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Abstract 

Harnessing the immune system is a powerful tool in chemical biology and is the 

focus of cancer immunotherapy. Often, this is accomplished through monoclonal 

antibodies which recognize and recruit immune effector cells to an over-expressed cancer 

antigen presented at the cancer cell surface. More recently, there has been great interest 

in developing small molecule therapeutics which replicate this, but with lower 

developmental costs, greater modularity, and improved tumor penetration. One such 

class of therapeutics are bifunctional molecules known as antibody recruiting molecules, 

which form molecular bridges between two targets, i.e., a cancer receptor and antibody. 

Limitations in ternary complex formation between bifunctional molecules and their two 

binding targets has presented the need for increasing residence time at key junctions. 

Demonstrated here is the development of a covalent proximity-induction approach which 

leverages molecular recognition to drive an electrophilic warhead near a nucleophile 

within a target antibody binding site. Subsequent irreversible labeling reprograms these 

antibodies with tumor binding handles in situ for enhanced tumor opsonization and 

immune clearance mechanisms. This was accomplished by equipping a viral peptide 

epitope with a sulfur (VI) fluoride exchange electrophile to irreversibly label anti-herpes 

simplex virus (HSV) antibodies. Using the aryl sulfonyl fluoride warhead, we demonstrate 

fast and selective labeling for both model monoclonal antibodies, as well as natural 

polyclonal anti-HSV antibodies. Covalently reprogrammed antibodies elicited superior 

potency at both lower concentrations and with cell lines having lower antigen 

presentation. This proof of concept has broad applicability in developing covalent 

bifunctional molecules for bridging one or more protein:protein interactions.  
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1. Introduction to Covalent Therapeutics 

Cancer therapies have evolved dramatically over the last several decades.1 A 

large focus of recent articles has been the development of targeted therapeutics, whose 

function is constrained to a particular target of choice.2 Many advantages are realized 

from this approach, with the most significant being reduced off-target side effects. Thus, 

the angle taken for the design of these molecules has been to improve their affinity for a 

particular target, like a cancer antigen, to reduce dosing and ultimately limit non-specific 

or off-target binding to healthy cells. 

One significant theme encompassing these compounds is the idea of proximity. 

Proximity, or increasing the effective concentration of two interacting molecules is a 

governing force in both chemistry and biology.3 Biological process use proximity to 

achieve both catalysis and/or as an entropic driving force to achieve biological 

recognition/signalling and communication.  Examples include enzyme substrate binding, 

avidity effects in transcription factor regulation of gene expression, and antibody 

dependent fragment crystallizable receptor (FcR) function. By leveraging proximity, 

chemical reactions typically limited by collision frequency and orbital alignment are 

dramatically accelerated through an apparent increase in concentration. Proximity also 

off-sets entropic penalties endowed by a combining of two groups by coupling the reaction 

to a favourable binding interaction.    

 

1.1. The Emergence of Proximity-Inducing Therapies 

Traditional synthetic therapeutics involve 1:1 binding between an agonist or 

antagonist ligand, and a receptor/target protein.4 More recently, the utility of incorporating 
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such binding ligands into bifunctional/chimeric formats has been demonstrated for the 

purposes of leveraging additional protective/regulatory mechanisms of the host.5 Here, a 

binding ligand for a target disease protein is linked to a “recruiting” ligand for an 

endogenous protein/receptor to couple target engagement to a biological host 

defence/regulatory response (e.g., targeted protein degradation (TPD) or immune 

elimination of diseased cells). Such bifunctional therapeutic modalities necessarily 

function through a minimal 3-component ternary complex, however several additional 

subsequent protein assembly processes are required for biological function.6 These 

proximity-inducing “molecular bridges” are thus reminiscent of the many scaffolding 

molecules in nature (e.g., heparin enhancing the rate of antithrombin III catalytic inhibition 

of thrombin) via reduction in dimensionality.7 The foundational bifunctional proximity-

inducing therapeutic modalities encompass proteolysis targeted chimeras (PROTACs),8–

