with Cys-34; (ii) the rate of initial 

intramolecular cyclisation (proposed Tyr-84 addition); (iii) the rate of secondary 

intramolecular cyclisation (i.e. Lys-41 creating the stable and unreactive 

aminothiomaleimide): and (iv) the rate of p-anisidine addition. It was assumed that the 

bromothiomaleimide product was incredibly short-lived, as this had never been 

observed by LCMS analysis with HSA (unlike DBM conjugates on other thiol-bearing 

proteins169). Thus, it was hypothesised that if it were possible to speed up the rate of 
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p-anisidine addition and outcompete Lys-41 reactivity, full conversion to conjugate 40 
would be possible. 

 

Scheme 56: Reactivity considerations for thiol-amine dual conjugation on HSA. 

Processes; (i) DMB conjugation, (ii) primary intramolecular cyclisation, (iii), 

secondary intramolecular cyclisation, (iv) p-anisidine addition. 

The easiest route to speed up p-anisidine addition, without increasing the rate of 

competing Lys-41 cyclisation would be to increase the concentration of p-anisidine in 

the reaction mixture. This was first tried by increasing the concentration of the p-

anisidine stock solution in PBS. However, there were issues with this route: p-anisidine 

could not be dissolved in the PBS stock solution at concentrations much higher than 

the 100 mM that had be trialled previously; and to achieve higher concentrations of p-

anisidine in the reaction, a greater volume of the amine-in-PBS solution would have to 

be added, thus further diluting the protein concentration and slowing the reaction rate. 

A number of buffers were trialled, but ultimately the greatest improvement to the 

methodology was by dissolving the p-anisidine in DMSO and making a very 

concentrated stock solution (3.2 M). The solution could be added in small amounts, 

diluting the reaction mixture as little as possible whilst ensuring a high concentration 

of amine was present. This method was applied in a dual conjugation reaction and 

proved to be very effective (Scheme 57). The amine addition (50 mM final conc.) was 

observed to be complete by UV-vis after 180 minutes. Subsequent LCMS analysis 

confirmed conjugate 40 had indeed been formed. A DMSO control (addition of DMSO 

but no amine) was not carried out. The low concentration of DMSO in the reaction (~ 
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1%), the negligible absorbance of DMSO above 300 nm, and robust LCMS data for 

the product gave us confidence that DMSO was not responsible for the significant 

absorbance increase at 415 nM during the reaction. 

 

Scheme 57: N-Me DBM 30 conjugated to HSA with subsequent addition of p-

anisidine. Reagents and conditions: (i) N-Me DBM (2.0 equiv.), PBS (pH 7.4), 20 min, 

25 °C, (ii) p-anisidine (50 mM final conc.), 180 min, 25 °C. Deconvoluted LCMS data 

for resultant conjugate 40. Expected mass 66,670, observed 66,671 Da. 

Whilst it was gratifying to observe the full conversion to conjugate 40 in a short 

timeframe, it was clear that use of 50 mM p-anisidine was a large excess. In an attempt 

to prevent lysine cyclisation whilst enabling the use of less p-anisidine, a disubstituted 

maleimide with reduced reactivity was trialled. 

3.5.2.1. Dithiophenolmaleimide Reactivity 

Dibromomaleimides are highly reactive species. Whilst their reactivity enables rapid 

conjugation to buried cysteine residues such as Cys-34, the loss of the second bromine 

group upon conjugation to HSA is undesirable. Use of a disubstituted maleimide with 

reduced reactivity may enable conjugation to Cys-34 without the formation of side 

products, precluding the requirement for such a large excess of p-anisidine to form the 
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desired aminothiomaleimide product. Dithiophenolmaleimides have been shown, 

through work within the group, to react with HSA.332 Interestingly, LCMS analysis of 

such reactions shows that the desired dithiomaleimide 43 is formed without generation 

of side products (Scheme 58).  

 

Scheme 58: Previous work within the group to show a dithiophenolmaleimide 

reacting with HSA. 

With this in mind, an experiment to observe the reactivity of p-anisidine with 

dithiomaleimides was carried out (Scheme 59). Unfortunately, under such conditions 

maleimide 42 was observed to be unreactive to p-anisidine by TLC, with significant 

recovery of the starting material. 

 

Scheme 59: Unsuccessful reaction of dithiophenol maleimide 42 with p-anisidine. 

Reagents and conditions: (i) p-anisidine (10 equiv.), THF/PBS (3:7) (pH 7.4), 16 h, 

RT. 

This result was particularly useful as it highlighted the key difficulty of reagent design 

for thiol-amine conjugations to HSA. Diminished reactivity for the Cys-34 would, rather 

desirably, mean reduced reactivity with nearby nucleophilic residues. Crucially, 

however, it would also reduce the reactivity of the intermediate with p-anisidine. This 

careful balancing act of minimising the formation of side products, whilst not precluding 

p-anisidine reactivity was challenging. Ultimately, the reaction had only been trialled 

on HSA and this issue may be protein specific: the Cys-34 site features a number of 

nucleophilic residues in close proximity, resembling catalytic triads found in enzymes. 
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Thus, it was decided that the use of high equivalents of an inexpensive amine such as 

p-anisidine was indeed suitable to confer stability in such a short timeframe. 

3.5.3. vHSA Conjugations 

It was of interest to try the reaction on a protein with a less buried cysteine location, 

and one that would less readily undergo competing intramolecular cyclisations. To 

avoid these specific issues associated with wild-type HSA (WT HSA), the focus was 

shifted onto an HSA variant (vHSA). Kindly provided by collaborators Albumedix, it 

features an alternative cysteine location (C34A + K93C).333 A study of this new cysteine 

location (using the crystal structure of wild-type HSA) revealed that there are no 

nucleophilic residues within 10 Å of the sulphur atom. Whilst conjugation timeframes 

were comparable to experiments with wild-type HSA, indicating a similarly hindered 

location, it was gratifying to observe the bromothiomaleimide present in the MS 

analysis of the intermediate prior to amine addition (Scheme 60). 

 

Scheme 60: N-Me DBM 30 conjugated to vHSA. Reagents and conditions: (i) N-Me 

DBM (2.0 equiv.), PBS (pH 7.4), 15 min, RT. Deconvoluted LCMS for conjugate 44. 

Expected mass 66,570, observed 66,570 Da. 

With knowledge that bromothiomaleimide 44 was sufficiently stable over a number of 

hours, a dual thiol-amine conjugation experiment (comparable to Scheme 57) was 

carried out (Scheme 61). Intriguingly, p-anisidine addition (50 mM final conc.) was 

rapid (~ 20-fold faster compared to WT HSA) for vHSA intermediates, suggesting that 

the amine could be reacted at significantly lower concentrations. This increase in the 

rate of amine addition was due to the intermediate bromothiomaleimide being a better 

SH

vHSA

(i) S

44

N

O

O

Br



 88 

conjugate acceptor than the proposed phenoxythiomaleimide intermediate observed 

with the wild-type HSA reactions. 

 

Scheme 61: N-Me DBM 30 conjugated to vHSA with subsequent addition of p-

anisidine. Reagents and conditions: (i) N-Me DBM 30 (2.0 equiv.), PBS (pH 7.4), 30 

min, 23 °C, (ii) p-anisidine (50 mM final conc.), 10 min, 23 °C. Deconvoluted LCMS 

data for resultant conjugate 45. Expected mass 66,612, observed 66,614 Da. 

The fast kinetics of the amine addition, and the absence of undesired intermediates 

led us to believe that an in situ protocol on the vHSA protein was feasible. This would 

involve addition of the N-Me DBM to the vHSA with the amine already present. 

Establishing the correct ratio of amine to DBM would be the key challenge, although a 

rough understanding of rates had been established: it was known that the DBM would 

react less preferentially with p-anisidine compared to Cys-93, but that a significant 

excess of amine would result in total deactivation of the DBM. It was also known that 

conjugation timeframes were 30 min with 2 equiv. of N-Me DBM 30 (Scheme 61). This 

understanding formed a useful basis from which to establish experimental conditions.  

An experiment was carried out with 5 equiv. of p-anisidine added to the vHSA (Scheme 

62). N-Me DBM 30 (3 equiv.) was then added to the reaction mixture and left overnight 

(pH 7.4, 25 °C). Fortunately, the desired aminothiomaleimide was observed by LCMS 

analysis in high conversion. Although carried out with “model” (i.e. non-functionalised) 
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reagents, it was exciting to see a rare example of a multi-component reaction on a 

protein. 

 

Scheme 62: In situ conjugation of N-Me DBM to vHSA with p-anisidine. Reagents 

and conditions: (i) p-anisidine (5.0 equiv.), PBS (pH 7.4) (ii) N-Me DBM 30 (3.0 

equiv.), 25 °C, 14 h. Deconvoluted LCMS data for resultant conjugate 45. Expected 

mass 66,612, observed 66,614 Da. 

3.5.3.1. Conjugate Stability Study 

Conjugate 45 was assessed for thiol stability by incubation with glutathione (GSH) 

(Scheme 63). Treatment with 10 μM GSH, pH 7.4, 37 ºC (representative of 

extracellular thiol concentrations)334–337 for a week exhibited stability by LCMS 

analysis. To approximate harsh intracellular GSH concentrations, a further experiment 

was carried out (4 mM GSH, pH 6.8, 37 ºC)334–337, showing little change after 24 h. 
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Scheme 63: Lower (i) and high (ii) concentration GSH addition to conjugate 45, 

resulting in no reaction. Resultant deconvoluted LCMS data. Expected mass 66,612, 

observed mass 66,613, 66,611 and 66,613 Da. 

This result was promising and was in-line with NMR stability data acquired for product 

37. It supported the hypothesis that amine addition could sufficiently deactivate the 

maleimide ring to further attack. It was encouraging to see that the conjugate appeared 

stable to cellular concentrations of thiol for 24 h. This is likely in excess of the lifetime 

of the conjugate under intracellular conditions due to lysosomal degradation.  

 

3.5.4. v2HSA Conjugations 

The difference in reactivity observed with vHSA compared to the wild-type protein was 

of significant interest. To further investigate the opportunities provided by HSA 

variants, Albumedix kindly provided a different variant (v2HSA) with an alternative 

cysteine location (C34A + E294C). Initial conjugations with this variant revealed that it 

reacted quickly with N-Me DBM. UV kinetics protocols (as used in Sections 3.5.2 and 

3.5.3) were not fast enough to observe the change in absorbance at 375 nm due to 

such rapid reaction kinetics. However, LCMS analysis showed that the conjugation led 

to the formation of two main products (Scheme 64). It was interesting to observe the 

loss of both bromine atoms (conjugate 46) for the majority of the product, indicating 

that there was a nucleophilic side chain close to Cys-294. Indeed, this was confirmed 

through analysis of the crystal structure using Chimera software, showing two lysine 

S

45

(ii)
N

O

O

HN

OMe

vHSA

(i)

GSH (10 uM), pH 7.4, 37 oC, 7 days GSH (4 mM), pH 6.8, 37 oC, 24 h

No changeNo change



 91 

residues within 6 Å of the sulphur (Figure 34). In addition, the presence of conjugate 

47 suggested that maleimide hydrolysis had occurred and was in competition with the 

intramolecular attack of the lysine. This was interesting because this effect was not 

observed with vHSA, suggesting that the location of Cys-294 enables significantly 

faster bromothiomaleimide hydrolysis (as well as increased conjugation rate). 

 

Scheme 64: N-Me DBM 30 conjugated to v2HSA. Reagents and conditions: (i) N-Me 

DBM 30 (2.0 equiv.), PBS (pH 7.4), 10 min, RT. Deconvoluted LCMS data. Expected 

conjugate 46 mass 66,490, observed 66,488 Da. Expected conjugate 47 mass 

66,588, observed 66,588 Da. 

 

Figure 34: Measurement of the distance between nearby lysine residues and Cys-

294 on v2HSA. Produced using Chimera software. 
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It was important to consider the effect of the Cys-294 position on a dual thiol-amine 

conjugation protocol. It was hypothesised that an in situ protocol would ensure p-

anisidine addition could outcompete conjugate hydrolysis and intramolecular lysine 

cyclisation. Interestingly, the experiment revealed a significant degree of non-specific 

(double) modification of the protein (conjugate 49), lysine-cyclised conjugate 46, 

hydrolysed conjugate 47 and desired conjugate 48.  

 

Scheme 65: In situ conjugation of N-Me DBM to v2HSA with p-anisidine. Reagents 

and conditions: (i) p-anisidine (5.0 equiv.), PBS (pH 7.4) (ii) N-Me DBM 30 (2.0 

equiv.), 14 h, 25 °C. Deconvoluted LCMS data for resultant conjugate 48. Expected 

mass 66,612, observed 66,609 Da. 

It was hypothesised that this undesired double modification was lysine modification, 

and that future reactions would require fewer equivalents of DBM, owing to the rapid 

nature of conjugation to Cys-294. In addition, the significant presence of lysine-cyclised 

conjugate 46 implied that whilst a degree of p-anisidine conjugation occurred, the 

kinetics were not fast enough to outcompete intramolecular amine addition. In a further 

effort to avoid lysine cyclisation, a stepwise reaction was carried out at pH 7, where p-

anisidine, in high concentration, was added immediately after addition of the DBM 30 

(Scheme 66). It was encouraging to observe conjugate 48 as the major product, 

although a degree of side products were still observed. The presence of highly reactive 

nucleophilic groups in close proximity to the engineered cysteine and the fast rate of 
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conjugate hydrolysis meant that future reactions on v2HSA with larger functionalised 

amines and DBMs would become more complex and less efficient. As such, v2HSA 

was proposed to be a less promising candidate than vHSA for dual thiol-amine 

conjugation and was withdrawn from future testing. 

 

Scheme 66: N-Me DBM 30 conjugated to v2HSA with subsequent addition of p-

anisidine. Reagents and conditions: (i) N-Me DBM 30 (2.0 equiv.), PBS (pH 7.0), 5 s, 

25 °C, (ii) p-anisidine (50 mM final conc.), 5 min, 25 °C. Deconvoluted LCMS data for 

resultant conjugate 48. Expected mass 66,612, observed 66,606 Da. 

3.5.5. Dual Functionalisation of Proteins 

Having established that dual thiol amine conjugation was indeed feasible on different 

proteins, it was of interest to move beyond model reagents in order to demonstrate the 

applicability of this strategy in synthesising multi-functionalised protein conjugates. 

Firstly, conjugations to  WT-HSA were carried out with biotin-functionalised DBM 49. 

Biotin is widely employed for affinity purification and in biological assays and thus 

represents a useful functional handle. The conjugation was observed to be efficient, 

with only a minute presence of native WT-HSA and double modification detectable by 

LCMS analysis (Scheme 67). 
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Scheme 67: DBM 49 conjugated to WT-HSA. Reagents and conditions: (i) DBM 49 

(1.1 equiv.), PBS (pH 7.4), 30 min, RT. Deconvoluted LCMS data for resultant 

conjugate 50. Expected mass 66,859, observed 66,861 Da. 

The following experiment involved the addition of 50 mM p-anisidine after a 30 minute 

conjugation (Scheme 68). Gratifyingly, LCMS analysis showed a selective reaction had 

occurred to form conjugate 51. This result illustrated the utility of p-anisidine in 

stabilising bulkier, functional conjugates of WT-HSA, and as an alternative to 

conferring stability via hydrolysis.  
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Scheme 68: DBM 49 conjugated to WT-HSA with subsequent addition of p-anisidine. 

Reagents and conditions: (i) DBM 49 (1.1 equiv.), PBS (pH 7.4), 30 min, RT, (ii) p-

anisidine (50 mM final conc.), 14 h, RT. Deconvoluted LCMS data for resultant 

conjugate 51. Expected mass 66,981, observed 66,990 Da. 

It was of interest to generate a functional analogue of p-anisidine, in order to observe 

how it would perform in comparable dual conjuguation protocols. If suitable, the 

analogue would offer a valuable method in which to simultaneously confer stability and 

add functionality to bromothiomaleimide conjugates. To this end, an azide-bearing 

variant of p-anisidine was then synthesised (Scheme 69). 

 

Scheme 69: Synthesis of amine-azide 52. Reagents and conditions: (i) TsCl, 

Pyridine, DCM, 0 °C, 2 h, (ii) NaN3, EtOH, 80 °C, 16 h, (iii) phthalimide-protected 4-

aminophenol, KOtBu, DMF, 90 °C, 16 h, (iv) N2H4.H2O, THF, 2 h. 

The synthetic route started with the di-tosylation of tetraethylene glycol. This was 

followed by a capricious reaction with sodium azide to make the monoazide. The 

difficult part of the synthesis was the connection of the aryl amine to the PEG chain via 

alkylation. Initial attempts with 4-aminophenol were low yielding as they led to a mixture 
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of regioisomers where alkylation had occurred at both the N- and O- substituents on 

the ring. Thus, a more efficient route was desired. Protection of the amine with a 

phthalimide group enabled facile, regioselective alkylation. Finally, the phthalimide 

group was removed with an excess of hydrazine to give amine-azide 52 in good yield. 

Initial attempts using amine-azide 52 in dual conjugation experiments showed a 

significant degree of cyclised product. It was hypothesised that the functionalised 

amine was slower to react than the p-anisidine and thus struggled to outcompete the 

intramolecular lysine cyclisation. In addition, the bulkier DBM 49 (vs N-Me DBM 30) 

was believed to block access to the Cys-34 cleft and slow the addition of amine-azide 

52. To slow the rate of intramolecular lysine cyclisation, the pH was lowered to 6.5 

after the initial conjugation had been carried out (Scheme 70). It was believed (due to 

the difference in typical lysine (pKa = 10) and cysteine (pKa = 8.5) pKa values) this 

would reduce lysine reactivity without significantly reducing the rate of amine 52 

addition. Pleasingly, this approach yielded a greater degree of conjugate 53 compared 

to previous experiments, as observed in the LCMS analysis (Scheme 70).  

 

Scheme 70: DBM 49 conjugated to HSA with subsequent addition of amine-azide 52. 

Reagents and conditions: (i) DBM 49 (1.3 equiv.), PBS (pH 7.4), 30 min, RT, (ii) 52 

(50 mM final conc.), PBS (pH 6.5), 16 h, RT. Deconvoluted LCMS data for resultant 

conjugate. Expected conjugate 53 mass 67,169, observed 67,168 Da. Expected 

conjugate 50 mass 66,859, observed 66,858 Da. Expected double modification mass 

67,669, observed 67,669 Da. 
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However, it was clear that the nature of the Cys-34 cleft was hampering the reaction 

with these bulkier groups on WT-HSA. Subsequent attempts were unable to improve 

the degree of amine-azide addition observed in the product. 