16 antibody recruiting molecules (ARMs),17–19 lysosome-targeting chimeras (LYTACs),20,21 

phosphorylation inducing chimeras (PHICs),22 phosphatase recruiting chimeras 

(PHORCs),22 or deubiquitinase-targeting chimeras (DUBTACs).23 A complementary class 

of proximity inducing molecules functioning through ternary complexes are called 

“molecular glues”.24–26 Uniquely, these use a single molecule, traditionally a natural 

product selected by evolutionary pressure, to induce positive cooperative binding 

between two endogenous proteins. Examples include FK506, which induces ternary 

complex formation between FKBP12 and calcineurin,27–29 or Rapamycin, which also 

binds FKBP12 but instead targets the mammalian target of rapamycin (mTOR) 

recognition interface.29,30 These are powerful modalities given the high stability of 

resultant ternary complexes, with current efforts focused on the development of discovery 
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platforms to identify new molecules with molecular glue properties. Given the versatility 

of bifunctional approaches in their ability to leverage readily available binding ligands 

developed for several purposes, chemical strategies have been introduced to enhance 

their efficacy, ternary complex stability, and/or pharmacokinetic (PK) properties. 

Bifunctional molecules address one main limitation of inhibitors, namely with 

respect to targets that have previously been considered undruggable.31 Undruggable 

targets include disordered proteins or those with a lack of druggable binding grooves 

needed to guide medicinal chemistry structure activity relationships (SARs). Undruggable 

targets can also be diseased cells like various cancer types inert to the action of a single 

agonist or antagonist drug. By virtue of their recruitment capabilities, bifunctionals only 

need to bind the target protein or cell which “flags” it for host recognition and response. 

For example, ARMs only require binding to cancer cells to recruit serum antibodies.17–19 

The resultant high valency display of cancer cell bound antibodies (i.e., increased 

proximity) presents as foreign to the host immune response leading to tumor eradication. 

Thus, bifunctional therapeutic modalities represent a significant advancement in 

molecular medicine, which leverage the host response to combat disease.  

 

1.2. Complexities of Ternary (and Multi-) Complex Equilibrium and 

Pharmacokinetics 

In contrast to molecular glues, bifunctional modalities use separate binding ligands 

to bridge two proteins in close proximity. As such, it is difficult to predict the potential for 

favorable protein-protein interactions within the ternary complex leading to positive 

cooperativity.32 It is possible that the two proteins can find the opportunity for favorable 
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protein:protein binding interfaces leading to enthalpic stabilization that would normally be 

opposed entropically (now that the bifunctional molecule has paid much or all of the 

entropic cost for protein:protein binding).33,34 We propose in general, the more likely 

scenario is negative cooperativity due to steric clashes and/or charge repulsion 

depending on protein pI.35,36 This would be especially true when bridging cell surface 

proteins in trans, as in the case of ARMs where negatively charged cell surfaces (i.e., 

tumor cells + immune cells) are necessarily brought in proximity.37 A lack of positive 

cooperativity also renders the bifunctional susceptible to the pharmacological “hook” or 

“prozone” effect.38 This means it is difficult to maximize ternary complex formation at any 

concentration of bifunctional molecule, especially as its binding affinities relative to the 

two endogenous protein concentrations decrease. Even if these affinities are high, excess 

concentrations of bifunctional will sharply autoinhibit the ternary complex. In the case of 

biological processes where catalytic turnover is required for efficacy as reported for 

PROTACs, the need for highly stable ternary complexes remains in question and could 

be detrimental if the bifunctional is trapped in the ternary complex.39 In extracellular 

immune recruiting applications however, ternary complex stability appears critical for 

function, with the importance of molecular turnover currently not well defined.40 In addition 

to the importance of ternary complex stability in bifunctional proximity inducing molecule 

therapeutic applications, the importance of target residence time remains largely 

undefined and unexplored. Indeed, studies investigating the stability of T cell:major 

histocompatibility complex and bi-specific T cell engager:cluster of differentiation 3 

receptor (CD3) interactions, combined with data supporting the “kinetic proof-reading 

hypothesis” suggests a critical contact time is required for maximal immune cell 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 5 

activation.37,41–44 Such effects illuminate the complexities of receptor pharmacology 

beyond traditional target occupancy arguments. That is, 100% receptor occupancy may 

not confer maximal pharmacological response, if the microscopic ligand binding 

dissociation events occur too quickly.  

Finally, independent of receptor pharmacology or mode of action, the low 

molecular weight of proximity inducing molecules promotes rapid in vivo clearance.45–47 

This complicates dosing profiles, the therapeutic window, and reduces control over the 

ability to enforce ternary complex formation in vivo. This may be especially true for 

indications where the bifunctional targets extracellular proteins and can only partition in 

the serum compartment.20,21,48 The above considerations have inspired the development 

of new chemical “covalent” strategies to enhance bifunctional molecule efficacy and probe 

the variables discussed above. 