It was expected that analogous reactions with vHSA would be more successful. 

Conjugations with N-Me DBM 30 followed by addition of amine-azide 52 were facile 

and highly efficient. Indeed, an experiment with 5 equiv. of 52 (16 h, RT) yielded 

conjugate 54 in high conversion, observable via LCMS analysis (Scheme 71). This 

result reinforced the previous observation of highly reactive intermediates formed from 

vHSA conjugates and also indicated that p-anisidine and amine-azide 52 are similarly 

reactive in cases where the maleimide is exposed. 

 

Scheme 71: N-Me DBM conjugated to vHSA with subsequent addition of amine-

azide 52. Reagents and conditions: (i) N-Me DBM 30 (2.0 equiv.), PBS (pH 7.4), 30 

min, RT, (ii) amine-azide 52 (5 equiv.), RT, 16 h. Deconvoluted LCMS data for 

resultant conjugate 54. Expected mass 66,800, observed 66,803 Da. 

However, it was observed that DBM 49 conjugated less efficiently to Cys-93 (in 

comparison to N-Me DBM 30), with a notable presence of native and bis-modified 

vHSA in the LCMS analysis. This led to a mixture of peaks after amine addition 

(Scheme 72).  
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Scheme 72: DBM 49 conjugated to vHSA with subsequent addition of amine-azide 

52. Reagents and conditions: (i) DBM 49 (1.2 equiv.), PBS (pH 7.4), 30 min, RT, (ii) 

amine-azide 52 (12 equiv.), PBS (pH 7.4), 14 h, RT. Deconvoluted LCMS data for 

resultant conjugate. Expected conjugate 55 mass 67,111, observed 67,113 Da. 

Expected conjugate 56 mass 67,611, observed 67,611 Da. Native vHSA mass 

66,381, observed 66,382 Da. 

A focus was placed on optimising the initial thiol conjugation step. A clear option was 

to lower the pH to 6.5, ensuring greater protonation of lysine residues and thus 

reducing their reactivity. Inevitably, this led to longer conjugation times (for ease, the 

conjugations were left overnight) (Scheme 73). Interestingly, LCMS analysis revealed 

that lowering the pH did not offer a significant improvement. Furthermore, increasing 

the equivalents of DBM 49 to 1.8 equiv. (in an effort to fully modify the Cys-93) led to 

a greater degree of double modification (see Appendix Figure A11). Carrying out the 

reaction at pH 6.5 would also lead to a significantly slower amine addition (as seen 

with amine additions to HSA conjugates, vide supra). It was judged that the 

improvements from lowering the pH were too marginal to justify changing the original 

protocol; either route would require a purification step if this were to be produced in an 

industrial context. 
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Scheme 73: DBM 49 conjugated to vHSA at pH 6.5. Reagents and conditions: (i) 

DBM 49 (1.3 equiv.), PBS (pH 6.5), 16 h, RT. Deconvoluted LCMS data for resultant 

conjugate. Expected conjugate 57 mass 66,881, observed 66,888 Da. Expected 

double modification mass 67,381, observed 67,385 Da. Native vHSA mass 66,381, 

observed 66,382 Da. 

To conclude the HSA variant work, a dual-functionalised conjugate was created on 

vHSA (Scheme 74). Formation of conjugate 55 (with 56 as a very minor side product), 

was followed by SPAAC addition of a commercially available “click” fluorophore: 

dibenzylcyclooctyne-PEG[4]-tetramethylrhodamine (DBCO-TAMRA) (10 equiv.). 

Satisfyingly, LCMS analysis of the conjugate revealed the desired final product was 

formed, with a small degree of native protein and double modification present. 
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Scheme 74: DBM 49 conjugated to vHSA with subsequent addition of amine-azide 

52 and TAMRA-DBCO. Reagents and conditions: (i) DBM 49 (1.5 equiv.), PBS (pH 

7.4), 45 min, RT, (ii) amine-azide 52 (20 equiv.), RT, 2 h, (iii) DBCO-TAMRA (10 

equiv.), RT, 16 h. Deconvoluted LCMS data for resultant conjugates. Expected 

conjugate 58 mass 68,047, observed 68,052 Da. Expected double modification mass 

68,547, observed 68,548 Da. Native vHSA mass 66,381, observed 66,387 Da. 

It was of interest to attempt dual modification on a different protein to HSA. It would be 

useful to see how robust the protocol was and observe if, and how, the procedure 

would need to be changed to overcome the challenges of a different biomolecule. To 

this end, a variant green fluorescent protein (GFP) bearing a single free cysteine was 

chosen as suitable option. GFP is a widely studied fluorescent marker protein with a 

size of 30 kDa. To gain an understanding of the reaction kinetics, a conjugation with 

DBM 49 (1.3 equiv.) and amine-azide 52 (20 equiv.) was monitored by UV (Scheme 

75). It was interesting that the DBM 49 conjugated almost immediately, as there was 

no observable increase in absorbance at 375 nm. After 5 minutes, amine-azide 52 (20 

equiv.) was added and the absorbance at 415 nm was monitored for a further 90 

minutes until it plateaued. After removal of excess small molecule via zebaspin, DBCO-

TAMRA (10 equiv.) was then added to the conjugate (63 h, RT). LCMS analysis of the 

final conjugate was incredibly encouraging as there was no detectable double 

modification or intramolecular cyclisation, but it was clear that a significant degree of 
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oxidation (+14/15/16 Da peaks in the LCMS data) had occurred. To prevent this, the 

duration of the SPAAC step could be significantly shortened in future conjugations, but 

it was important to identify which step was leading to such oxidation. 

 

Scheme 75: DBM 49 conjugated to GFP with subsequent addition of amine-azide 52 

and TAMRA-DBCO. Reagents and conditions: (i) DBM 49 (1.3 equiv.), PBS (pH 7.4), 

RT, 5 min (ii) amine-azide 52 (20 equiv.), RT, 90 min, (iii) DBCO-TAMRA (10 equiv.), 

RT, 63 h. Deconvoluted LCMS data for resultant conjugates. Expected conjugate 59 

mass 31,008 and 31,190, observed 31,006 and 31,189 Da with oxidation (+14/15/16 

Da). 

A similar experiment was carried out involving LCMS analysis of the GFP conjugate 

with and without addition of the DBCO-TAMRA (Scheme 76). Interestingly, LCMS 

analysis of the control reaction (left for 16 h, the same duration as the SPAAC reaction 

but with no addition of DBCO-TAMRA) revealed no oxidation had taken place. With 

the sample that did undergo TAMRA-DBCO addition, oxidation was observed (albeit 

to a much smaller degree than previous experiments due to a shorter reaction 

timeframe). Importantly, these findings proved that the DBCO-TAMRA, not the thiol-

amine protocol, was leading to the undesired +14/15/16 Da peaks in the LCMS 

analysis. It is still unclear if the TAMRA dye is being oxidised itself or is leading to 
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oxidation of the GFP. Notably, the GFP variant in use bears 6 terminal methionine 

residues and methionine has been observed to undergo oxidation.338 

 

Scheme 76: DBM 49 conjugated to GFP with subsequent addition of amine-azide 52 

and TAMRA-DBCO. Reagents and conditions: (i) DBM 49 (2.0 equiv.), PBS (pH 7.4), 

25 ºC, 5 min (ii) amine-azide 52 (30 equiv.), 25 ºC, 95 min, (iii) RT, 16 h, (iv) DBCO-

TAMRA (24 equiv.), RT, 16 h. Deconvoluted LCMS data for native GFP and resultant 

conjugates. Expected control 61 mass 30,072 and 30,254 Da, observed 30,070 and 

30,253 Da. Expected product 59 mass 31,008 and 31,190 Da, observed 31,007 and 

31,188 Da with oxidation (+14 Da). 
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3.5.6. Peptide Conjugations 

Dual thiol-amine conjugation had been applied to four different proteins, ranging in size 

from 29-70 kDa. To further explore the scope of this strategy, dual conjugations were 

also attempted on a peptide. Cell-penetrating peptides (CPPs) are of interest as useful 

vehicles for a range of payloads.  

P218R (KRKKKGKGLGKKRDPCLRKYKRRRRRRRR), designed by Dixon et al.,4 is 

an optimised CPP comprised of two synergistic regions. The P21 glycosaminoglycan 

(GAG) binding region (21 residues) and the 8R protein transduction domain (8 arginine 

residues) are joined (through an amide bond) and the CPP is a highly efficient vehicle 

to achieve cellular internalisation of a range of payloads. P218R bears a single 

cysteine residue and represents a challenging target for thiol-amine dual modification 

due to its high lysine and arginine content (9 and 11 residues respectively).  

It was important to create a scaffold which could be functionalised post-conjugation, 

enabling a diverse range of commercially available click handles to be installed. To this 

end, it was proposed that a DBM bearing an azide functional group (Figure 35, 

previously synthesised in the group339) would provide adequate scope for post-

conjugation modification via CuAAC or SPAAC reactions. Initial conjugations 

compared an in situ protocol with an analogous stepwise addition of the DBM, followed 

by p-anisidine. It was interesting to observe that the outcome of the reaction was very 

similar either way, although the in situ protocol produced marginally better conversion 

by crude LCMS analysis (Scheme 77).  

 

Figure 35: DBM 62, bearing an azide for "click" modification. Kindly provided by João 

Nunes, UCL Chemistry. 
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Scheme 77: In situ conjugation of DBM 62 to P218R with p-anisidine. Reagents and 

conditions: (i) p-anisidine (40 equiv.), PB (pH 6.5) then DBM 62 (1 equiv.), 37 ºC, 30 

min. Deconvoluted crude LCMS data for resultant conjugates. Expected conjugate 63 

mass 4183, observed 4187 Da. 

The promising results with DBM 62 and p-anisidine were sufficient evidence to pursue 

the making of a bis-azide construct with amine-azide 52 (Scheme 69), although we 

were aware this would only allow “double loading” of the same payload. Encouragingly, 

the crude LCMS analysis showed a high degree of conversion (see Appendix Figure 

A12). Confident that functionalised amines could react appropriately with P218R, 

amine-alkyne 64340 (Figure 36) was then employed under similar reaction conditions 

to make a heterobifunctional construct (Scheme 78). Gratifyingly, the crude LCMS 

showed that the reaction was indeed high yielding. Purification via HPLC yielded 

conjugate 65. 

 

Figure 36: Analog of p-anisidine with linear alkyne functionality. Kindly provided by 

Lisa Bonin, UCL Chemistry. 
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Scheme 78: In situ conjugation of DBM 62 to P218R with amine-alkyne 64. Reagents 

and conditions: (i) amine-alkyne 64 (40 equiv.), PB (pH 6.5) (ii) DBM 62 (1.2 equiv.), 

37 ºC, 30 min then RT for 16 h. Deconvoluted crude LCMS data for resultant 

conjugates, pre and post HPLC purification. Expected conjugate 65 mass 4208, 

observed 4211/4210 Da (see appendix Figure A13-Figure A16 for full data). 

Using well-established click chemistry, reactions at the azide and linear alkyne handles 

may afford a vast range of heterobifunctional conjugates. Work with analogues of 65 

is currently underway for use as in vivo imaging agents. 

3.5.7. Kinetics 

Having established a novel bioconjugation protocol through the sequential addition of 

a thiol and amine to a DBM, it would be useful to understand the rate of the amine 

addition. The addition of the thiol is known to occur rapidly and has been quantified in 

the following references.181,341 The rate of amine addition to a bromothiomaleimide has 

not been quantified before. Crucially, this would enable comparisons between other 

reactions in the bioconjugation field. Investigations begun by acquiring the pseudo-first 

order rate constant (kobs) for the reaction of 31 with p-anisidine under buffered 

conditions. Four different NMR experiments were carried out with 6, 8, 10 and 12 

equivalents of p-anisidine. The integrations of the product and starting material N-

Methyl peaks were used to work out the progress of each reaction, and the data was 

fitted using Graphpad Prism’s first-order exponential association mode to give the kobs 

value for the four different reactions (Scheme 79 and Figure 37). 
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Scheme 79: Pseudo-first order analysis of p-anisidine addition to 

bromothiomaleimide 31. Reagents and conditions: 31 (3.92 mM), p-anisidine (6-12 

equiv.), CD3CN/PB (100 mM phosphates) (5:7), pH 7.4, 21 °C. See Section 4.5.2.2 

for more information. 

 

 

 

Figure 37: NMR timecourse reactions between p-anisidine (in excess) and 

bromothiomaleimide 31 under buffered conditions (pH 7.4, 21 °C). The data point at 

the origin has been added afterwards for clarity. Data shown in min-1 for readability. 
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As expected, the pseudo-first order data showed clearly that the rate of reaction 

increased with the concentration of p-anisidine. It was then possible to plot kobs (in s-1) 

against [p-anisidine] to calculate a second order rate constant k2 = 0.0367 ± 0.0059 M-

1 s-1  (Figure 38). Whilst not competitive with the most recent versions of SPAAC,25,342 

this k2 value is certainly comparable to the early iterations of the strain-promoted click 

reaction.19,54 Furthermore, it is almost an order of magnitude faster than Staudinger 

ligations (k2 ~ 10-3 M-1 s-1)28,343,344 and ~ 2 orders of magnitude faster than ketone 

condensations (k2 ~ 10-3 - 10-4 M-1 s-1).28,345–347 

 

Figure 38: Plot of kobs vs [p-anisidine]. The slope of the best-fit line gives the second 

order rate constant k2. N.B. For this graph kobs values (from Figure 37) were 

converted from min-1 to s-1. 

In addition to the small molecule study of the rate of amine addition, a similar study 

was carried out on the vHSA protein. Bromothiomaleimide conjugate 44 was reacted 

with 3 different concentrations (60, 90 and 120 equiv.) of p-anisidine at pH 7.4 and 

room temperature (Scheme 80).  
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Scheme 80: Reaction of p-anisidine with 44 under pseudo first order conditions. 

Reagents and conditions: 44 (93 µM), p-anisidine (60-120 equiv.) PBS (pH 7.4), RT. 

The increase in absorbance at 415 nm over time was monitored by UV-Vis to monitor 

the progress of the reaction. The data was fitted using Graphpad Prism’s first-order 

exponential association mode to give a pseudo first-order rate constant (kobs) for the 

three different reactions (Figure 39). 

 

Figure 39: UV-Vis kinetics data for the increase in absorbance at 415 nm upon 

addition of 60, 90 and 120 equiv. of p-anisidine to intermediate vHSA conjugate 44. 
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The kobs values were then plotted against [p-anisidine] (Figure 40). It was then possible 

to plot kobs (in s-1) against [p-anisidine] to calculate a second order rate constant k2 = 

0.5226 ± 0.0247 M-1 s-1. It was surprising to observe that the amine addition was ~ 16 

times faster on the vHSA protein than on the small molecule model 31 (Figure 38). 

Whilst the reason for this rate difference is not fully understood, it may be influenced 

by the amino acid environment local to the Cys-93 on vHSA, or indeed the reduced 

organic solvent concentration in the protein reaction (42% vs 7%). A study of the crystal 

structure of the vHSA shows that a phenylalanine (Phe-102) and an arginine (Arg-98) 

are present within 7 Å of Cys-93. It is possible that the rate is accelerated through π-

stacking interactions between Phe-102 and p-anisidine, increasing the local 

concentration of the amine. Furthermore, the Arg-98 may serve to stabilise the 

negative charge on the enolate in the transition state. However, further studies would 

be required to understand the exact cause for this rate enhancement. Most importantly, 

the amine addition possesses kinetics “on the protein” towards the faster end of the 

SPAAC scale and two orders of magnitude faster than Staudinger 

ligations.19,28,54,343,344,348–350 

 

Figure 40: Plot of kobs vs [p-anisidine]. The slope of the best-fit line gives the second 

order rate constant k2. N.B. For this graph kobs values (from Figure 39) were 

converted from min-1 to s-1. 

3.5.8. Conclusions 

The work in this chapter has established a number of key findings. Thiol-amine dual 

conjugation reactions are facile in organic and aqueous media, giving access to a wide 

variety of maleimide-based products with short reaction times and good to excellent 
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yields. Of the amines that were trialled under the aqueous conditions (pH 7.4, RT), p-

anisidine was the most reactive, representing the best balance between nucleophilicity 

and pkaH. The resulting aminothiomaleimide scaffold was shown to be stable to a range 

of conditions (BME; pH 5; pH 7.4). 

Exemplification of the strategy on a range of proteins (HSA, vHSA, v2HSA and GFP) 

showed that the local site of the cysteine played an important role in reaction feasibility. 

Cysteine locations that featured a nearby nucleophilic residue (<10 Å from the sulfur 

atom) were prone to forming undesired intermediates through intramolecular lysine 

cyclisation. However, these side products could be prevented through addition of more 

amine equivalents. Indeed, reactions were especially facile on GFP and vHSA, 

enabling an in situ protocol to be easily applied to the latter. Resultant conjugates were 

shown to be thiol stable and the dual conjugation method was shown to offer a number 

of advantages over standard maleimide hydrolysis: the method prevents the formation 

of regio- and stereoisomers; the reactions may be monitored in real-time using UV-vis 

spectroscopy; and it affords access to trifunctional conjugates whilst simultaneously 

conferring stability. Work on the CPP took the dual conjugation concept further, 

showing that an improved strategy could employ smaller DBMs and amines (bearing 

biorthogonal clickable handles) to form the aminothiomaleimide. Furthermore, an in 

situ method rapidly created a stable scaffold, precluding side reactions with the multiple 

nearby lysine residues on the peptide. Controlled addition of dual functionality through 

a range of well-defined click chemistry is then possible; a “plug-and-play” route to make 

such dual conjugates with simple, low molecular weight compounds that are 

interchangeable. Finally, the kinetics of the p-anisidine addition to bromothiomaleimide 

conjugate 44 were calculated with a second order rate constant of k2 = 0.5226 ± 0.0247 

M-1 s-1, which is comparable to the faster SPAAC protocols available. 