 

1.3. Covalency as a Tool to Enhance Simple “Binary” Ligand-Receptor Binding 

 Proximity-induced covalent reactions circumvent time-consuming strategies used 

to enhance the affinity of binary interactions between inhibitors and their drug targets. 

New approaches have aimed to bypass these protocols and “infinitely” increase the 

binding affinity via irreversible proximity-induced covalent labeling (Figure 1). Well-known 

drugs like aspirin function through an irreversible labeling step which involves acetylation 

of Ser-530 upon binding to cyclooxygenase-2.49 However, the nature of this mechanism 

was only recently discovered, and now serves as the conceptual foundation for many 

covalent drugs today.50,51 
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Figure 1. Introducing electrophilic modalities into small molecule ligands mediates a 
selective, proximity-induced covalent labeling reaction for permanent protein inhibition. 

 
In the last decade, covalent drugs have been developed to target either active or 

allosteric sites on target proteins. By incorporating these moieties into a synthetic binding 

ligand, successful pre-orientation of the electrophile with a nucleophilic amino acid in the 

protein binding pocket facilitates a rapid, long-lived covalent linkage (Figure 1). This rate 

enhancement in the binding pocket also allows for less reactive electrophiles to be used. 

As such, selectivity is conferred by relying on successful pre-organization with 

nucleophilic amino acids like lysine, tyrosine, histidine, serine, or threonine. These 

proximity-induced covalent reactions are akin to a “click reaction” at physiological 

conditions. Examples include covalent kinase inhibitors, which function by irreversibly 

labeling the catalytic lysine, or cysteine in the kinase active site, preventing target protein 

phosphorylation.52–54 

  Covalent small molecules improve upon non-covalent binders by greatly 

enhancing the target residence time. In a binary binding system such as a small molecule 

or protein-based inhibitor, the binding equilibrium is governed by a dissociation 

equilibrium constant, KD, a measure of affinity. The KD value itself can then be broken 

down into an on rate (kon) and off rate (koff). At ligand concentrations near or greater than 

the KD value, the kon becomes large enough to enforce binding, i.e., as soon as the 
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complex dissociates, another one forms. At concentrations much lower than the KD, the 

opposite occurs, and the fraction of bound complex decreases. Thus, when covalency is 

introduced to render this binding event irreversible, the respective koff value is eliminated 

to stabilize the complex. In the context of covalent inhibitors, this effect has allowed 

researchers to permanently block enzyme active sites and receptor binding sites. 

Importantly, using the covalent inhibitor approach, even fractional binding of the target 

protein at sub-KD concentrations will inevitably lead to irreversible binding of all available 

target protein, as a function of reaction time. 

A key consideration in design of these inhibitors is the binding dependent rate 

enhancement of the covalent drug. This is critical for both selectivity and efficacy reasons. 

Covalent binders irreversibly label target proteins once bound. The rate of the covalent 

bond formation step is governed by the first order rate constant, kinact. The concentration 

of ligand needed to provide a half-maximal kinact is KI. Often covalent inhibitor-like 

constructs are compared through a ratio of kinact/KI, a second order rate constant which 

describes the efficiency of the covalent reaction. In contrast, the rate of an intermolecular 

(bimolecular) reaction is governed by the second order rate constant kinter, which is 

binding independent. As such, too weak a binding ligand (high KI) will require high ligand 

concentrations to promote the covalent reaction. This represents a risk of fast bimolecular 

labeling of off target proteins. Ideally, the electrophile itself is relatively unreactive until it 

binds the target protein.55 This might be accomplished using electrophiles that are 

optimally pre-organized upon binding the target, maximally benefitting from reaction 

effective molarity. We also hypothesize certain electrophiles may react through rate 
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limiting transition states that are differentially stabilized upon ligand binding to the target 

protein, relative to reactions with off target proteins that do not bind or bind weakly.56,57 

 

1.4. Electrophilic Moieties for Ligand-Directed Covalent Labeling Applications 

Covalency has been used extensively to enhance small molecule inhibitors for 

protein targets in applications including but not limited to cancer. Typical targets in cancer 

therapies include cyclin dependent kinases (CDKs), p53, polo-like kinase 1 (PLK-1), 

epidermal growth factor receptor (EGFR), Aurora kinases (AURKs), Kirsten Rat Sarcoma 