3.5.9. Future Work 

It has been demonstrated that thiol-amine dual conjugation is a useful addition to the 

protein modification toolkit and works on a variety of biomolecules. However, it would 

be useful to make a larger library of p-anisidine analogues. Two such compounds have 

already been made (amine-azide 52 and amine-alkyne 64). However, additional 

compounds could be synthesised to give access to the wide range of biorthogonal 

chemistry on offer (Figure 41). Notably, tetrazines enable exceptionally fast reaction 
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kinetics which would allow rapid functionalisation with larger payloads; facilitating 

creation of a wider range of dual conjugates for diverse applications. 

 

Figure 41: p-Anisidine analogues bearing BCN and tetrazine handles. 

ADCs with a high DAR (typically above 4) are known to show increased cell-killing 

potential in vitro, yet perform less well in vivo as they suffer from undesirable 

pharmacokinetics, being rapidly cleared from the plasma.351 Literature suggests this 

could be due to the increase in hydrophobicity of such constructs when higher loading 

of drugs are employed. In an effort to mitigate this increase in hydrophobicity, and thus 

clearance, with higher DAR antibodies, Senter and co-workers tethered drugs to the 

antibody with PEG chains.352 The work showed that improved pharmacokinetics could 

be achieved through the use of a short, branched linker; holding the drug close to the 

antibody to protect it, whilst facilitating adjacent attachment of a PEG[24] chain to 

increase solubility. A similar branching strategy could be implemented using thiol-

amine bioconjugation as a general approach to create pegylated protein conjugates; 

enabling a higher drug loading and, in theory, still possessing suitable in vivo properties 

(Scheme 81). 

 

Scheme 81: Proposed use of thiol-amine dual conjugation to create a protein 

conjugate with a high DAR and suitable hydrophilicity through PEGylation. 
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Another application of interest would be a dual imaging construct on an engineered 

antigen-binding (Fab) fragment. Dual modality strategies are considered especially 

useful within imaging science. In particular before surgical intervention; enabling a 

whole body scan via PET to determine tumour locations; and later facilitating 

fluorescence image-guided surgery to define margins between healthy and cancerous 

tissue.353 However, current routes to making these dual constructs require bulky linkers 

that demand a number of synthetic steps to make. It is proposed that thiol-amine dual 

conjugation could quickly and easily create a variety of dual conjugates (Scheme 82). 

Furthermore, Fab fragments may possess pharmacokinetics that are more desirable 

than full antibodies for imaging applications: (i) rapid localisation to antigen-expressing 

tumour sites; (ii) increased clearance (from the blood pool and healthy tissues) enables 

improved image contrast due to reduced “background” signal; and removal of the Fc 

region reduces the chance of immunogenicity.353 

 

Scheme 82: Proposed thiol-amine bioconjugation on an engineered Fab fragment 

bearing a single free cysteine.  

A stable aminothiomaleimide is formed upon reaction of p-anisidine with a 

bromothiomaleimide; this is useful in the multitude of cases where irreversibility is 
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could yield aminothiomaleimides with controlled reversibility.  

We have seen through 13C NMR analysis that different amines donate electron density 
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release upon exposure to the acidic environment of cellular compartments.354 Initial 

studies would be to screen a variety of aminothiomaleimides by NMR and observe if 

deconjugation occurs under buffered acidic conditions (Scheme 83). 

 

Scheme 83: Proposed NMR study to assess acid-catalysed hydrolysis of a range of 

aminothiomaleimides. 

  

N

O

O
S

O O

HN

OO

N
R1

R
R2

Acetate Buffer (pH 5), RT

N

O

O
S

O O

HN

OO

HO

R



 114 

4. Experimental Section 

4.1. Synthesis General Remarks 

All commercially available chemicals were acquired from either Sigma-Aldrich or Alfa-

Aesar and used without further purification. Dithiophenol maleimide 42355 and DBM-

Biotin 49309 were kindly provided by Dr Nafsika Forte (UCL Chemistry). DBM-azide 62 

was kindly provided by Dr João Nunes (UCL Chemistry).339 Amine-alkyne 64 was 

kindly provided by Lisa Bonin (UCL Chemistry).340 All organic syntheses were carried 

out at atmospheric pressure, under argon. Room temperature is defined as 20-22 °C. 

Reactions were analysed by thin layer chromatography (TLC), with Merck KGaA silica 

gel 60 F254 TLC plates. TLC plates were visualised with a UVLS-26 EL series UV lamp, 

at 254 or 365 nm. Ninhydrin, Dragendorff’s reagent, potassium permanganate and 

iodine were used as stains. Flash chromatography was carried out on a Biotage Isolera 

One 3.0, using Graceresolv or Biotage normal phase columns. Where dry loading was 

used, the sample was adsorbed onto Geduran SI 60 silica gel (40-63 μM). 

1H and 13C NMR analysis was carried out on a Bruker Avance Neo 700 equipped with 

a 5 mm helium-cooled broadband cryoprobe, a Bruker Avance III 600 spectrometer 

equipped with a DCH cryoprobe, or a Bruker Avance III 400 spectrometer. 1H 

experiments were carried out at 700, 600 or 400 MHz and 13C experiments at 151 

MHz. Unless otherwise stated all NMR experiments were carried out at room 

temperature. All NMR analysis was carried out in the deuterated solvent system stated, 

apart from NMRs carried out in buffer/solvent mixture, in which the aqueous 

component was undeuterated. For these experiments, a Bruker 1H water suppression 

method was run to minimise the water peak in the NMR spectra. 

Infra-red spectra were recorded on a Bruker Platinum ALPHA FT-IR spectrometer 

operating in attenuated total reflection (ATR) mode. Absorptions are characterized as 

s (sharp), br (broad), m (medium), w (weak).   

Melting points were recorded for all solids at room temperature with a Gallenkamp 

digital Melting-point apparatus 5A 6797. All melting points are uncorrected. 
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High and low resolution (HRMS/LRMS) mass spectra acquired with electrospray 

ionisation (ES/ES+/ES-) modes were obtained at UCL with Agilent 6510 QTOF. High 

and low resolution (HRMS/LRMS) mass spectra acquired with nanospray (NSI) 

ionisation modes were obtained at The National Mass Spectrometry Facility Swansea 

on a Thermo Scientific LTQ Orbitrap XL. 

UV analysis was carried out with either a Cary UV spectrophotometer and recorded 

with Cary WinUV software, or a Shimadzu UV-2600 spectrophotometer with UVprobe 

software. A quartz cuvette with a 1 cm path length was used to hold samples. Unless 

stated, all UV scan experiments were carried out at room temperature. 

4.1.1. Synthesis and Characterisation of Compounds 

2-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic acid 2 

 

Method adapted from reference.356 Glycine (203 mg, 2.66 mmol) was added to a stirred 

solution of bromomaleic anhydride (469 mg, 2.66 mmol) in AcOH (15 mL) and the 

reaction was heated to reflux for 24 h. The solvent was removed in vacuo and the 

residue purified by column chromatography (3-10% MeOH/DCM) to afford the product 

as a white solid (481 mg, 2.05 mmol, 77%). 

m.p. 154-155°C; 1H NMR (400 MHz, MeOD); δ 7.22 (s, 1H, CBrCH), 4.28 (s, 2H, 

NCH2); 13C NMR (75 MHz, MeOD); δ 169.2 (CO), 167.9 (CO), 164.9 (CO), 132.5 (CH), 

130.9 (CBr), 38.6 (CH2); IR (solid) 3090 (m), 2999 (w),  2879 (br), 1704 (s) cm-1; LRMS 

(ES-) 232 (100, [M79Br-H]-), 234 (100, [M81Br-H]-); HRMS (EI) calcd for C6H4NO4Br 

[M79Br-H]- 231.9245, observed 231.9242. 

 

6-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoic acid 12 
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Method adapted from reference.3564-aminocaproic acid (394 mg, 3.00 mmol) was 

added to a stirred solution of bromomaleic anhydride (584 mg, 3.30 mmol) in AcOH 

(16 mL) and the reaction was stirred at 150 °C for 24 h. The solvent was removed in 

vacuo and the residue purified by column chromatography (3-5% MeOH/DCM) giving 

the title compound as a white solid (695 mg, 2.39 mmol, 80%). 

m.p. 98-99 °C; 1H NMR (600 MHz, CDCl3); δ 10.58 (s, 1H, (COOH), 6.87 (s, 1H, 

CBrCH), 3.57 (t, J = 7.2 Hz, 2H, NCH2), 2.36 (t, J = 7.4 Hz, 2H, CH2COOH), 1.68 – 

1.60 (m, 4H, (*H2O underneath) NCH2CH2CH2CH2) 1.39-1.31 (m, 2H, NCH2CH2CH2); 
13C NMR (151 MHz, CDCl3); δ 178.3 (CO), 168.7 (CO), 165.5 (CO), 131.9 (CH), 131.5 

(BrC), 38.7 (CH2), 33.6 (CH2), 28.2 (CH2), 26.2 (CH2), 24.2 (CH2); IR (solid) 3100 (m), 

3090 (m), 2934 (br), 1701 (s) cm-1; LRMS (ES+) 290 (100, [M79Br+H]+), 292 (95, 

[M81Br+H]+); HRMS (ES+) calcd for C10H12NO4Br [M79Br+H]+ 290.0028, observed 

290.0029. 

 

4-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzoic acid 11 

 

4-aminobenzoic acid (120 mg, 0.88 mmol) was added to a stirred solution of 

bromomaleic anhydride (800 mg, 4.40 mmol) in AcOH (8 mL) and the reaction was 

stirred at 150 °C for 24 h. As the solvent was removed in vacuo a precipitate formed. 

This was washed with cold DCM before drying in vacuo, which gave the title compound 

11 as a light yellow solid (180 mg, 0.61 mmol, 70%). 

m.p. >250 °C; 1H NMR (600 MHz, DMSO); δ 8.06 – 8.04 (m, 2H, ArH), 7.67 (s, 1H, 

CBrCH), 7.52 – 7.50 (m, 2H, ArH); 13C NMR (151 MHz, DMSO); δ 167.6 (CO), 166.7 

(CO), 164.4 (CO), 135.4 (ArC), 132.9 (CH), 131.1 (CBr), 130.0 (2 x ArC), 129.9 (ArC), 

126.4 (2 x ArC); IR (solid) cm-1; 3092 (m), 2898 (b), 1715 (s), 1688 (s); LRMS (NS) 295 

(97, [M79Br+H+CH3OH]+), 287 (100, [M81Br+ H+CH3OH]+); HRMS (NS) calcd for 

C11H6NO4Br [M79Br-H]- 293.9407, observed 293.9406. 
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2-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2-hydroxyethyl)acetamide 10 

 

Method adapted from reference.187 Bromomaleimide 2 (100 mg, 0.430 mmol) was 

added to a stirred solution of EEDQ (160 mg, 0.650 mmol) in MeCN (20 mL) and the 

reaction was stirred at room temperature for 30 min. Ethanolamine (23.0 mg, 0.380 

mmol) was then added, followed by DIPEA (53.0 mg, 0.410 mmol) and the reaction 

was stirred for a further 90 min. The solvent was evaporated in vacuo and purification 

of the residue with column chromatography (50% EtOAc/Petrol then 5-10% 

MeOH/EtOAc) gave the product as a yellow/orange solid (37.0 mg, 0.130 mmol, 31%).  

m.p. 130-131 °C; 1H NMR (600 MHz, CD3CN); δ 7.11 (s, 1H, CBrCH), 6.81 (s, 1H, 

NH), 4.13 (s, 2H, NCH2), 3.50 (t, J = 5.5 Hz, 2H, CH2OH), 3.24 (q, J = 5.6 Hz, 2H, 

NHCH2), 3.05 (s, 1H, OH); 13C NMR (151 MHz, CD3CN); δ 169.4 (CO), 167.4 (CO), 

166.4 (CO), 133.8 (CH), 131.9 (CBr), 61.3 (CH2), 42.9 (CH2), 41.7 (CH2); IR (solid) 

3310 (br), 3091 (m), 1720 (s), 1662 (s) cm-1; LRMS (ES+) 277 (90, [M79Br+H]+), 279 

(100, [M81Br+H]+); HRMS (ES+) calcd for C8H10N2O4SBr [M79Br+H]+ 276.9824 

observed 276.9819. 

 

2-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2-(2 

methoxyethoxy)ethyl)acetamide 17 

 

Method adapted from reference.187 Bromomaleimide 2 (100 mg, 0.427 mmol) was 

added to a stirred solution of EEDQ (128 mg, 0.513 mmol) in MeCN (10 mL) and the 

reaction was stirred at room temperature for 1 hr. 2-(2-methoxyethoxy)ethan-1-amine 

(46.0 mg, 0.385 mmol) was then added, and the reaction was stirred for a further hour 

before the solvent was removed in vacuo. The molecule was purified by column 

chromatography (0-100% EtOAc/Petroleum ether). The solvent was removed in vacuo 
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and the product was re-dissolved in EtOAc (10 mL), washed with 10% citric acid (2 x 

5 mL), water (1 x 5 mL), Brine (1 x 5 mL) and dried with MgSO4. The product was 

collected as a clear-brown oil (31.0 mg, 0.0940 mmol, 63%). 

1H NMR (600 MHz, CDCl3); δ 6.95 (s, 1H, CH), 6.50 – 6.38 (m, 1H, NH), 4.22 (s, 2H, 

NCH2), 3.64 – 3.62 (m, 2H, CH2), 3.58 – 3.54 (m, 4H, 2 x CH2), 3.48 (q, J = 5.2 Hz, 

2H, CH2), 3.40 (s, 3H, CH3); 13C NMR (151 MHz, CDCl3); δ 168.1 (CO), 165.5 (CO), 

165.1 (CO), 132.3 (CH), 131.8 (CBr), 72.0 (CH2), 70.3 (CH2), 69.7 (CH2), 59.1 (CH3), 

41.1 (CH2), 39.7 (CH2); IR (solid) 3312 (w), 2877 (w), 1714 (s), 1669 (s) cm-1; LRMS 

(NSI) 335 (100, [M79Br+H]+), 337 (100, [M81Br+H]+), 357 (75, [M79Br+Na]+), 359 (75, 

[M81Br+Na]+), 367 (70, [M79Br+H+CH3OH]+), 369 (70, [M81Br+H+CH3OH]+); HRMS 

(NSI) calcd for C11H15N2O5Br [M79Br+H]+ 335.0237, observed 335.0240. 

 

6-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2-(2-

methoxyethoxy)ethyl)hexanamide 18 

 

Method adapted from reference.187 Bromomaleimide 12 (100 mg,  0.345 mmol) was 

added to a stirred solution of EEDQ (103 mg, 0.414 mmol) in MeCN (8 mL) and the 

reaction was stirred at room temperature for 1 hr. 2-(2-methoxyethoxy)ethan-1-amine 

(369 mg, 0.310 mmol) was then added, and the reaction was stirred for a further hour 

before the solvent was removed in vacuo. The molecule was purified by column 

chromatography (20-100% EtOAc in petroleum ether, then 0-20% MeOH in EtOAc). 

The solvent was removed in vacuo and the product was re-dissolved in EtOAc (10 

mL), washed with 10% citric acid (2 x 5 mL), water (1 x 5 mL), Brine (1 x 5 mL) and 

dried with MgSO4. The product was collected as a brown oil (7.00 mg, 0.0180 mmol, 

5%).  

1H NMR (600 MHz, CDCl3); δ 6.86 (s, 1H, CH), 6.04 (d, J = 5.9 Hz, 1H, NH), 3.64 – 

3.61 (m, 2H, CH2), 3.57 – 3.54 (m, 6H, 3 x CH2), 3.46 (q, J = 5.3 Hz, 2H, CH2), 3.40 

(s, 3H, CH3), 2.17 (t, J = 7.5 Hz, 2H, CH2), 1.70 – 1.58 (m, 4H (*H2O underneath), 2 x 

CH2), 1.36 – 1.29 (m, 2H, CH2); 13C NMR (151 MHz, CDCl3); δ 172.8 (CO), 168.7 (CO), 
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165.5 (CO), 131.9 (CH), 131.4 (BrC), 72.0 (CH2), 70.3 (CH2), 70.1 (CH2), 59.2 (CH3), 

39.2 (CH2), 38.8 (CH2), 36.5 (CH2), 28.4 (CH2), 26.4 (CH2), 25.2 (CH2); LRMS (ES+) 

391 (95, [M79Br+H]+), 393 (92, [M81Br+H]+), 413 (100, [M79Br+Na]+), 415 (100, 

[M81Br+Na]+); HRMS (ES+) calcd for C15H23N2O5Br [M79Br+H]+ 391.0863, observed 

391.0865.  

 

3-Bromo-1-(2-(2-methoxyethoxy)ethyl)-1H-pyrrole-2,5-dione 19 

 

Method adapted from reference.356 2-(2-methoxyethoxy)ethan-1-amine (60.0 mg, 

0.500 mmol) was added to a stirred solution of bromomaleic anhydride (106 mg, 0.600 

mmol) in AcOH (12 mL) and the reaction was stirred at 150 °C for 24 h. The solvent 

was removed in vacuo and the residue purified by column chromatography (0-100% 

EtOAc in petroleum ether) giving the product as a yellow oil (50.0 mg, 0.181 mmol, 

36%). 

1H NMR (600 MHz, CDCl3); δ 6.87 (s, 1H, CH), 3.77 (t, J = 5.7 Hz, 2H, CH2), 3.66 (t, J 

= 5.7 Hz, 2H, CH2), 3.63 – 3.57 (m, 2H, CH2), 3.51 – 3.46 (m, 2H, CH2), 3.35 (s, 3H, 

CH3).13C NMR (151 MHz, CDCl3); δ 168.6 (CO), 165.4 (CO), 132.0 (CH), 131.5 (BrC), 

72.0 (CH2), 70.0 (CH2), 67.8 (CH2), 59.2 (CH3), 38.1 (CH2); IR (solid) 3099 (w), 2876 

(m), 1709 (s) cm-1; LRMS (ES+) 278 (100, [M79Br+H]+), 280 (100, [M81Br+H]+), 295 (85, 

[M79Br+NH4]+), 297 (85, [M81Br+NH4]+), 310 (60, [M79Br+H+CH3OH]+), 312 (60, 

[M81Br+H+CH3OH]+), 332 (80, [M79Br+H+CH3OH+Na]+), 334 (75, 

[M81Br+H+CH3OH+Na]+); HRMS (ES+) calcd for C9H12NO4Br [M79Br+H]+ 278.0022, 

observed 278.0026.  
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tert-Butyl (2-aminoethyl)carbamate357 68 

 

Di-tert-butyl dicarbonate (1.09 g, 5.00 mmol) in dry dioxane (10 mL) was added 

dropwise at room temperature to a stirred solution of ethylene diamine (2.40 g, 40.0 

mmol) in dry dioxane (10 mL) and the reaction was stirred for 22 h at room temperature. 