Viral Proto-Oncogene (KRASG12C), phosphoinositide-3 kinase (PI3K), and MYC.58–60 

Depending on the therapeutic target, the choice of electrophile requires careful 

consideration. Tuning of electrophiles with specific sterics or electronics may impart both 

a degree of chemoselectivity and/or reactivity. For example, some strategies may call for 

an electrophile which only reacts with a low pKa catalytic lysine. Other applications may 

call for a cysteine-reactive handle, or perhaps a much more promiscuous handle capable 

of cross-linking with a variety of amino acids for greater target engagement.  

 

1.4.1. Acrylamide Warheads 

Acrylamides represent one of the most widely used electrophilic handles in 

covalent drug applications.61,62 This warhead reacts through a Michael addition 

mechanism with softer electrophilic properties. As such, these handles are typically used 

to label cysteine thiols due to their high lying HOMO, allowing for rapid labeling rates in 

close proximity. Even more, by modifying the substituents along the α,β-unsaturated 

carbonyl, reaction rates and selectivity can be carefully tuned through a combination of 
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electronics and sterics (Table 1, Group 1).63,64 Implementation of highly electronegative 

fluorine atoms at the α carbon increases reactivity of the acrylamide by pulling electron 

density from the β carbon (Table 1, Electrophile 1H).63 Similarly, a cyano group branching 

from the α-carbon functions in this way but has the added effect of reversible covalent 

bond formation (Table 1, Electrophile 1G).65 Sterics may also be modified to impart 

selectivity by constraining the α,β-unsaturated carbonyl in a ring structure.64 

Previously regarded undruggable proteins, like KRASG12C and MYC,66,67 are now 

being inhibited by leveraging proximity-induced covalent labeling to target uniquely 

reactive amino acids. For example, MYC driven tumors have recently been targeted with 

a functional covalent ligand via an intrinsically disordered cysteine at position C171.68 By 

irreversibly labeling MYC, the Nomura group demonstrated reduced thermal stability of 

MYC, preventing DNA binding and tumorigenesis. In this study there was no mention of 

reaction rate, however high selectivity was demonstrated using an activity-based protein 

profiling (ABPP) assay where 8 of 1500 cysteine-containing compounds reacted with their 

acrylamide probe. In a similar example, the Cee group engrafted an acrylamide-based 

warhead into a quinazolinone scaffold to covalently label C12 of KRASG12C.69 This 

compound demonstrated both a fast second order rate constant ~ 105 M-1s-1, while also 

exhibiting high selectivity by reacting only with KRASG12C C12 peptide out of >6000 other 

cysteine-containing peptides. 

 

1.4.2. Aldehyde Warheads 

Aldehydes represent a group of more lysine-specific, “harder electrophile” covalent 

warheads. With rapid kinetics, aldehydes condense with amines to form hydrolytically 
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labile imine bonds. To stabilize these adducts, aldehydes are typically incorporated into 

aromatic rings with stabilizing ortho substituents like hydroxyl groups, which form 

hydrogen bonds with resulting imines (Table 1, Group 2).70 Similarly, ortho boronic acids 

help stabilize imine adducts through the formation of iminoboronates, drastically 

increasing the half-life of the covalent bond (Table 1, Electrophiles 2C & 2D).71–73 

Incorporation of neighboring reactive substituents not only has a stabilizing effect 

but can also aid in the reaction itself. Recent work by the Zhang, Gao, and Yao labs have 

produced a lysine-selective covalent aldehyde warhead by installing an alkyne ortho to 

an aromatic aldehyde (Table 1, Electrophile 2A).74 After Schiff base formation with a 

proximal lysine in the binding pocket, an intramolecular cyclization reaction with the 

terminal alkyne carbon ortho to the imine creates an aromatic ring to stabilize the covalent 

adduct. With kinact and KI values of 5.54 × 10–3 s–1 and 3.2 × 10–6 M, respectively, this 2-

ethynylbenzaldehyde demonstrates sufficiently high reaction rates. Selectivity was also 

observed through a mono-substituted target adduct via mass spectrometry analysis after 

a 2-hour reaction time. 