The solvent was removed in vacuo and water (15 mL) was added. The residue was 

filtered, and the filtrate extracted with CHCl3 (4 x 10 mL). The organic phase was dried 

with MgSO4, filtered and dried in vacuo. The title compound was isolated as a 

colourless oil (0.500 g, 3.10 mmol, 62%). 

1H NMR (600 MHz, CDCl3); δ 4.86 (s, 1H, NHCO), 3.17 (q, J = 6.0 Hz, 2H, CH2NH), 

2.80 (t, J = 5.9 Hz, 2H, NH2CH2), 1.45 (s, 9H, (CH3)3); 13C NMR (151 MHz, CDCl3); δ 

156.3 (CO), 79.3 (C), 43.5 (CH2), 41.99 (CH2), 28.5 (CH3); IR (thin film) cm-1; 3346 (m), 

2976 (m), 2932 (m), 1686 (s). 

 

2-((5-(Dimethylamino)naphthalene)-1-sulfonamido)ethan-1-aminium 2,2,2-

trifluoroacetate291 3 

 

To a flask containing amine 68 (0.510 g, 3.18 mmol) in dry DCM (150 mL) was added 

a solution of dansyl chloride (1.01 g, 3.73 mmol) and triethylamine (0.871 g, 8.60 mmol) 

in dry DCM (150 mL). The reaction mixture was then stirred at room temperature for 4 

h. The solvent was removed in vacuo and the crude product purified with flash 

chromatography (solvent system of 20-30% EtOAc/DCM). 

TFA (40 mL) was then added to the product, and the reaction was stirred for 2 h at 

room temperature. Addition of DCM (100 mL) to the residue at 0 oC resulted in the 
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precipitation of a solid after 4 h which was washed with diethyl ether (3 x 50 mL) to 

afford the title compound as a yellow gum (0.921 g, 2.26 mmol, 71%). 

1H NMR (600 MHz, MeOD); δ 8.59 (d, J = 8.6 Hz, 1H, ArH), 8.41 (d, J = 8.7 Hz, 1H, 

ArH), 8.25 (dd, J = 7.3, 1.2 Hz, 1H, ArH), 7.66 (dd, J = 8.5, 5.8 Hz, 1H, ArH), 7.65 (dd, 

J = 8.5, 5.4 Hz, 1H, ArH), 7.43 (dd, J = 7.6, 0.9 Hz, 1H, ArH), 3.07 – 2.99 (m, 4H, CH2), 

2.98 (s, 6H, 2 x CH3); 13C NMR (151 MHz, MeOD); δ 151.4 (ArC), 136.1 (ArC), 130.9 

(ArC), 130.8 (ArC), 130.7 (ArC), 130.7 (ArC), 129.4 (ArC), 124.9 (ArC), 121.4 (ArC), 

117.3 (ArC), 46.1 (CH3), 41.2 (CH2), 40.8 (CH2); IR (solid) cm-1; 3069 (m), 2892 (m), 

1666 (s); LRMS (ES+) 294 (100, [M]+); HRMS (ES+) calcd for C14H20N3O2S [M]+ 

294.1276, observed 294.1269. 

 

2-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2-((5-

(dimethylamino)naphthalene)-1-sulfonamido)ethyl)acetamide 4 

 

Method adapted from reference.187 Bromomaleimide 2 (45 mg, 0.18 mmol) was added 

to a solution of EEDQ (72 mg, 0.28 mmol) in MeCN (15 mL) and the reaction was 

stirred at room temperature for 30 min. Meanwhile, the corresponding dansylamine 3 

(50 mg, 0.17 mmol) was dissolved in MeCN (5 mL) and DIPEA (25 mg, 0.20 mmol) 

was added and the mixture stirred for 5 min. The dansylamine solution was then added 

to the initial reaction mixture and stirred for a further hour. The solvent was removed 

in vacuo and the residue purified by column chromatography (10-20% EtOAc/Petrol). 

The title compound was isolated as a yellow oil (27 mg, 0.05 mmol, 31%). 

1H NMR (600 MHz, CDCl3); δ 8.56 (d, J = 8.5 Hz, 1H, ArH), 8.24 (d, J = 8.6 Hz, 1H, 

ArH), 8.20 (dd, J = 7.3, 1.3 Hz, 1H, ArH), 7.58 (dd, J = 8.6, 7.6 Hz, 1H, ArH), 7.54 (dd, 

J = 8.5, 7.3 Hz, 1H, ArH), 7.19 (dd, J = 7.6, 0.8 Hz, 1H, ArH), 6.93 (s, 1H, CBrCH), 

6.70 (t, J = 5.6 Hz, 1H, NH), 5.72 (t, J = 6.3 Hz, 1H, NH), 4.17 (s, 2H, NCH2), 3.34 
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(app. q, J = 5.6 Hz, 2H, NHCH2), 3.02 (app. q, J = 6.1 Hz, 2H, CH2NH), 2.89 (s, 6H, 

N(CH3)2); 13C NMR (crude) (151 MHz, CDCl3); δ 168.2 (CO), 166.5 (CO), 165.2 (CO), 

152.3 (ArC), 134.0 (ArC), 132.4 (ArC), 131.8 (CH), 131.0 (ArC), 130.0 (BrC), 129.9 

(ArC), 129.5 (ArC), 128.9 (ArC), 123.4 (ArC), 118.5 (ArC), 115.5 (ArC), 45.5 (CH3), 

42.5 (CH2), 41.2 (CH2), 40.0 (CH2); IR (thin film) 3110 (m), 2988 (m), 2943 (m), 1707 

(s) cm-1; LRMS (ES+) 509 (99, [M79Br+H]+), 511 (100, [M81Br+H]+); HRMS (ES+) calcd 

for C20H21N4O5SBr [M79Br+H]+ 509.0494, observed 509.0493. 

 

Methyl N-(tert-butoxycarbonyl)-S-(1-(2-((2-((5-(dimethylamino)naphthalene)-1-

sulfonamido)ethyl)amino)-2-oxoethyl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-L-

cysteinate 6 

 

Bromomaleimide 4 (50 mg, 0.098 mmol) was added to a solution of N-(tert-

Butoxycarbonyl)-L-cysteine methyl ester (19 mg, 0.081 mmol) and sodium acetate (10 

mg, 0.12 mmol) in MeOH (50 mL) and the reaction was stirred at room temperature for 

30 min. The solvent was removed in vacuo and the residue purified by column 

chromatography (40-50% EtOAc/Petrol). The product was isolated as an oil (38 mg, 

0.057 mmol, 70%). 

1H NMR (600 MHz, CDCl3) δ 8.55 (dt, J = 8.5, 1.1 Hz, 1H, ArH), 8.24 (d, J = 8.6 Hz, 

1H, ArH), 8.21 (dd, J = 7.3, 1.3 Hz, 1H, ArH), 7.58 (dd, J = 8.6, 7.5 Hz, 1H, ArH), 7.53 

(dd, J = 8.5, 7.3 Hz, 1H, ArH), 7.19 (d, J = 7.5 Hz, 1H, ArH), 6.52 (t, J = 5.8 Hz, 1H, 

NH), 6.36 (s, 1H, CH), 5.58 (t, J = 6.3 Hz, 1H, NH), 5.48 (d, J = 7.3 Hz, 1H, NH), 4.68 

– 4.64 (m, 1H, NHCH), 4.09 (s, 2H, NHCH2), 3.77 (s, 3H, OCH3), 3.51 (dd, J = 13.7, 

5.2 Hz, 1H, SCHH), 3.37 (dd, J = 13.7, 5.6 Hz, 1H, SCHH), 3.31 (q, J = 5.6 Hz, 2H, 

NHCH2), 3.00 (q, J = 6.0 Hz, 2H, CH2NHS), 2.89 (s, 6H, N(CH3)2), 1.44 (s, 9H, (CH3)3); 
13C NMR (151 MHz, CDCl3); δ 170.3 (CO), 168.9 (CO), 167.5 (CO), 166.9 (CO), 155.2 

(CO), 152.2 (SC), 150.6 (ArC), 134.1 (ArC), 130.9 (ArC), 130.0 (ArC), 129.9 (ArC), 

129.5 (ArC), 128.8 (ArC), 123.4 (ArC), 119.1 (CH), 118.6 (ArC), 115.5 (ArC), 81.0 (C), 
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53.3 (CH), 52.6 (CH3), 45.5 (CH3), 42.5 (CH2), 40.9 (CH2), 39.9 (CH2), 34.0 (CH2), 28.4 

(CH3); IR (solid); 3302 (m), 2976 (m), 2931 (m), 1711 (s); LRMS (ES+) 664 (100, [M]+); 

HRMS (ES+) calcd for C29H38N5O9S2 [M]+ 664.2111, observed 664.2056. 

 

tert-Butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 69 

 

Method adapted from reference.357 Di-tert-butyl dicarbonate (1.11 g, 5.09 mmol) in 

dioxane (7.5 mL) was added dropwise at room temperature over 90 min to a stirred 

solution of 2,2′-(Ethylenedioxy)bis(ethylamine) (4.79 g, 32.3 mmol) in dioxane (20 mL) 

and the reaction was stirred for a further 90 min at room temperature. The solvent was 

removed in vacuo and water (15 mL) was added. The oily residue was filtered, and the 

filtrate extracted with CHCl3 (4 x 25 mL). The organic phase was dried with MgSO4, 

filtered and dried in vacuo to give the title compound as a colourless oil (1.11 g, 4.47 

mmol, 87% yield). 

1H NMR (600 MHz, CDCl3); δ 5.17 (s, 1H, NH), 3.63 – 3.60 (m, 4H, 2 x CH2), 3.55 (t, 

J = 5.2 Hz, 2H, CH2), 3.52 (t, J = 5.2 Hz, 2H, CH2), 3.33 (q, J = 5.3 Hz, 2H, CH2), 2.87 

(t, J = 5.2 Hz, 2H, CH2), 1.53 (s, 2H, NH2), 1.43 (s, 9H, (CH3)3); 13C NMR (151 MHz, 

CDCl3); δ 156.1 (CO), 79.3 (C), 79.3 (2 x C), 73.6 (CH2), 70.3 (CH2), 41.8 (CH2), 40.4 

(CH2), 28.5 (CH3); IR (thin film) cm-1; 3340 (w), 2975 (m), 2930 (m) 1696 (s); LRMS 

(ES+) 249 (100, [M+H]+); HRMS (ES+) calcd for C11H24N2O4 [M+H]+ 249.1914, 

observed 249.1816. 
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N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-5-(dimethylamino)naphthalene-1-sulfonamide 7 

 

To a flask containing amine 69 (0.45 g, 1.80 mmol) in dry DCM (75 mL) was added a 

solution of dansyl chloride (0.53 g, 2.0 mmol) and triethylamine (0.46 g, 4.60 mmol) in 

dry DCM (75 mL). The reaction mixture was then stirred at room temperature for 4 

hours. The solvent was removed in vacuo and the crude product purified with flash 

chromatography (solvent system of 50-60% EtOAc/Petrol). 

TFA (40 mL) was then added to the product, and the reaction was stirred for 2 hours 

at room temperature. The solvent was removed in vacuo and the deprotected product 

was then purified further by flash chromatography (solvent system of 60-80% 

EtOAc/Petrol, then 10-40% MeOH/EtOAc). The product was then dissolved in EtOAc 

and filtered to remove any residual silica and dried in vacuo. The product was obtained 

as a yellow oil (0.46 g, 0.93 mmol, 52 %). 

1H NMR (600 MHz, CDCl3); δ 8.51 (dt, J = 8.6, 1.1 Hz, 1H, ArH), 8.29 (dt, J = 8.6, 0.9 

Hz, 1H, ArH), 8.19 (dd, J = 7.3, 1.3 Hz, 1H, ArH), 7.54 (dd, J = 8.6, 7.5 Hz, 1H, ArH), 

7.48 (dd, J = 8.5, 7.3 Hz, 1H, ArH), 7.16 (dd, J = 7.6, 0.8 Hz, 1H, ArH), 6.95 (t, J = 5.9 

Hz, 1H, NH), 3.70 (t, J = 5.0 Hz, 2H, CH2), 3.53 – 3.50 (m, 2H, CH2), 3.44 – 3.41 (m, 

2H, CH2), 3.41 – 3.39 (m, 2H, CH2), 3.20 (t, J = 5.0 Hz, 2H, CH2), 3.06 (q, J = 4.8 Hz, 

2H, CH2), 2.86 (s, 6H, N(CH3)2); 13C NMR (151 MHz, CDCl3); δ 162.4 (CO), 151.9 

(ArC), 135.0 (ArC), 130.5 (ArC), 129.9 (ArC), 129.7 (ArC), 129.3 (ArC), 128.5 (ArC), 

123.3 (ArC), 119.1 (ArC), 115.8 (CF3) 115.4 (ArC), 70.0 (CH2), 69.9 (CH2), 69.4 (CH2), 

66.7 (CH2), 45.5 (CH3), 42.8 (CH2), 39.7 (CH2); IR (solid) cm-1; 2942 (m), 2874 (m), 

1677 (s); LRMS (ES+) 382 (100, [M]+); HRMS (ES+) calcd for C18H28N3O4S [M]+ 

382.1801, observed 382.1796. 
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2-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2-(2-(2-((5-

(dimethylamino)naphthalene)-1-sulfonamido)ethoxy)ethoxy)ethyl)acetamide 8 

 

N-substituted monobromomaleimide 2 (90 mg, 0.38 mmol) was added to a solution of 

EEDQ (140 mg, 0.57 mmol) in MeCN (25 mL) and the reaction was stirred at room 

temperature for 30 min. Meanwhile, N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-5-

(dimethylamino)naphthalene-1-sulfonamide (170 mg, 0.35 mmol) was dissolved in 

MeCN (5 mL) and DIPEA (55 mg, 0.42 mmol) was added and the mixture stirred for 5 

min. The dansylamine solution was then added to the initial reaction mixture and stirred 

for a further hour. The solvent was removed in vacuo and the residue purified by 

column chromatography (50% EtOAc/DCM). 8 was isolated as a yellow oil (130 mg, 

0.22 mmol, 58% yield). 

1H NMR (600 MHz, CDCl3); δ 8.56 (dt, J = 8.5, 1.1 Hz, 1H, ArH), 8.28 (d, J = 8.6 Hz, 

1H, ArH), 8.24 (dd, J = 7.3, 1.3 Hz, 1H, ArH), 7.58 (dd, J = 8.6, 7.6 Hz, 1H, ArH), 7.53 

(dd, J = 8.5, 7.3 Hz, 1H, ArH), 7.23 – 7.18 (m, 1H, ArH), 6.97 (t, J = 6.0 Hz, 1H, NH), 

6.88 (s, 1H, CBrCH), 6.05 (t, J = 5.8 Hz, 1H, NH), 4.25 (s, 2H, NCH2), 3.62 – 3.61 (m, 

2H, CH2), 3.57 (s, 4H, 2 x CH2), 3.55 – 3.51 (m, 2H, CH2), 3.50 (t, J = 5.0 Hz, 2H, CH2), 

3.12 (q, J = 5.3 Hz, 2H, CH2), 2.90 (s, 6H, N(CH3)2); 13C NMR (151 MHz, CDCl3); δ 

168.2 (CO), 166.1 (CO), 165.1 (CO), 152.1 (ArC), 134.6 (ArC), 132.4 (ArC), 131.7 

(ArC), 130.8 (ArC), 130.1 (ArC), 129.7 (ArC), 129.6 (ArC), 128.5 (ArC), 123.3 (ArC), 

118.9 (ArC), 115.4 (ArC), 70.8 (CH2), 70.6 (CH2), 70.2 (CH2), 69.5 (CH2), 45.6 (CH3), 

43.2 (CH2), 41.2 (CH2), 39.9 (CH2); IR (thin film) 3101 (m), 2936 (m), 2872 (m), 1702 

(s); LRMS (ES+) 597 (95, [M79Br+H]+), 599 (100, [M81Br+H]+); HRMS (ES+) calcd for 

C24H29N4O7SBr [M79Br+H]+ 597.1019, observed 597.1010. 
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3-(Hexylthio)-1-methyl-1H-pyrrole-2,5-dione358 26 

 

Method adapted from reference. Hexanethiol (52 mg, 0.44 mmol) was added to a 

stirred solution of N-methyl monobromomaleimide (76 mg, 0.40 mmol) and sodium 

acetate (36 mg, 0.44 mmol) in MeOH (5 mL). The reaction mixture was stirred for 30 

min at RT, before the solvent was removed in vacuo. The residue was then purified by 

column chromatography (0-100% EtOAc/petroleum ether). 26 was isolated as a yellow 

oil (61 mg, 0.27 mmol, 67% yield). 

1H NMR (700 MHz, CDCl3); δ 6.04 (s, 1H, CH), 3.02 (s, 3H, NCH3), 2.90 (t, J = 7.4 Hz, 

2H, SCH2), 1.74 (tt, J = 9.2, 6.9 Hz, 2H,SCH2CH2), 1.49 – 1.42 (m, 2H, SCH2 CH2CH2), 

1.35 – 1.29 (m, 4H, CH2CH2CH3), 0.90 (td, J = 7.0, 6.2, 2.7 Hz, 3H, CH2CH3); 13C NMR 

(176 MHz, CDCl3); δ 170.0 (CO), 168.3 (CO), 151.9 (CS), 117.3 (CH), 32.0 (CH2), 31.3 

(CH2), 28.7 (CH2), 27.8 (CH2), 24.1 (CH2), 22.6 (CH3), 14.1 (CH3).  

NMR data matches that of literature preparation.  