Reversible covalent chemistries permit new opportunities for selective covalent 

labeling. The Taunton lab demonstrated this by using a salicylaldehyde probe to form a 

stable imine with kinases like AURKA (Table 1, Electrophile 2B).75 Even more, they 

demonstrate that these salicylaldehyde probes selectively engage kinases in a residence-

based manner; that is, the imine products with kinases like AURKA, AURKB, microtubule-

associated serine/threonine-protein kinase 3 (MAST3), and serum/glucocorticoid 

regulated kinase family member 3 (SGK3) are kinetically stabilized through intramolecular 

hydrogen bonding and reduced solvent exposure. By obscuring the imine product in a 
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hydrophobic environment, the effective concentration of water was greatly diminished, 

and the rate of hydrolysis was reduced to create stable covalent adducts. 

 

1.4.3. Alkyl Halide and Haloacetamide Warheads 

Alkyl halides generally represent a more reactive, albeit less specific electrophilic 

warhead. These groups are typically incorporated through alkyl linkers with terminal C-Br 

or C-Cl bonds (Table 1, Group 2). A similar, yet more reactive class of halogenated 

electrophiles are haloacetamides. Several chloroacetamide inhibitors have been 

employed by the Gray and London labs to inhibit cancer targets like peptidyl-prolyl cis-

trans isomerase (Pin1). In each of these examples, a chloroacetamide was used to 

irreversibly label cysteine 113 in a site-selective manner. Importantly, the α-carbonyl 

group serves to lower the C-Cl bond LUMO, a σ* antibonding orbital, thus enhancing the 

substitution reaction rate. Sulfopin exhibited sufficiently high reaction rates for complete 

Pin1 labeling within 4 hours.76 Similarly, BJP-06-005-3 displayed a kinact/KI of 

740 M−1 s−1.77 Using a competitive dose-response curve, BJP-06-005-3 also showed high 

selectivity for C113 of Pin1 which was the only modified cysteine in the 604 identifiable 

cysteine sites in the human embryonic kidney 293 (HEK293) proteome. 

However, alkyl halides are not limited to cysteine nucleophiles. Using a bromoethyl 

electrophile, the Lin group demonstrated histidine labeling under proximity-inducing 

conditions with 17β-Hydroxysteroid dehydrogenase type 1 (17β-HSD1).78 Using 

irreversible inhibitor 3-(2-bromoethyl)-16β-(m-carbamoylbenzyl)-17β-hydroxy-1,3,5(10)-

estratriene (PBRM), co-crystal structure elucidation allowed for the Lin group to 

demonstrate sufficient proximity between His221 and the bromoethyl group. Interestingly, 
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the bromoethyl electrophile does not react with free excess histidine under physiological 

conditions, highlighting the importance of proximity and reaction effective molarity. 

  

1.4.4. Sulfonamide Warheads 

N-acyl N-alkyl sulfonamides (NASA) leverage an activated amide for proximity-

induced lysine labeling (Table 1, Electrophile 4). Due to its novelty, the mechanism of 

NASA labeling is still relatively unknown. However, reactivity seems to be conferred 

through the electron withdrawing cyanomethyl group protruding from the tertiary nitrogen 

atom of the sulfonamide. It is plausible that reaction rates are accelerated when the 

methylene adjacent to the nitrogen leaving group is acidic enough to exchange protons 

with the nitrogen after leaving group expulsion. Supporting this is a correlation between 

stronger electron withdrawing groups, hydrolysis rates (indicative of intrinsic reactivity), 

and reaction rate with a target protein. To enhance reactivity, the negative charge accrued 

on the nitrogen leaving group must be reduced after reaction to stabilize the leaving 

group. Greater mechanistic insight should be given to investigate whether this is solely 

through a nearby EWG, or through an EWG-promoted acid/base reaction. Further 

contributing to target reactivity is steric hinderance of the EWG, i.e., 4-nitrobenzyl or 2,4-

dinitrobenzyl rings have been found to impair labeling efficiencies.79 

Importantly, the selectivity of NASA seems to be reliant on a specific binding 

interaction, i.e., when the electrophile was at low enough concentrations and confined to 

a binding interaction, high specificity was observed. NASA exhibits similar second-order 

reaction rates on the scale of 104 M-1s-1 when incorporated in a covalent inhibitor for heat 
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shock protein 90 (Hsp90).79 However, when in the presence of excess competitor, several 

non-specific labeling reactions were seen in the cell lysate.  

When NASA was incorporated into an inhibitor for double minute 2 protein (HMD2), 

slower reaction rates were observed on the order of 102 - 103 M-1s-1, likely due to the 

much larger KD, despite a high kinact of 4.8 × 10–4 s–1.80 Mass spectrometry digest/peptide 

mapping studies were performed, and it was found that the N-terminal α-amino group was 

being selectively modified (<12 Å away), as well as Tyr67 (~10 Å away). A proteome-wide 

selectivity study was also performed, revealing the NASA probe broadly reacted with ten 

total proteins. 

 

1.4.5. Sulfur Exchange Chemistry 

Sulfur (VI) fluoride exchange (SuFEx) chemistry has recently become a 

prominently used electrophile in proximity-induced covalent labeling applications. SuFEx 

itself represents a class of compounds with an R-SO2F moiety (Table 1, group 5).81 The 

chemoselectivity of SuFEx is much less constrained than other electrophiles, with 

reactions occurring between nucleophiles like lysine, tyrosine, and histidine. Despite 

having such a wide target scope, the low intrinsic reactivity of SuFEx leads to them being 

regarded as “latent electrophiles”. This is also observed through low hydrolysis rates 

under physiological conditions. Despite this apparent low reactivity, SuFEx forms covalent 

bonds in protein binding pockets at very fast rates, comparable with more reactive 

electrophiles. 

One of the more prominent SuFEx chemistries is the aryl sulfonyl fluoride (ASF) 

(Table 1, Electrophiles 5A, 5C, & 5D), situated on the more electrophilic end of the SuFEx 
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spectrum. Several ASF derivatives (i.e., para vs meta substitution and phenyl vs benzoic 

acid derivatives) were explored by the Taunton group as broad kinase inhibitors.82 They 

found the para ASF was generally more effective in targeting kinase catalytic lysines, 

likely due to the binding mode of the inhibitor and orbital overlap with the ε-NH2. ASF has 

recently been used to covalently modify His353 of cereblon for covalent E3 ligase 

inhibition.24 Other targets of ASF-equipped covalent inhibitors include human neutrophil 

elastase, via reaction with the catalytic Ser195 residue.83 Between ASF and the less 

reactive fluorosulfate tyrosine (FSY) (Table 1, Electrophiles 5B & 5E), the latter exhibits 

higher selectivity and stability due to lower electrophilicity, yet much slower reaction rates 

in comparison, leading to reduced function under concentrations well below KD values. 

Another class of sulfur exchange chemistry is sulfonyl triazole exchange (SuTEx), 

which replaces the fluoride leaving group with a triazole derivative.24,84 SuTEx has the 

advantage of enhanced chemoselectivity specifically for tyrosines and is often used to 

block catalytic tyrosines. This selectivity is reported to be imparted by the triazole leaving 

group, with a para-methoxyphenyl leaving group significantly improving the ratio of 

tyorinses/lysines labeled, without impairing tyrosine coverage (Table 1, Electrophile 6).84 

Several inhibitors have been made to contain SuTEx to target both catalytic and non-

catalytic tyrosines, where reactivity in conferred through proximity.85 

Sulfonimidoyl fluoride chemistry is another form of SuFEx that has yet to be 

incorporated into a proximity-induction format.86 Sulfonimidoyl fluorides have been 

described as a less reactive, yet tunable sulfonyl fluoride, due to the potential substitution 

on the nitrogen atom participating as an imine (Table 1, Electrophile 7). As such, these 
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electrophiles have potential for highly tunable covalent binders for targeted covalent 

inhibition.  

Table 1. Examples of electrophiles used in ligand-directed covalent labelers. Cancer 
protein targets are listed below each structure. 
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1.5. Proximity-induced Covalent Protein Binders 

To extend the concept of covalent binders, covalent handles have been 

incorporated into the amino acid sequences of proteins and peptides to enhance the 

residence time of general protein:protein interactions. A key consideration in the 

development of covalent binding peptides and proteins is the stability of the construct 

prior to target protein engagement. Since the probe also contains reactive functionality, 

there may be a high propensity to “self-react” and quench the electrophile. These 

applications are also likely most useful when the protein ligand affinity is limiting, 

maximizing the effects of covalency. 