 

2-(3-(Hexylthio)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic acid 27 

 

Hexanethiol (35.0 mg, 0.296 mmol) was added to a stirred solution of N-substituted 

monobromomaleimide 2 (63.1 mg, 0.269 mmol) and sodium acetate (70.6 mg, 0.862 

mmol) in MeOH (5 mL). The reaction mixture was stirred for 30 min at RT. The resultant 

precipitate was collected at the pump and washed with cold MeOH (5 mL) to give the 

product as a cream-coloured solid (27.7 mg, 0.102 mmol, 38%). 
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m.p. 121-123 °C; 1H NMR (700 MHz, CDCl3); δ 6.12 (s, 1H, CH), 4.31 (s, 2H, NCH2), 

2.92 (t, J = 7.3 Hz, 2H, SCH2), 1.75 (p, J = 7.4 Hz, 2H, SCCH2), 1.45 (p, J = 6.7 Hz, 

2H, SCCCH2), 1.33 - 1.31 (m, 4H, CH2CH2CH3 and CH2CH3), 0.90 (t, J = 6.4 Hz, 3H, 

CH3).13C NMR (176 MHz, CDCl3); δ 172.5 (CO), 168.6 (CO), 167.2 (CO), 152.5 (CS), 

117.5 (CH), 38.6 (CH2), 32.1 (CH2), 31.3 (CH2), 28.7 (CH2), 27.8 (CH2), 22.6 (CH2), 

14.1 (CH3); IR (thin film) 3072 (m), 2959 (b), 1770 (m), 1704 (s); LRMS (ESI-) 270 (100, 

[M-H]-); HRMS (ESI-) calcd for C12H17NO4S [M-H]- 270.0806, observed 270.0789. 

 

1-(3-Bromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-2-oxo-6,9,12,15,18-pentaoxa-3-

azahenicosan-21-oic acid 70 

 

Method adapted from reference.187 EEDQ (0.909 g, 3.65 mmol) was added to a stirred 

solution of bromomaleimide 2 (0.711 g, 3.04 mmol) in MeCN (35 mL). The reaction 

was stirred at room temperature for 1 h, and tert-butyl 1-amino-3,6,9,12,15-

pentaoxaoctadecan-18-oate was added (1.00 g, 2.74 mmol). The reaction was stirred 

for a further 30 min, and the solvent was removed in vacuo. The crude product was 

dissolved in EtOAc (100 mL) and washed with 10% citric acid solution (3 x 20 mL), 

water (2 x 20 mL), brine (2 x 20 mL) and dried with MgSO4. The organic layer was 

concentrated in vacuo and the crude product purified with flash chromatography (0-

10% MeOH in DCM). The product was then stirred in TFA (5 mL) for 5 h at room 

temperature. The resulting mixture was concentrated in vacuo and the product was 

obtained as a dark brown, highly viscous oil (0.984 g, 1.88 mmol, 68%). 

1H NMR (600 MHz, CDCl3) δ 6.94 (s, 1H, CH), 4.29 (s, 2H, NCH2), 3.78 (t, J = 5.8 Hz, 

2H, CH2), 3.70 (s, 4H, 2 x CH2), 3.69 – 3.62 (m, 12H, 6 x CH2), 3.59 (dd, J = 5.5, 4.3 

Hz, 2H, CH2), 3.46 (q, J = 5.3 Hz, 2H, CH2), 2.61 (t, J = 5.9 Hz, 2H, CH2);13C NMR 

(151 MHz, CDCl3) δ 174.1 (CO), 168.3 (CO), 166.1 (CO), 165.2 (CO), 132.4 (CH), 

131.7 (CBr), 70.8 (CH2), 70.7 (CH2), 70.6 (CH2), 70.6 (CH2), 70.4 (CH2), 70.3 (CH2), 

70.3 (CH2), 70.1 (CH2), 69.8 (CH2), 66.7 (CH2), 41.0 (CH2), 39.7 (CH2), 35.3 (CH2); IR 

(thin film) 2873 (br), 1717 (s), 1685 (m) cm-1; LRMS (ES+) 542 (98, [M79Br+NH4]+), 544 
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(100, [M81Br+NH4]+), 574 (40, [M79Br+H+CH3OH+NH4]+), 576 (40, [M81Br+ 

H+CH3OH+NH4]+); HRMS (ES+) calcd for C19H29N2O10Br [M79Br+H]+ 525.1073, 

observed 525.1078. 

 

MBM-C2-PEG[5]-PTX 28 

 

Owing to the cytotoxic nature of the compound, this final compound was synthesised 

by Recipharm AB in the following manner: 

To a solution of Bromomaleimide 70 (0.990 g, 1.88 mmol) in DCM (100 mL) at 0 ºC, 

DCC (0.390 g, 1.88 mmol) was added. The mixture was stirred at 0 ºC for 15 min and 

then at room temperature for another 15 min. Paclitaxel (1.60 g, 1.88 mmol) was then 

added at 0 ºC followed by DMAP (23.0 mg, 0.190 mmol). The mixture was allowed to 

slowly reach room temperature overnight. The solution was filtered to remove the 

majority of the dicyclohexylurea impurity and then concentrated to a light brown solid. 

The material was purified using preparative HPLC and gave the target molecule (853 

mg, 0.627 mmol, 33%) as a white solid.  

Purity of 98% confirmed by HPLC, mass spectrometry and 1H NMR analysis (LC trace 

shows single product).311 MS Data shows half mass ion for compound: 681.8 Da; 

Expected full mass ion: 1361 Da. 
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3,4-Dibromo-1-phenyl-1H-pyrrole-2,5-dione356 71 

 

Synthesised by Alfie Wills (UCL Chemistry) according to reference.340  

 

Methyl S-(4-bromo-1-methyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-N-(tert-

butoxycarbonyl)-L-cysteinate 31 

 

To dibromomaleimide 30 (0.343 g, 1.27 mmol) and sodium acetate (0.055 g, 0.669 

mmol) dissolved in methanol (100 mL), methyl (tert-butoxycarbonyl)-L-cysteinate 

(0.150 g, 0.637 mmol) dissolved in methanol (20 mL) was added dropwise over 90 

minutes and the resultant solution stirred at room temperature for 30 minutes. The 

solvent was removed in vacuo to yield the crude product. Purification by column 

chromatography (0-100% EtOAc/petroleum ether) yielded the product as a yellow oil 

that crystallised upon standing (0.188 g, 0.444 mmol, 70%).  

 

m.p. 126.0-129.0 °C340; 1H NMR (700 MHz, CDCl3); δ 5.26 (d, J = 8.1 Hz, 1H, CONH), 

4.67 (d, J = 6.4 Hz, 1H, HNCHCO), 3.95 (dd, J = 14.1, 4.5 Hz, 1H, SCHH), 3.77 (s, 

3H, OCH3), 3.69 (dd, J = 14.1, 6.8 Hz, 1H, SCHH), 3.06 (s, 3H, NCH3), 1.42 (s, 9H, 

C(CH3)3); 13C NMR (151 MHz, CDCl3); δ 170.6 (CO), 166.2 (CO), 164.1 (CO), 155.0 

(CO), 142.2 (CS), 120.3 (BrC), 80.7 (C), 53.9 (CH), 53.0 (CH3), 33.4 (CH2), 28.4 (CH3), 

25.1 (CH3); IR (solid); 1740 (s), 2950 (w), 3350 (m) cm-1; LRMS (ES+) 323.0 (60, 

[M79Br+H-Boc]+), 325.0 (60, [M81Br+H-Boc]+) 423.0 (65, [M79Br+H]+), 425.0 (60, 

[M81Br+H]+); HRMS (EI) calcd for C14H20N2O6SBr [M79Br+H]+ 423.0226, observed 

423.0222.  
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Figure A1: Absorbance spectra recorded in 10% THF in PBS (pH 7.4), ε375 2910 M-1 

 

S-(4-bromo-2,5-dioxo-1-phenyl-2,5-dihydro-1H-pyrrol-3-yl)-N-(tert-butoxycarbonyl)-L-

cysteinate 32  

 

Synthesised by Alfie Wills (UCL Chemistry) according to reference.340  
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Synthesis of amino-thiomaleimides in organic solvent (33-38) 

 

Table A1: Amine reactions in methanol. 

R R1-(Amine) Equiv. of amine Time† Yield 

Ph* Piperidine 2 20 min 98% 

Ph* Piperidine 5 10 min 99% 

Ph* Pyrrolidine 2 15 min 96% 

Ph* Pyrrolidine 5 5 min 99% 

Me* Pyrrolidine 2 10 min 92% 

Me* Aniline 2 24 h 82% 

Me p-anisidine 2 24 h 90% 

Me N-Me p-anisidine 2 24 h 88% 

All R=Me reactions are 21 mg 31 in 24 mL (2.1 mM) final volume, R=Ph reactions are all different conc. (2.1-7.8 mM of 32). † 

Reaction times measured by TLC. * Carried out by Alfie Wills (UCL Chemistry) according to reference.340 
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Methyl N-(tert-butoxycarbonyl)-S-(4-((4-methoxyphenyl)amino)-1-methyl-2,5-dioxo-

2,5-dihydro-1H-pyrrol-3-yl)-L-cysteinate 37 

 

To bromothiomaleimide 31 (0.021 g, 0.050 mmol) dissolved in methanol (20 mL), p-

anisidine (0.012 g, 0.100 mmol) dissolved in methanol (4 mL) was added dropwise and 

the resultant solution stirred for 24 hours at room temperature. The solvent was 

removed in vacuo to yield the crude product, which was then dissolved in EtOAc 

(30mL) and washed with 10% citric acid solution (2 x 10 mL), water (1 x 10 mL) and 

dried over MgSO4. The mixture was filtered and the solvent again removed in vacuo 

before purification by column chromatography (0-50% EtOAc /hexane) yielded the 

product as a yellow oil (0.021 g, 0.045 mmol, 90%). 

 
1H NMR (700 MHz, CDCl3); δ 7.35 (s, 1H, ArNH), 7.22 (d, J = 8.3 Hz, 2H, ArH), 6.92 

(d, J = 8.4 Hz, 2H, ArH), 5.36 (d, J = 8.4 Hz, 1H, NH), 4.36 (dt, J = 9.4, 5.0 Hz, 1H, 

CH), 3.84 (s, 3H, ArOCH3), 3.63 (d, J = 1.1 Hz, 3H, COOCH3), 3.05 (s, 3H, NCH3), 

2.94 (dd, J = 14.1, 5.0 Hz, 1H, SCHH), 2.72 (dd, J = 14.1, 4.7 Hz, 1H, SCHH), 1.43 (s, 

9H, (CH3)3); 13C NMR (176 MHz, CDCl3); δ 171.2 (CO), 171.1 (CO), 166.7 (CO), 158.6 

(CO), 155.3 (C), 145.2 (C), 128.7 (C), 126.5 (C), 114.0 (C), 90.6 (SC), 80.2 (C), 55.6 

(CH), 53.2 (CH3), 52.5 (CH3), 37.2 (CH2), 28.4 (CH3), 24.5 (CH3); IR (thin film); 1679 

(s), 1703 (s), 1752 (s), 3340 (m), 3374 (m) cm-1; LRMS (ES+) 466.2 (100, [M+H]+); 

HRMS (ES+) calcd for C21H28N3O7S [M+H]+ 466.1648, observed 466.1632. ε415 4250 

M-1. 
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Figure A2: Absorbance spectra recorded in 10% THF in PBS (pH 7.4), ε415 4250 M-1. 

 

Methyl N-(tert-butoxycarbonyl)-S-(4-((4-methoxyphenyl)(methyl)amino)-1-methyl-2,5-

dioxo-2,5-dihydro-1H-pyrrol-3-yl)-L-cysteinate 38 

 

To bromothiomaleimide 31 (0.021 g, 0.050 mmol) dissolved in methanol (20 mL), N-

methyl p-anisidine (0.014 g, 0.100 mmol) dissolved in methanol (4 mL) was added 

dropwise and the resultant solution stirred for 24 hours at room temperature. The 

solvent was removed in vacuo to yield the crude product, which was then dissolved in 

EtOAc (30 mL) and washed with 10% citric acid solution (2 x 10 mL), water (1 x 10 

mL) and dried over MgSO4. The mixture was filtered and the solvent again removed in 

vacuo before purification by column chromatography (0-50% EtOAc/hexane) yielded 

the product as an orange oil (0.021 g, 0.044 mmol, 88%). 

 
1H NMR (700 MHz, CDCl3); δ 7.13 (d, J = 8.4 Hz, 2H, ArH), 6.92 (d, J = 8.4 Hz, 2H, 

ArH), 5.47 (d, J = 8.4 Hz, 1H, NH), 4.41 (dt, J = 9.2, 4.8 Hz, 1H, CH), 3.83 (s, 3H, 

ArOCH3), 3.74 (s, 3H, ArNCH3), 3.64 (s, 3H, COOCH3), 3.19 (dd, J = 14.1, 4.9 Hz, 1H, 
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SCHH), 2.98 (s, 3H, NCH3), 2.85 (dd, J = 14.2, 4.7 Hz, 1H, SCHH), 1.46 (s, 9H, (CH3)3); 
13C NMR (176 MHz, CDCl3) δ 171.5 (CO), 170.1 (CO), 166.1 (CO), 158.8 (CO), 155.4 

(C), 148.9 (C), 139.0 (C), 126.8 (C), 114.7 (C), 95.0 (SC), 80.2 (C), 55.6 (CH), 53.1 

(CH3), 52.4 (CH3), 43.3 (CH3), 36.9 (CH2), 28.5 (CH3), 24.2 (CH3); IR (thin film); 1697 

(s), 1747 (s), 2932 (br), 2999 (w), 3366 (m) cm-1; LRMS (ES+) 480.2 (100, [M+H]+); 

HRMS (ES+) calcd for C22H30N3O7S [M+H]+ 480.1804, observed 480.1798. 

 

Figure A3: Absorbance spectra recorded in 10% THF in PBS (pH 7.4). 
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Synthesis of amino-thiomaleimides in buffer (35-39) 
 

 

Table A2: Amine reactions in THF/PBS buffer. 

R R1-(Amine) Equiv. of amine Yield 

Me* Pyrrolidine 100 72% 

Me* Aniline 100 96% 

Me p-anisidine 10 90% 

Me p-anisidine 100 86% 

Me N-Me p-anisidine 10 76% 

All reactions are 21 mg 31 in 50 mL (1 mM) final volume. PBS (pH 7.4, 25 mM phosphates) was used. * Carried out by Alfie 

Wills (UCL Chemistry) according to reference.340 

 

Methyl N-(tert-butoxycarbonyl)-S-(4-((4-methoxyphenyl)amino)-1-methyl-2,5-dioxo-

2,5-dihydro-1H-pyrrol-3-yl)-L-cysteinate 37 under buffered conditions  

 

Bromothiomaleimide 31 (0.021 g, 0.050 mmol) was dissolved in THF (5 mL). p-

anisidine (0.062 g, 0.500 mmol)  in THF (10 mL) was dissolved in phosphate buffer 

solution (35 mL, 25 mM phosphates) and the pH adjusted to 7.4 using HCl (1 M). The 

resultant amine solution was quickly added to the initial solution and stirred at room 

temperature for 1 hour. Brine (10 mL) was added to the solution, and the organic 
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product was extracted with CHCl3 (3 × 30 mL) and dried over MgSO4. The solvent was 

removed in vacuo to yield the crude product, which was then dissolved in EtOAc 

(30mL) and washed with 10% citric acid solution (2 x 10 mL), water (1 x 10 mL) and 

dried over MgSO4. The mixture was filtered and the solvent again removed in vacuo 

before purification by column chromatography (0-50% EtOAc /hexane) yielded the 

product as a yellow oil (0.021 g, 0.045 mmol, 90%).  

N.B. Same protocol followed for 100 equiv. experiment shown in table Table A2. 

Analytical data matches that of the organic solvent method to compound (vide supra). 

 

Methyl N-(tert-butoxycarbonyl)-S-(4-((4-methoxyphenyl)(methyl)amino)-1-methyl-2,5-

dioxo-2,5-dihydro-1H-pyrrol-3-yl)-L-cysteinate 38 under buffered conditions  

 

Bromothiomaleimide 31 (0.021 g, 0.050 mmol) was dissolved in tetrahydrofuran (5 

mL). N-methyl p-anisidine (0.067 g, 0.500 mmol)  in THF (10 mL) was dissolved in 

phosphate buffer solution (35 mL, 25 mM phosphates) and the pH adjusted to 7.4 using 

HCl (1 M). The resultant amine solution was quickly added to the initial solution and 

stirred at room temperature for 1 hour. Brine (10 mL) was added to the solution, and 

the organic product was extracted with CHCl3 (3 × 30 mL) and dried over MgSO4. The 

solvent was removed in vacuo to yield the crude product, which was then dissolved in 

EtOAc (30mL) and washed with 10% citric acid solution (2 x 10 mL), water (1 x 10 mL) 

and dried over MgSO4. The mixture was filtered and the solvent again removed in 

vacuo before purification by column chromatography (0-40% EtOAc/hexane) yielded 

the product as an orange oil (0.018 g, 0.038 mmol, 76%). 

Analytical data matches that of the organic solvent method to compound (vide supra). 
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N-(tert-butoxycarbonyl)-S-(1-methyl-4-(1-methylhydrazineyl)-2,5-dioxo-2,5-dihydro-

1H-pyrrol-3-yl)-L-cysteinate 39 

 

Bromothiomaleimide 31 (0.021 g, 0.050 mmol) was dissolved in tetrahydrofuran (5 

mL). N-methyl hydrazine (0.026 mL, 0.500 mmol)  in THF (10 mL) was dissolved in 

phosphate buffer solution (35 mL, 25 mM phosphates) and the pH adjusted to 7.4 using 

HCl (1 M). The resultant amine solution was quickly added to the initial solution and 

stirred at room temperature overnight. Brine (10 mL) was added to the solution, and 

the organic product was extracted with CHCl3 (3 × 30 mL) and dried over MgSO4. The 

solvent was removed in vacuo to yield the crude product, which was then purified by 

column chromatography (40-100% EtOAc/hexane) yielded the product as a yellow oil 

(0.016 g, 0.041 mmol, 82%). 

1H NMR (700 MHz, CDCl3); δ 5.62-5.61 (m, 1H, CONH), 5.44 (s, 2H, NNH2), 4.49 (br 

s, 1H, CHCO), 3.68 (s, 3H, OCH3), 3.66 (s, 3H, NH2NCH3), 3.10 (d, J = 5.3 Hz, 2H, 

SCH2), 2.99 (s, 3H, NCH3), 1.43 (s, 9H, (CH3)3); 13C NMR (176 MHz, CDCl3); δ 171.7 

(CO), 170.1 (CO), 165.3 (CO), 155.5 (CO), 147.7 (CN), 85.3 (CS) 80.5 (C), 53.4 (CH), 

52.7 (CH3), 43.2 (CH3), 38.9 (CH2), 28.4 (CH3), 24.4 (CH3); IR (thin film); 1597 (m), 

1740 (s), 2922 (w) cm-1; LRMS (ES+) 389.2 (5, [M+H]+), 289.1 (100, [M+H-Boc]+); 

HRMS (ES+) calcd for C15H25N4O6S [M+H]+ 389.1489, observed 389.1488.  

 

2-(4-Hydroxyphenyl)isoindoline-1,3-dione359 72 
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Synthesised according to reference. p-Aminophenol (0.275 g, 2.52 mmol was added 

to phthalic anhydride (0.373 g, 2.52 mmol) dissolved in acetic acid (10 mL). The 

mixture was stirred and refluxed for 16 h. After cooling to room temperature, the 

precipitate was filtered and washed with methanol (10 mL). Removal of solvent by 

evaporation afforded a violet solid (0.391 g, 1.63 mmol, 65%). 

1H NMR (600 MHz, DMSO); δ 9.75 (s, 1H, OH), 7.95-7.93 (m, 2H, ArH), 7.90-7.88 (m, 

2H, ArH), 7.21 (dt, J = 8.9, 2.8 Hz, 2H, ArH), 6.87 (dt, J = 8.9, 2.8 Hz, 2H, ArH); 13C 

NMR (151 MHz, DMSO); δ 167.4 (CO), 157.3 (ArC), 134.6 (ArC), 131.6 (ArC), 128.8 

(ArC), 123.3 (ArC), 122.9 (ArC), 115.4 (ArC). 

 

 ((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) bis(4-

methylbenzenesulfonate)360 73 

 

Tosyl chloride (2.33 g, 12.23 mmol) dissolved in DCM (5 mL) was added in two 

portions, 30 min apart, to a stirred solution of tetra ethylene glycol (1.08 g, 5.56 mmol) 

in pyridine (3.6 mL) at 0 oC. The mixture was stirred for 6 h at 0 °C. Ice water (30 mL) 

was added to the reaction mixture and the target molecule was extracted with EtOAc 

(3 x 30 mL). The organic layer was washed with HCl (2M, 2 x 13 mL). The organic 

layer was then dried with MgSO4, filtered and the solvent removed on the rotary 

evaporator to afford a colourless oil (1.74 g, 3.46 mmol, 62%).   

1H NMR (600 MHz, CDCl3); δ 7.79 (dt, J = 8.4, 2.0 Hz, 4H, ArH), 7.34-7.33 (m, 4H, 

ArH), 4.16-4.14 (m, 4H, CH2OS), 3.68-3.67 (m, 4H, OCH2), 3.58-3.54 (m, 8H, 4 x 

OCH2), 2.44 (s, 6H, 2 x CH3); 13C NMR (151 MHz, CDCl3); δ 145.0 (ArC), 133.0 (ArC), 

130.0 (ArC), 128.1 (ArC), 70.9 (CH2), 70.7 (CH2), 69.4 (CH2), 68.8 (CH2), 21.8 (CH3). 

NMR data matches that of literature preparation. 
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2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate361 74 

 

Synthesised according to reference. To a solution of 73 (0.240 g, 0.480 mmol) in 

ethanol (5 mL) was added sodium azide (0.033 g, 0.510 mmol). The resulting solution 

was heated at 80 °C for 16 h. The reaction was then poured into ice water (15 mL) and 

the product was extracted with ethyl acetate (3 x 15 mL). The organic extracts were 

washed with water (15 mL), brine (15 mL) and dried with MgSO4. The resulting mixture 

was filtered, the solvent removed on the rotary evaporator and the crude product 

purified by column chromatography (25-80% EtOAc/petroleum ether) to yield a light 

brown oil (0.063 g, 0.169 mmol, 35%). 

1H NMR (600 MHz, CDCl3); δ 7.79-7.76 (m, 2H, ArH), 7.33-7.32 (m, 2H, ArH), 4.15-

4.13 (m, 2H, SOCH2), 3.68-3.62 (m, 8H, OCH2), 3.58-3.57 (m, 4H, OCH2), 3.36 (t, 2H, 

J = 5.3 Hz, CH2N3), 2.43 (s, 3H, CH3); 13C NMR (151 MHz, CDCl3); δ 144.9 (ArC), 

133.1 (ArC), 129.9 (ArC), 128.1 (ArC), 70.9 (CH2), 70.8 (CH2), 70.8 (CH2), 70.7 (CH2), 

70.2 (CH2), 69.4 (CH2), 68.8 (CH2), 50.8 (CH2), 21.8 (CH3); IR (thin film); 2100 (m), 

2869 (w) cm-1; LRMS (ES+) 391.2 (100, [M+NH4]+); HRMS (ES+) calcd for C15H24N3O6S 

[M+NH4]+ 391.1651, observed 391.1606. 

 

2-(4-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethoxy)phenyl)isoindoline-1,3-dione 75 

 

Phthalimide 72 (0.189 g, 0.791 mmol) was added to potassium tert-butoxide (725 μL, 

1M in THF) in DMF (20 mL) and left to stir at room temperature for 5 min. Azide 74 

(0.245 g, 0.659 mmol) was then added, and the reaction mixture was heated at 90 °C 

for 16 h. Water (100 mL) was added to the reaction, and the organic phase was 

extracted with EtOAc (3 x 30 mL). The organic extracts were washed with saturated 
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lithium chloride solution (2 x 30 mL) and then dried with MgSO4. The solvent was 

removed on the rotary evaporator and the crude product was purified by column 

chromatography (25-80% EtOAc/petroleum ether). The product was collected as a 

clear yellow oil (0.202 g, 0.459 mmol, 70%). 

1H NMR (600 MHz, CDCl3); δ 7.89-7.88 (m, 2H, ArH), 7.74-7.73 (m, 2H, ArH), 7.30-

7.28 (m, 2H, ArH), 7.01-6.98 (m, 2H, ArH), 4.15-4.13 (m, 2H, OCH2), 3.85-3.83 (m, 2H, 

OCH2), 3.71-3.70 (m, 2H, OCH2), 3.67-3.62 (m, 8H, 4 x OCH2), 3.35-3.33 (m, 2H, 

CH2N3); 13C NMR (151 MHz, CDCl3); δ 167.6 (CO), 158.6 (ArC), 134.5 (ArC), 131.9 

(ArC), 128.0 (ArC), 124.6 (ArC), 123.8 (ArC), 115.2 (ArC), 71.0 (CH2), 70.8 (CH2), 70.8 

(CH2), 70.8 (CH2), 70.1 (CH2), 69.7 (CH2), 67.9 (CH2), 50.8 (CH2); IR (thin film); 1704 

(s), 2112 (m), 2864 (w) cm-1; LRMS (ES+) 441.2 (100, [M+H]+); HRMS (ES+) calcd for 

C22H25N4O6 [M+H]+ 441.1747, observed 441.1762.  

 

4-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethoxy)aniline362 52 

 

To phthalimide 75 (0.141 g, 0.320 mmol) in THF (10 mL) was added hydrazine 

monohydrate (330 μL, 5.74 mmol, 60% solution). The reaction was stirred at room 

temperature for 2 h before water (30 mL) was added. The crude product was extracted 

with EtOAc (3 x 30 mL), washed with brine (20 mL), dried with MgSO4, filtered and the 

solvent removed on the rotary evaporator. The crude product was purified by column 

chromatography (20-100% EtOAc/petroleum ether) to yield the product as a brown oil 

(0.073 g, 0.233 mmol, 73%). 

1H NMR (600 MHz, CDCl3); δ 6.74-6.73 (m, 2H, ArH), 6.61-6.60 (m, 2H, ArH), 4.04-

4.03 (m, 2H, OCH2), 3.80-3.79 (m, 2H, OCH2), 3.70-3.69 (m, 2H, OCH2), 3.68-3.64 (m, 

8H, 4 x OCH2), 3.43 (br s, 2H, NH2), 3.36 (t, J = 5.1 Hz, 2H, CH2N3); 13C NMR (151 

MHz, CDCl3); δ 152.0 (ArC), 140.4 (ArC), 116.4 (ArC), 116.0 (ArC), 70.9 (CH2), 70.8 

(CH2), 70.8 (CH2), 70.8 (CH2), 70.1 (CH2), 70.0 (CH2), 68.3 (CH2), 50.8 (CH2); IR (thin 

film); 2098 (m), 2869 (m), 3356 (w), 3430 (w) cm-1; LRMS (ES+) 311.2 (100, [M+H]+); 

HRMS (ES+) calcd for C15H19N8 [M+H]+ 311.1733, observed 311.1719. 
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4.2. Regioselectivity of MBM Hydrolysis 

Hydrolysis of N-methylmonobromomaleimide 

 

N-Methyl monobromomaleimide (6.00 mg, 0.0316 mmol) was dissolved in DMSO (800 

µL). NaOH (1M) was added dropwise to bring the solution to pH 11. The solution was 

analysed by NMR. Proton and carbon correlation was elucidated by HMBC and HSQC. 

The ratio of the major and minor hydrolyte regioisomers was worked out as an average 

of the integrations of the alkene and methyl proton environments (hydrolytes A and B 

observed in ratio 28:72). 

1H NMR (700 MHz, DMSO) δ 10.80 (s, 1H, NHA), 9.81 (d, J = 5.5 Hz, 1H, NHB), 6.82 

(s, 1H, HA), 6.15 (s, 1H, HB), 2.71 (d, J = 4.6 Hz, 3H, CH3A), 2.66 (d, J = 4.7 Hz, 3H, 

CH3B); 13C NMR (176 MHz, DMSO) δ 166.5 (COOHA), 164.8 (COOHB), 164.2 

(CONHB), 162.6 (CONHA), 139.1 (C=CHA), 135.5 (CBrB), 125.2 (C=CHB), 123.7 (CBrA), 

26.3 (CH3A), 25.6 (CH3B). 

Hydrolysis of 3-(hexylthio)-1-methyl-1H-pyrrole-2,5-dione 

 

3-(hexylthio)-1-methyl-1H-pyrrole-2,5-dione (6.00 mg, 0.0264 mmol) was dissolved in 

DMSO (800 µL). NaOH (1M) was added dropwise to bring the solution to pH 11. The 

solution was analysed by NMR. Proton and carbon correlation was elucidated by 

HMBC and HSQC. The ratio of the major and minor hydrolyte regioisomers was 

worked out as an average of the integrations of the alkene and methyl proton 

environments (hydrolytes A and B observed in ratio 12:88).  
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1H NMR (700 MHz, DMSO) δ 9.93 (s, 1H, NHB), 5.67 (s, 1H, C=CHA), 5.03 (s, 1H, 

C=CHB), 2.48 (d, J = 4.5 Hz, 3H, CH3A), 2.45 (d, J = 4.6 Hz, 3H, CH3B), 2.43 (t, J = 7.4 

Hz, 2H, SCH2B), 1.39 (p, J = 7.8 Hz, 2H, CH2B), 1.24 – 1.18 (m, 2H, CH2B), 1.16 – 1.06 

(m, 4H, 2 x CH2B), 0.72 (t, J = 7.0 Hz, 3H, CH3B). Not all environments visible by NMR 

for minor isomer; 13C NMR (176 MHz, DMSO) δ 166.8 (COOHB), 165.3 (CONHB), 

152.1 (SCB), 118.3 (C=CHA), 113.6 (C=CHB), 30.8 (CH2B), 30.5 (CH2B), 28.1 (CH2B), 

27.6 (CH2B), 25.5 (NCH3B), 22.0 (CH2B), 13.8 (CH3B). Not all environments visible by 

NMR for minor isomer.  

 

4.3. NMR Reactions Appraising Amine Reactivity 
with Bromothiomaleimide 31 

Methyl S-(4-bromo-1-methyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-N-(tert-

butoxycarbonyl)-L-cysteinate (0.002 g, 0.0047 mmol) was dissolved in CD3CN (0.280 

mL) in an NMR tube. Amine dissolved in phosphate buffer with 1% CD3CN (2 eq., 

0.700 mL, 13.5 mM amine, 100 mM phosphates, pH 7.4) was added to the organic 

solution (the resulting pH was then measured to be pH 7.8) and data acquisition carried 

out over the course of 24 h. Air inside a pasteur pipette was saturated with TMS vapour. 

The vapour was then bubbled through the NMR tube before the reaction was vortexed 

to ensure homogeneity of the reaction mixture. The reaction was left at room 

temperature and monitored by NMR, using the Bruker water suppression 1H NMR 

program. The ratio of the integrals of the starting material and product peaks could be 

calculated and then the progress of the reaction monitored until completion.  
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4.4. NMR Stability Assays 

Buffer stability - pH 7.4: 

Aminothiomaleimide 37 (4.30 μmol, 500 μL, 8.60 mM in CD3CN) was added to PB (700 

μL, 100 mM phosphates). The pH was corrected to 7.4 and the solution was incubated 

at 21 oC for 6 days. The solution was analysed by 1H NMR. The N-Me peak at 2.98 

ppm was monitored carefully to observe if a reaction occurred. No reaction was 

observed. 

Thiol stability. pH 7.4: 

Aminothiomaleimide 37 (4.30 μmol, 500 μL, 8.60 mM in CD3CN) was added to 2-

mercaptoethanol (8.60 μmol, 700 μL, 12.28 mM in PB (100 mM phosphates), 2 equiv.). 

The pH was corrected to 7.4 and the solution was incubated at 21 oC for 7 days. The 

solution was analysed by 1H NMR. The N-Me peak at 2.98 ppm was monitored 

carefully to observe if a reaction occurred. No reaction was observed. 

Buffer stability - pH 5.0:  

Aminothiomaleimide 37 (2.15 μmol, 500 μL, 4.30 mM in CD3CN) was added to NaOAc 

buffer (700 μL, 100 mM). The pH was corrected to 5.0 and the solution was incubated 

at 21 oC for 8 days. The solution was analysed by 1H NMR. The N-Me peak at 2.97 

ppm was monitored carefully to observe if a reaction occurred. No reaction was 

observed.  

 

4.5. Bioconjugation General Remarks 

Recombinant Human Serum Albumin (WT HSA) was provided by Albumedix 

(Recombumin® Elite, batch no. AX190201). Albumin variants C34A + K93C (vHSA) 

and C34A + E294C (v2HSA) were kindly provided by Albumedix, having been 

expressed according to literature.130 Green Fluorescent Protein variant GFPS147C 

(GFP) was kindly provided by Calise Bahou (UCL Chemistry), having been expressed 

according to literature.171 Cell penetrating peptide (CPP) P218R was kindly provided 

by collaborator Dr Michelle Ma (Kings College London). All buffer solutions were 
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prepared with doubly deionised water, degassed with argon and filtered before use. 

Phosphate-buffered saline (PBS) was 137 mM NaCl and 12 mM sodium phosphates 

at pH 7.4. 

All bioconjugation reactions were carried out at atmospheric pressure in 1.5 ml 

Eppendorf tubes. Room temperature is defined as 20-22 oC. Centrifugation was carried 

out with an Eppendorf 5415 R centrifuge, at 12.6 RPM. 

For protein MS analysis, capillary liquid chromatography mass spectrometry (CapLC-

MS) was performed on an Agilent 1100/1200 LC system connected to a 6510A QTOF 

mass spectrometer (Agilent, UK). A PLRP-s, 1000 Å, 8 μM column was used. Unless 

otherwise stated, samples were prepared for LCMS by using a Zebaspin (7 kDa) or 

ultrafiltration unit (10 kDa MWCO) to buffer exchange into deionised H2O. Protein 

samples were submitted at 4 µM. Ion series were generated by integration of the total 

ion chromatogram (TIC) over the full peak range within Agilent MassHunter software 

(version B.07.00). The data was then analysed by deconvoluting the spectrum to a 

zero charge mass spectra using the maximum entropy deconvolution algorithm within 

Agilent MassHunter software (version B.07.00). 

LC Method A:  

The LC column was heated to 60 °C. The gradient elution was as follows: 15% B for 2 

min increase to 32% B in 1 min (isocratic for 1 min at 32% B) increase to 35% B in 10 

min, following by increase to 95% B over 4 min (isocratic for 2 min at 95% B), at 22 

min of LC-MS run 15% B for another 3 min to condition the LC column for the next run. 

The flow rate was 0.3 mL/min. Proteins eluted at ~ 19 min for this method. 

LC Method B: 

The LC column was heated to 60 °C. The gradient elution was as follows: 25% B 

(isocratic for 1 min) increase to 99% B in 16 min and stay at 99% B for 2 min following 

a sharp decrease to 25% B in 0.1 min and isocratic for 1.9 min at 25% B. The flow rate 

was 0.25 mL/min. Proteins eluted at ~ 9 min for this method. 
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LC Method C:  

The LC column was heated to 60 °C. The gradient elution was as follows: 25% B for 1 

min followed by increase to 99% B over 16 min. After 2 min, 99% B was decreased to 

25% over 0.1 min and maintained at 25% B for 1.9 min. The flow rate was 0.3 mL/min. 

Proteins eluted at ~ 8 min for this method. 

Peptide LCMS was performed using a Waters Acquity uPLC connected to a Waters 

Acquity Single Quad Detector (SQD). Samples were run with the following parameters. 

Column: Hypersil Gold C4, 1.9 μm, 2.1 μm × 50 μm. Wavelength: 254 nm. Mobile 

Phase: 95:5 Water (0.1% Formic Acid): MeCN (0.1% Formic Acid) Gradient over 4 min 

(to 5:95 Water (0.1% Formic Acid): MeCN (0.1% Formic Acid). Flow Rate: 0.6 mL/min. 

MS Mode: ES+. Scan Range: m/z = 250 – 2000. Scan time: 0.25 s. Data obtained in 

continuum mode. The electrospray source of the MS was operated with a capillary 

voltage of 3.5 kV and a cone voltage of 50 V. Nitrogen was used as the nebulizer and 

desolvation gas at a total flow of 600 L/h. Ion series were generated by integration of 

the total ion chromatogram (TIC) over the full peak range. Total mass spectra for 

protein samples were reconstructed from the ion series using the MaxEnt 1 algorithm 

pre-installed on MassLynx software. 

Fluorescence analysis was carried out with a Cary Fluorescence spectrophotometer 

and recorded with Cary Fluorescence kinetics software. A quartz fluorescence cuvette 

was used to hold samples. All fluorescence analyses were carried out at room 

temperature. All samples were baseline corrected. 

UV analysis was carried out with either a Cary UV spectrophotometer and recorded 

with Cary WinUV software, or a Shimadzu UV-2600 spectrophotometer with UVProbe 

software. A quartz cuvette with a 1 cm path length was used to hold samples. Unless 

stated, all UV scan experiments were carried out at room temperature. All samples 

were baseline corrected. UV Kinetics experiments were carried out with Cary Kinetics 

software and unless stated all kinetics experiments were carried out at 25 oC:  

absorbance data at 375 and 415 nm were obtained, with data timepoints at 415 nm 

obtained at 2.6 seconds after the respective timepoint at 375 nm. NB: This small time 

difference was not taken into account in the kinetics graph for GFP. For all 

experiments, data points acquired when amine was being added to the cuvette 
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(outside the machine) have been omitted. For clarity, the 375 nm data was plotted until 

a plateau was observed, upon which point the 415 nm data was plotted to show the 

progress of amine addition. The 415 nm plot was then stopped when a plateau was 

observed. Where experiments have been left in the UV machine for longer (due to 

running overnight experiments, for example) before MS analysis, this has been 

indicated in the text. 

 

4.5.1. Bioconjugation Reactions 

4.5.1.1. HSA-MBM Bioconjugation 

Procedure for modification of HSA with bromomaleimide 4: 

Bromomaleimide 4 (16.3 µL, 12.5 mM, 1.5 equiv. in DMF) was added to HSA (750 μL, 

181 μM) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 

30 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Procedure for modification of HSA with bromomaleimide 4 (protocol limiting lysine 

modification): 

Bromomaleimide 4 (0.24 µL, 50 mM, 0.9 equiv. in DMF) was added to HSA (300 μL, 

44 μM) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 

15 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Procedure for modification of HSA with bromomaleimide 4 (protocol limiting lysine 

addition) followed by conjugate 5 hydrolysis study: 

Bromomaleimide 4 (5.0 µL, 12.5 mM, 0.9 equiv. in DMF) was added to HSA (380 μL, 

183 μM) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 

15 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units) and the conjugate was buffer exchanged into 

ammonium acetate (pH 8.0). The sample was added to a cuvette and the increase in 
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fluorescence at 559 nm (excitation 337 nm) at room temperature was monitored over 

time with a fluorimeter. 

Procedure for modification of HSA with bromomaleimide 8: 

Bromomaleimide 8 (4.62 µL, 1.1 equiv., 10 mM in DMF) was added to HSA (200 μL, 

210 μM) in PBS buffer (50mM phosphates, pH 7.4) and left at room temperature. After 

10 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Procedure for modification of HSA with bromomaleimide 8 followed by conjugate 

hydrolysis study: 

Bromomaleimide 8 (4.4 µL, 1.1 equiv. 10 mM in DMF) was added to HSA (200 μL, 200 

μM) in PBS buffer (50mM phosphates, pH 7.4) and left at room temperature. After 15 

minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units) and the conjugate was buffer exchanged into 

ammonium acetate (pH 8.0). The sample was added to a cuvette and the increase in 

fluorescence at 559 nm (excitation 337 nm) at room temperature was monitored over 

time with a fluorimeter. 

Procedure for modification of HSA with bromomaleimide 10 and 13: 

Bromomaleimide 10 (3.68 µL, 2.0 equiv., 10.0 mM in DMF) was added to HSA (100 

μL, 184 μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 10 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS.  

Bromomaleimide 13 (7.16 µL, 5.0 equiv., 26.24 mM in DMSO) was added to HSA (200 

μL, 184 μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 20 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 
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Procedure for modification of HSA with bromomaleimide 10 and 13 followed by 

conjugate hydrolysis study: 

Bromomaleimide 10 (5.54 µL, 10.0 mM, 1.5 equiv. in DMF) was added to HSA (200 

μL, 184 μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 20 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units) and the conjugate 14 was buffer exchanged 

into BBS (pH 8.0). The sample was added to a cuvette and the increase in absorbance 

at 348 nm at 20.5 °C was monitored over time with a UV-Vis spectrophotometer. 

This protocol was repeated at 37 °C, 47 °C and 57 °C with minor changes in HSA 

concentration (180-185 uM). Equivalents of MBM reagent were modified accordingly. 

Bromomaleimide 13 (6.86 µL, 26.24 mM in DMSO) was added to HSA (200 μL, 180 

μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. After 

20 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units) and the conjugate 15 was buffer exchanged into BBS 

(pH 8.0). The sample was added to a cuvette and the increase in absorbance at 360 

nm at 25.0 °C was monitored over time with a UV-Vis spectrophotometer. 

This protocol was repeated at 37 °C, 47 °C and 57 °C. 

Procedure for thiol stability study with conjugates 14 and 16: 

Bromomaleimide 10 (5.72 µL, 10.0 mM in DMF) was added to HSA (190 μM, 200 μL) 

in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. After 10 

minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units). A portion of the resulting conjugate 14 (30 μL, 90 μM) 

was treated with GSH (40 equiv., 1 mM in PBS (pH 7.4)) and incubated at 37 °C for 4 

h to give product A. 

The remaining conjugate 14 (170 μL, 90 μM) was buffer exchanged into BBS (pH 8.0) 

and hydrolysed for 21 h at 37 °C to give product 16. Product 16 was then buffer 

exchanged into PBS (12.5 mM phosphates, pH 7.4) and the resulting solution (120 μL, 

45 μM) incubated with GSH (40 equiv., 1 mM in PBS (pH 7.4)) at 37 °C for 4 h to give 

product B. All products were analysed by LCMS. 
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Procedure for modification of HSA with bromomaleimides 17, 18 and 19: 

Bromomaleimide reagent 17 (3.3 µL, 10 mM, 2 equiv. in DMF) was added to HSA (165 

μM, 100 μL) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 10 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Bromomaleimide reagent 18 (3.3 µL, 10 mM, 2 equiv. in DMF) was added to HSA (165 

μM, 100 μL) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 10 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Bromomaleimide reagent 19 (3.3 µL, 10 mM, 2 equiv. in DMF) was added to HSA (165 

μM, 100 μL) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 10 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units). Conjugates were analysed by LCMS. 

Procedure for modification of HSA with bromomaleimides 17, 18 and 19 followed by 

conjugate hydrolysis study: 

Bromomaleimide reagent 17, 18 and 19 (5.4 µL, 1.8 equiv., 10 mM, in DMF) were each 

added to different Eppendorf tubes of HSA (180 μL, 165 μM) in PBS buffer (12.5 mM 

phosphates, pH 7.4) and left at room temperature. After 10 minutes, the excess linker 

was removed via ultrafiltration (10 kDa MWCO, Amicon® Ultra-4 Centrifugal Filter 

Units) and the conjugate was buffer exchanged into BBS (pH 8.0). The sample was 

added to a cuvette and the increase in absorbance at 350 nm at 37.0 °C was monitored 

over time with a UV-Vis spectrophotometer. 

Procedure for modification of HSA with bromomaleimide 17 followed by conjugate 

hydrolysis study with addition of fatty acids: 

Bromomaleimide reagent 17 (4.95 µL, 10 mM in DMF) was added to HSA (200 μL, 

165 μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and left at room temperature. 

After 15 minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, 

Amicon® Ultra-4 Centrifugal Filter Units) and the conjugate 20 was buffer exchanged 

into BBS (pH 8.0). Stearic acid (13.3 equiv. in 4 µL EtOH) was added to the conjugate. 
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The resulting solution was incubated at 37 °C and the absorbance at 350 nm was 

measured over time. 

Procedure for modification of HSA with bromomaleimide 17 with UV-vis conjugation 

study: 

Bromomaleimide 17 (5.4 µL, 10 mM, 1.5 equiv. in DMF) was added to HSA (200 μL, 

180 μM) in PBS buffer (12.5 mM phosphates, pH 7.4) and pipetted into a cuvette at 

room temperature. The characteristic thiomaleimide absorbance was monitored (350 

nm with baseline correction) over time using the UV spectrophotometer in kinetics 

mode. 

Procedure for modification of HSA with bromomaleimide 28 followed by conjugate 

hydrolysis: 

Bromomaleimide 28 (0.45 mL, 10 mM, 1.5 equiv. in DMF) was added to HSA (10 mL, 

300 µM) in PBS (40 mM phosphates, pH 7.4). The reaction was stirred at room 

temperature for 30 minutes. The conjugate was purified by HIC purification 

(conjugation and purification protocol carried out at Recipharm AB). 

Procedure for HIC purification: 

The HSA conjugate sample was diluted with equal volumes of ammonium sulphate 

(1.5 M) and sodium octanoate (10 mM). The pH was corrected to 7.0 to give a resulting 

solution of ammonium sulphate (750 mM), sodium phosphate (20mM) and sodium 

octanoate (5mM). 

A GE Healthcare HiTrap Butyl FF column was equilibrated with ammonium sulphate 

(750 mM), sodium phosphate (20 mM), sodium octanoate (5 mM) at pH 7.0 for 1 CV 

(at 5 mL/min for 5 mL column). The sample was loaded at a slow flow rate (0.2 CV – 

1 mL/min for 5 mL column). The column was washed with equilibration buffer (5 CV) 

at a slow flowrate. The pure HSA conjugate was eluted with an isocratic step in 5 CV 

of PBS pH 7.0 at 1 mL/min – peak collection was done from the first peak of fractions 

with notable 280 nm signal. 
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Hydrolysis protocol: 

The resulting conjugate (250 µL, 100 μM) was then diluted 20-fold into pH 8.0 PBS. 

The pH was corrected to 8.0 with NaOH (20 mM) and the sample was left at 37 °C for 

8.5 h before conjugate 29 was analysed by LCMS (hydrolysis protocol and LCMS 

analysis carried out at Albumedix). 

Procedure for modification of HSA with bromomaleimide 76 (MBM- PEG[6]-PTX) with 

subsequent hydrolysis 

Conjugate 77 (250 µL, 100 µM, kindly provided by Albumedix) was then diluted 20-fold 

into pH 8.5 PBS. The pH was corrected to pH 8.5 with NaOH (20 mM) and the sample 

was left at 37 °C for 8.5 h to hydrolyse before conjugates were analysed by LCMS 

(hydrolysis protocol and LCMS analysis carried out at Albumedix). 

4.5.1.2. HSA-DBM Bioconjugation 

Procedure for modification of HSA with N-Me DBM 30 and subsequent addition of p-

anisidine (100 equiv., 2h/20h): 

N-Me DBM 30 (3.6 μL, 10 mM, 1.4 equiv. in DMSO) was added to WT HSA (170 μM, 

200 μL) in PBS buffer (12 mM phosphates, pH 7.4). The reaction was left for 25 

minutes before p-anisidine (34 μL, 100 mM, 100 equiv. in PBS) was added. The 

reaction was then left at room temperature for either 2 h or 20 h before excess small 

molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were then analysed 

by LCMS. 

Procedure for modification of HSA with N-Me DBM 30 and subsequent addition of p-

anisidine (50 mM final conc.): 

N-Me DBM 30 (3.6 μL, 10 mM, 2.0 equiv. in DMSO) was added to WT HSA (100 μM, 

180 μL) in PBS buffer (12 mM phosphates, pH 7.4) in a quartz cuvette and monitored 

by spectrophotometer at 25 oC. After the increase in absorbance at 375 nm had 

stopped (20 minutes), p-anisidine (2.9 μL, 3.2 M in DMSO, 50 mM final conc.) was 

added, and the reaction was returned to the spectrophotometer at 25 oC. The 

absorbance increase at 415 nm had stopped after a further 180 minutes (UV analysis 
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was continued until minute 946), excess small molecule was removed (7 kDa MWCO, 

ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of vHSA with N-Me DBM 30: 

N-Me DBM 30 (3.3 μL, 10 mM, 2.0 equiv. in DMSO) was added to vHSA (165 μM, 100 

μL) in PBS buffer (12 mM phosphates, pH 7.4) at RT. After 15 minutes, excess small 

molecule was removed via ultrafiltration (10 kDa MWCO, Amicon® Ultra-4 Centrifugal 

Filter Units). Conjugates were then analysed by LCMS. 

Procedure for modification of vHSA with N-Me DBM 30 and subsequent addition of p-

anisidine (50 mM final conc.): 

N-Me DBM 30 (3.6 μL, 10 mM, 2.0 equiv. in DMSO) was added to vHSA (100 μM, 180 

μL) in PBS buffer (12 mM phosphates, pH 7.4) in a quartz cuvette and monitored by 

spectrophotometer at ambient temperature (23 oC). After the increase in absorbance 

at 375 nm had stopped (30 minutes), p-anisidine (2.9 μL, 3.2 M in DMSO, 50 mM final 

conc.) was added, and the reaction was returned to the spectrophotometer at 23 oC. 

The absorbance increase at 415 nm had stopped after a further 10 minutes (UV 

analysis was continued until minute 45), excess small molecule was removed (7 kDa 

MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for in situ modification of vHSA with p-anisidine (5 equiv.) and N-Me DBM 

30: 

p-Anisidine (2.81 μL, 32 mM, 5.0 equiv. in DMSO) was added to vHSA (100 μM, 180 

μL) in PBS buffer (12 mM phosphates, pH 7.4). N-Me DBM 30 (5.4 μL, 10 mM, 3.0 

equiv. in DMSO) was added and the reaction left at 25 °C for 14 h. Excess small 

molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were analysed by 

LCMS. 

Procedure for modification of vHSA with N-Me DBM 30 and subsequent addition of p-

anisidine (16 mM final conc.), followed by conjugate stability study: 

Bromomaleimide reagent 30 (0.9 μL, 10 mM, 1.5 equiv. in DMSO) was added to vHSA 

(96 μM, 60 μL) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. 

After 30 minutes, p-anisidine (1 μL, 1 M in DMSO, 16 mM final conc.) was added, and 
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the reaction left at room temperature for a further 10 minutes. Excess small molecule 

was removed (7 kDa MWCO, ZebaSpin®). Conjugates were analysed by LCMS before 

use in stability assays described below. 

Extracellular thiol concentration and pH: 

Conjugate 45 (30 μM) was incubated in a solution of GSH (10 μM in PBS) at pH 7.4 at 

37 oC. Timepoints were taken over 7 days and analysed by LCMS. 

Intracellular thiol concentration and pH: 

Conjugate 45 (30 μM) was incubated in a solution of GSH (4 mM in PBS) at pH 6.8 at 

37 oC. Timepoints were taken over 24 h and analysed by LCMS. 

Procedure for modification of v2HSA with N-Me DBM 30: 

N-Me DBM 30 (6.46 μL, 10 mM, 2.0 equiv. in DMSO) was added to v2HSA (190 μM, 

170 μL) in PBS buffer (12 mM phosphates, pH 7.4) at RT. After 10 minutes, excess 

small molecule was removed via ultrafiltration (10 kDa MWCO, Amicon® Ultra-4 

Centrifugal Filter Units). Conjugates were then stored in the freezer until analysis by 

LCMS. 

Procedure for in situ modification of v2HSA with p-anisidine (5 equiv.) and N-Me DBM 

30: 

p-Anisidine (2.81 μL, 32 mM, 5.0 equiv. in DMSO) was added to v2HSA (100 μM, 180 

μL) in PBS buffer (12 mM phosphates, pH 7.4). N-Me DBM 30 (3.6 μL, 10 mM, 2.0 

equiv. in DMSO) was added and the reaction left at 25 °C for 14 h. Excess small 

molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were analysed by 

LCMS. 

Procedure for modification of v2HSA with N-Me DBM 30 and subsequent addition of 

p-anisidine (50 mM final conc.): 

N-Me DBM 30 (3.6 μL, 10 mM, 2.0 equiv. in DMSO) was added to vHSA (101 μM, 180 

μL) in PBS buffer (12 mM phosphates, pH 7.0) and left at 25 °C. After 5 seconds, p-

anisidine (2.9 μL, 3.2 M in DMSO, 50 mM final conc.) was added, and the reaction left 
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at 25 °C for a further 5 minutes. Excess small molecule was removed (7 kDa MWCO, 

ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of HSA with DBM 49: 

DBM 49 (1.98 μL, 10 mM, 1.1 equiv. in DMSO) was added to HSA (100 μM, 180 μL) 

in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature for 30 min. 

Excess small molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were 

then analysed by LCMS. 

Procedure for modification of HSA with DBM 49 with subsequent addition of p-anisidine 

(50 mM final conc.): 

DBM 49 (1.98 μL, 10 mM, 1.1 equiv. in DMSO) was added to HSA (100 μM, 180 μL) 

in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 30 

minutes, p-anisidine (2.9 uL, 3.2 M in DMSO, 50 mM final conc.) was added, and the 

reaction was left at room temperature for 14 h, before excess small molecule was 

removed (7 kDa MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of HSA with DBM 49 with subsequent addition of amine-

azide 52 (50 mM final conc.): 

DBM 49 (2.34 μL, 10 mM, 1.3 equiv. in DMSO) was added to HSA (100 μM, 180 μL) 

in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 30 

minutes, the reaction solution was lowered to pH 6.5 via addition of HCl (0.90 μL, 1 

M). Amine-azide 52 (9.6 μL, 1 M in DMSO, 50 mM final conc.) was then added, and 

the reaction was left at 25 °C temperature for 16 h, before excess small molecule was 

removed (7 kDa MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of vHSA with N-Me DBM 30 with subsequent addition of 

amine-azide 52 (5 equiv.): 

N-Me DBM 30 (3.6 μL, 10 mM, 2 equiv. in DMSO) was added to HSA (100 μM, 180 

μL) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 30 

minutes, p-anisidine (0.28 μL, 0.32 M, 5 equiv. in DMSO) was added, and the reaction 

was left at room temperature for 16 h, before excess small molecule was removed (7 

kDa MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 



 155 

Procedure for modification of vHSA with DBM 49 with subsequent addition of amine-

azide 52 (12 equiv.): 

DBM 49 (0.9 μL, 10 mM, 1.2 equiv. in DMSO) was added to vHSA (100 μM, 75 μL) in 

PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 30 

minutes, amine-azide 52 (0.28 μL, 0.32 M, 12.0 equiv. in DMSO) was added, and the 

reaction was left at room temperature for 14 h, before excess small molecule was 

removed (7 kDa MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of vHSA with DBM 49 at pH 6.5:  

DBM 49 (0.91 μL, 10 mM, 1.3 equiv. in DMSO) was added to vHSA (100 μM, 70 μL) 

in PBS buffer (12 mM phosphates, pH 6.5) and left at room temperature for 16 h. 

Excess small molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were 

then frozen before subsequent analysis by LCMS. 

DBM 49 (1.05 μL, 10 mM, 1.5 equiv. in DMSO) was added to vHSA (100 μM, 70 μL) 

in PBS buffer (12 mM phosphates, pH 6.5) and left at room temperature for 16 h. 

Excess small molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were 

then frozen before subsequent analysis by LCMS. 

DBM 49 (1.26 μL, 10 mM, 1.8 equiv. in DMSO) was added to vHSA (100 μM, 70 μL) 

in PBS buffer (12 mM phosphates, pH 6.5) and left at room temperature for 16 h. 

Excess small molecule was removed (7 kDa MWCO, ZebaSpin®). Conjugates were 

then frozen before subsequent analysis by LCMS. 

Procedure for modification of vHSA with DBM 49 with subsequent addition of amine-

azide 52 and DBCO-TAMRA: 

DBM 49 (1.5 μL, 10 mM, 1.5 equiv. in DMSO) was added to vHSA (100 μM, 100 μL) 

in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 45 

minutes, amine-azide 52 (0.20 μL, 1.0 M, 20 equiv. in DMSO) was added, and the 

reaction was left at room temperature for 2 h, before excess small molecule was 

removed (7 kDa MWCO, ZebaSpin®). TAMRA-DBCO (2.0 μL, 10 mM, 10 equiv. in 

DMF) was added to 20 μL of the resultant solution, and left at room temperature for 16 

h, before excess small molecule was removed (7 kDa MWCO, ZebaSpin®). 

Conjugates were then analysed by LCMS. 
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4.5.1.3. GFP-DBM Bioconjugation 

Procedure for modification of GFP with DBM 49 followed by addition of amine-azide 

52 and DBCO-TAMRA: 

DBM 49 (0.52 μL, 10 mM, 1.3 equiv. in DMSO) was added to reduced GFP (50 μM, 

80 μL) in PBS buffer (12 mM phosphates, pH 7.4, 5 mM EDTA) in a quartz cuvette and 

monitored by spectrophotometer at room temperature (22 oC). After the increase in 

absorbance at 375 nm had stopped (5 minutes), amine-azide 52 (0.25 μL, 0.32 M, 20 

equiv. in DMSO) was added, and the reaction was returned to the spectrophotometer 

at room temperature (22 oC). When the absorbance increase at 415 nm had stopped 

(a further 90 min), excess small molecule was removed (7 kDa MWCO, ZebaSpin®). 

TAMRA-DBCO (4 μL, 10 mM, 10 equiv. in DMF) was added to 130 μL of the resultant 

solution, and left at room temperature for 63 h, before excess small molecule was 

removed (7 kDa MWCO, ZebaSpin®). Conjugates were then analysed by LCMS. 

Procedure for modification of GFP with DBM 49 followed by addition of amine-azide 

52 and DBCO-TAMRA: 

DBM 49 (1.44 μL, 10 mM, 2.0 equiv. in DMSO) was added to reduced GFP (40 μM, 

180 μL) in PBS buffer (12 mM phosphates, pH 7.4, 5 mM EDTA) in a quartz cuvette 

and monitored by spectrophotometer at 25 oC. After the increase in absorbance at 375 

nm had stopped (5 minutes), amine-azide 52 (2.16 μL, 0.1 M, 30 equiv. in DMSO) was 

added, and the reaction was returned to the spectrophotometer at 25 oC. When the 

absorbance increase at 415 nm had stopped (a further 95 minutes), excess small 

molecule was removed (7 kDa MWCO, ZebaSpin®), and the intermediate amino-thio 

conjugate was analysed by LCMS. The resultant solution was then diluted to 32 μM 

with PBS buffer (12 mM phosphates, pH 7.4). TAMRA-DBCO (10.0 μL, 10 mM, 24 

equiv. in DMF) was added to 130 μL of the resultant solution, and left at room 

temperature for 5 h, before excess small molecule was removed (7 kDa MWCO, 

ZebaSpin®). Conjugates were then analysed by LCMS. 

  



 157 

4.5.1.4. CPP-DBM Bioconjugation 

Procedure for in situ modification of CPP with p-anisidine and DBM 62: 

p-Anisidine (1 μL, 1 M, 40 equiv. in DMSO) was added to CPP (0.9 mM, 27.75 μL) in 

PB buffer (10 mM phosphates, pH 6.5). DBM 62 (2.5 μL, 10 mM, 1.0 equiv. in DMSO) 

was added and the reaction left at 37 oC for 30 min. The crude reaction mixture was 

analysed by LCMS.  

Procedure for in situ modification of CPP with amine-azide 52 and DBM 62: 

Amine-azide 62 (5 μL, 100 mM, 44.4 equiv. in DMSO) was added to CPP (0.9 mM, 

12.5 μL) in PB buffer (10 mM phosphates, pH 6.5). DBM 62 (1.18 μL, 10 mM, 1.05 

equiv. in DMSO) was added and the reaction left at 37 oC for 30 min. The crude 

reaction mixture was analysed by LCMS. 

Procedure for in situ modification of CPP with amine-alkyne 64 and DBM 62: 

Amine-alkyne 64 (10 μL, 100 mM, 40 equiv. in DMSO) was added to CPP (0.9 mM, 

27.5 μL) in PB buffer (10 mM phosphates, pH 6.5). DBM 62 (3 μL, 10 mM, 1.2 equiv. 

in DMSO) was added and the reaction left at 37 oC for 30 min, then a further 16 h at 

RT. The crude reaction mixture was analysed by LCMS. Purification by HPLC was 

carried out before conjugates were analysed again by LCMS. 

 

4.5.2. Kinetic Data 

4.5.2.1. Data in Chapter 1 

Note on analysis and pseudo-first order theory: 

All hydrolysis kinetics experiments were carried out in aqueous buffers at pH 8.0 with 

the hydroxide ion at a stable concentration to classify the reaction as pseudo-first 

order. For pseudo-first order reactions, the half-life (the time taken for the concentration 

of the reactant to decrease by half) can be calculated as follows: 
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[𝐴]$/& 	=
1
2 [𝐴]+ 

where [A]0 is the initial concentration of the starting material. After the duration of one 

half-life, t=t1/2: 

[𝐴]$/&
[𝐴]+

=
1
2 = 𝑒-./0/1 

 

ln 0.5 = −𝑘𝑡$/& 

We know that (- ln 0.5 = ln 2), therefore: 

𝑡$/& =
ln 2
𝑘 	≈ 	

0.693
𝑘  

Method for fluorescence: 

Given that the concentration of the product is proportional to its fluorescence (at a 

given wavelength) we can use the initial and final fluorescence values (assuming that 

all product derives from starting material) that are obtained from the fluorimeter and 

plot the natural log of these values against time. The negative of the gradient of the 

graph may then be defined as 𝑘. 

The half-life value may be obtained and then used to work out the t99% (time taken for 

99% hydrolysis): 

𝑡$/& 	× 	7 = 𝑡@@% 

Method for absorbance: 

Given that the concentration of the starting material is proportional to its absorbance 

(at a given wavelength) we can use the absorbance values that are obtained from the 

UV spectrophotometer and plot the natural log of these values against time. The 

negative of the gradient of the graph was then be defined as 𝑘. 

The half-life value may be obtained and then used to work out the t99% (time taken for 

99% hydrolysis): 
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𝑡$/& 	× 	7 = 𝑡@@% 

 

Fluorescence data: 

Dansyl fluorophore is quenched by maleimide through photoinduced electron transfer. 

Upon hydrolysis, fluorescence “turns on”.363 Dansylamine group excitation wavelength 

of 337 nm, emission wavelength of 559 nm. 

Baseline absorbance was removed and data fitted with Prism Graphpad 7.0’s non-

linear regression software. Mode: One phase exponential association. N.B. 

Extrapolation of curve in Prism (using least squares fit) for conjugate has allowed 

calculation of a t99% that is greater than experiment acquisition time. 

 

Figure A4: Hydrolysis of bromomaleimide 4 at pH 8.0, RT 

 

Figure A5: Hydrolysis of thiomaleimide 6 at pH 8.0, RT. 
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Figure A6: Hydrolysis of bromomaleimide 8 at pH 8.0, RT. 

UV data: 

Note on UV absorbance of monobromomaleimides: 

Upon conjugation to a thiol the monobromomaleimide absorbance increases 

significantly (λmax = 350 nm). The graphs below show the UV spectra of native HSA, 

and the characteristic absorbance at 350 nm of monothiomaleimides: 
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UV hydrolysis data: 

Bromomaleimide reagent (5.4 µL, 10 mM in DMF) was added to HSA (180 μM, 200 

μL) in PBS buffer (12 mM phosphates, pH 7.4) and left at room temperature. After 10 

minutes, the excess linker was removed via ultrafiltration (10 kDa MWCO, Amicon® 

Ultra-4 Centrifugal Filter Units), and buffer exchanged into BBS (25 mM, pH 8.0, 1 mM 

EDTA). The conjugates were then made up to approx. 90 μM and pipetted into a quartz 

cuvette. The characteristic thiomaleimide absorbance was monitored (350 nm with 

baseline correction) over time. 

Baseline removed and data fitted with Prism Graphpad 7.0’s non-linear regression 

software. Mode: One phase exponential decay. 

 

 

 

0 2000 4000 6000
0.0

0.2

0.4

0.6

Time (min)

Ab
so

rb
an

ce
 (A

.U
)

Hydrolysis of Conjugate 14 at pH 8, 20.5 oC

Non-linear fit (first-order decay)

Absorbance

K = 0.001120 ± 1.772e-006

t1/2 = 618.7 min

R2 = 0.9980

0 200 400 600 800
0.0

0.2

0.4

0.6

Time (min)

Ab
so

rb
an

ce
 (A

.U
.)

Hydrolysis of Conjugate 14 at pH 8, 37 oC

Absorbance

Non-linear fit (first-order 
decay)

K = 0.009594 ± 1.667e-005

t1/2 = 72.25 min

R2 = 0.9996

0 200 400
0.0

0.2

0.4

0.6

Time (min)

Ab
so

rb
an

ce
 (A

.U
.)

Hydrolysis of Conjugate 14 at pH 8, 47 oC

Absorbance

Non-linear fit (first-order 
decay)

K = 0.03192 ± 4.153e-005

t1/2 = 21.72 min

R2 = 0.9999

0 20 40
0.0

0.2

0.4

0.6

Time (min)

Ab
so

rb
an

ce
 (A

.U
.)

Hydrolysis of Conjugate 14 at pH 8, 57 oC

Absorbance
Non-linear fit (first-order 
decay)
K = 0.1184 ± 0.003231

t1/2 = 5.856 min

R2 = 0.9960

0 1000 2000 3000 4000
0.0

0.1

0.2

0.3

0.4

0.5

Time (min)

Ab
so

rb
an

ce
 (A

.U
)

Hydrolysis of Conjugate 15 at pH 8, 25 oC

0.001670

415.1

4.760e-006

R2 = 0.9937

 mint1/2 =
K =  ± 

0 500 1000 1500
0.4

0.5

0.6

0.7

0.8

Time (min)

Ab
so

rb
an

ce
 (A

.U
)

Hydrolysis of Conjugate 15 at pH 8, 37 oC

0.01169

59.29

2.996e-005

 min
0.9988

K =
t1/2 =

R2 =

 ± 



 162 

 

 

 

 

Protocol for conjugation of bromomaleimide 17 to HSA monitored by UV-Vis:  

Bromomaleimide 17 (5.4 µL, 10 mM in DMF) was added to HSA (180 μM, 200 μL) in 

PBS buffer (12 mM phosphates, pH 7.4) and pipetted into a cuvette at room 

temperature. The characteristic thiomaleimide absorbance was monitored (350 nm 

with baseline correction) over time using the UV spectrophotometer in kinetics mode. 
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4.5.2.2. Data in Chapter 2 

Second order kinetics of amine addition: 

Small molecule analysis: 

The pseudo first-order rate constant for amine addition to the   

bromothiomaleimide was obtained by reacting 31 with an excess of p-anisidine under 

buffered conditions. Four different experiments were carried out with 6, 8, 10 and 12 

equiv. of p-anisidine. The progress of the reaction was monitored by NMR through 

integration of the starting material and product N-methyl groups. No other products 

were observed by NMR. This data was fitted using Graphpad Prism’s first-order 

exponential association mode to give a pseudo first-order rate constant (kobs). By 

plotting kobs against p-anisidine concentration, the second order rate constant could be 

obtained. 

General protocol: 

Bromothiomaleimide 31 (0.002 g, 0.0047 mmol) was dissolved in CD3CN (250 μL). PB 

(700 μL, 100 mM phosphates, pH 6.75) was added to p-anisidine (6, 8, 10 or 12 equiv.) 

dissolved in CD3CN (250 μL). The p-anisidine solution was then added to the solution 

of 31 and mixed thoroughly (the pH of the final solution was measured at 7.4) before 

NMR analysis.  
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Example NMR data (12 equiv. experiment) 

Below is NMR data (of alternate timepoints) from the reaction of 31 with 12 equiv. of 

p-anisidine. It has been included to show the reader the peak progression of the N-

methyl peaks in the starting material and product. The ratio of integrals between these 

two peaks was used to calculate the progress of the reaction, in the manner of the 

references.19,61 

 

Figure A7: Alternate NMR Timepoints for the 12 equiv. reaction with 31 showing the 

development of the N-Me peaks corresponding to the starting material and product. 

 

vHSA protein analysis: 

Firstly, the pseudo first-order rate constant for amine addition to the 

bromothiomaleimide was obtained by reacting conjugate 44 with an excess of p-

anisidine under buffered conditions. Three different experiments were carried out with 

60, 90 and 120 equiv. of p-anisidine. The progress of the reaction was monitored by 

UV through the increase in absorbance at 415 nm. This data was fitted using Graphpad 

Prism’s first-order exponential association mode to give a pseudo first-order rate 

constant (kobs). By plotting kobs against p-anisidine concentration, the second order rate 

constant k2 could be obtained. 
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General protocol: 

N-Me DBM 30 (5.31 μL, 1.0 equiv., 10 mM in DMSO) was added to vHSA (531 μL, 

100 μM) in PBS (pH 7.4, 10 mM phosphates). The reaction mixture was left at room 

temperature for 30 min. 

Aliquots of the freshly prepared conjugate 44 (160 μL, 99 μM) in PBS (pH 7.4, 10 mM 

phosphates) were removed from the fridge. DMSO was then added to the 60 and 90 

equiv. reactions (4.8 μL and 2.4 μL for the 60 and 90 equiv. reactions respectively to 

ensure the final concentration of the protein remained the same for all reactions), 

before p-anisidine (0.2 M in DMSO, 120, 90 and 60 equiv.) was added. The reaction 

was mixed thoroughly and then added to the spectrophotometer. The absorbance at 

415 nm was quickly zeroed and then the absorbance increase was monitored over 

time. 
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7. Appendix 

 

Figure A8: Deconvoluted LCMS data for conjugate 5 (protocol limiting lysine 

addition). 

 

Figure A9: Deconvoluted LCMS data for conjugate 9. 

 

Figure A10: Deconvoluted LCMS data for MBM-PEG[6]-PTX conjugate, post 

hydrolysis showing degradation of construct due to ester hydrolysis. Expected 

conjugate mass 67,725, observed 67,722 Da. Expected degraded conjugate (loss of 

PTX) mass 66,889, observed 66,886 Da. Expected native HSA mass 66,439, 

observed 66,442 Da. MS Data obtained at Albumedix. Protocol as in reference.311 
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Figure A11: Deconvoluted LCMS data for modification of vHSA with 

dibromomaleimide 49 (biotin DBM) at pH 6.5 with (a) 1.5 and (b) 1.8 equiv. of DBM 

respectively. Expected conjugate 57 mass 66,881, observed 66,889/66,891 Da. 

Expected double modification mass 67,381, observed 67,385/67,388 Da. Native 

vHSA mass 66,381, observed 66,379 Da. 
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CPP MS data: 

(a) 

 

(b) 0.20-0.325 min of LC trace: 

 

(c) 

 

(d) 0.35-0.55 min of LC trace: 

 

Figure A12: (a) TIC chromatogram; (b) non-deconvoluted data (c) deconvoluted data 

for bis-azide CPP conjugate in PB. Expected mass: 4371 Da. Observed mass: 4372 

Da. Data obtained with peptide LCMS method. 
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Native peptide (in 10 mM PB): 

(a) 

 

 (b) 0.20-0.40 min of LC trace: 

 

(c) 

 

Figure A13: (a) TIC chromatogram; (b) non-deconvoluted data (c) deconvoluted data 

for native CPP in PB. Expected mass: 3765 Da. Observed mass: 3769 Da. Data 

obtained with peptide LCMS method. 
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LC of reaction mixture (in 10 mM PB): 

(a) 

 

(b) 0.25-0.35 min of LC trace: 

 

(c) 

 

Figure A14: (a) TIC chromatogram; (b) non-deconvoluted data (c) deconvoluted data 

for crude conjugate 65. Expected mass: 4208 Da. Observed mass: 4211 Da. Data 

obtained with peptide LCMS method. 
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Native peptide (in H2O): 

(a) 

 

(b) 0.25-0.30 min of LC trace: 

 

(c) 

 

Figure A15: (a) TIC chromatogram; (b) non-deconvoluted data (c) deconvoluted data 

for native CPP in H2O. Expected mass: 3765 Da. Observed mass: 3769 Da. Data 

obtained with peptide LCMS method. 
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Post HPLC (in H2O) (65): 

(a) 

 

(b) 0.30-0.50 min of LC trace: 

 

(c) 

 

Figure A16: (a) TIC chromatogram; (b) non-deconvoluted data (c) deconvoluted data 

for conjugate 65. Expected mass: 4208 Da. Observed mass: 4210 Da. Data obtained 

with peptide LCMS method. 
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