One of the first examples of affinity driven protein:protein stapling used a ZSPA 

affibody incorporated with a cysteine-reactive alkyl bromide electrophile to label the Z 

protein.87 However the most prominent electrophile used in recent covalent protein 

applications has been SuFEx. The Wang group has pioneered the use of SuFEx 

chemistry in their strategies for genetically encoding latent bioreactive amino acids into 

protein binding interfaces.88–90 They demonstrate this by genetically modifying the cell 

death protein 1 (PD-1) with SuFEx to irreversibly block the PD-1/PD-1 ligand (PD-L1) 

interaction on T cells to improve immune function.91 Notably, they report a significant 

dose-response increase in the proportion of T cells with cytotoxic functions and enhanced 

IFN-γ production as a function of covalency. No self-reactivity was reported, i.e., labeling 

nearby nucleophilic amino acids due to intrinsic proximity through protein folding, 

supported by successful amino acid sequencing of the covalent protein binder. 

Nanobodies represent a protein binder with high specificity and lack of 

immunogenicity, and are often used to block protein:protein interactions. Here, the Chen 
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group genetically incorporated SuFEx into a nanobody specific for PD-1 on T-cells.92 In 

this example, a cell penetrating peptide and lysosomal sorting sequence attached to the 

covalent PD-1 was able to induce internalization and lysosomal degradation of PD-L1, 

restoring T cell function for eradication of non-small cell lung cancer cells. Numerous 

other examples have emerged including covalent protein labeling in vivo using Rab1b 

with the guanine nucleotide exchange factor of DrrA,93 and recently a proximity-induced 

covalent labeling strategy to target both carbohydrates and RNA.94,95 

 Often times, protein:protein interactions are mimicked through the synthesis of a 

linear peptide epitope of one binding partner. Incorporation of covalent handles into these 

linear peptide epitopes has allowed for greater synthetic output of covalent protein 

binders. In these applications, SuFEx chemistry is most used, with the ASF electrophile 

dominating examples seen in literature. The first reported use of ASF in a covalent binding 

peptide was to target the p53-mdm4 interaction.96  Both para-methyl and para-methoxy 

substituted ASF moieties have also been incorporated into covalent peptides to inhibit 

Mcl-1.97  

 

1.6. Translating the Advantages of Covalency to Bifunctional Proximity-

Inducers 

The benefits of covalency in a monovalent binding interaction are also realized 

when incorporated into a bifunctional format. With intrinsic limitations in bifunctionals 

arising from inherently low affinity ligands, ternary complex instability, and potential for 

negative cooperativity, inducing irreversible interactions is very advantageous. Several 
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strategies have already began employing covalency as a strategy for therapeutic design, 

including PROTACs, DUBTACs, PHICs, and covalent ARMs (cARMs). 

 

1.6.1. Covalent PROTACs 

1.6.1.1. Irreversible covalent PROTACs 

Several covalent PROTACs have been generated to target cytosolic proteins for 

degradation (Figure 2). Covalency has allowed for the chemical modification of binding 

interactions to enhance ternary complex formation between ubiquitin ligases, PROTACs, 

and target proteins. In the design of such molecules, covalency has either been 

incorporated into the target binding side or ubiquitin ligase binding side, each of which 

has its own respective consequences.98 For example, the catalytic function of PROTACs 

is lost once irreversibly engaged protein targets are degraded. In this scenario, covalency 

is a tool to enhance target occupancy at concentrations well below the governing KD, as 

is the case for many intracellular applications. On the ubiquitin ligase targeting side, 

covalency does not interfere with the catalytic effect. However, comparing the large 

substrate scope for target proteins with those for ubiquitin ligases, it is much more likely 

to find binders that have much more to gain from covalency on the target binding side. 

The earliest example of a covalent PROTAC was the HaloPROTAC from the 

Crews lab, which used a chloroalkane tag to irreversibly label HaloTag7 for Von Hippel–

Lindau (VHL) recruitment.99 Other examples soon followed including a covalent PROTAC 

for Bruton’s tyrosine kinase (BTK) in 2019,100 and 2020.101 Soon after, the Gray lab 

followed up with a covalent PROTAC which used an acrylamide to bridge KRASG12C with 

E3 ligase cereblon for ubiquitination and subsequent protein degradation.102 To 
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demonstrate the effects of irreversible E3 ligase recruitment, the Nomura group utilized a 

chloroacetamide warhead to irreversibly tag FEM1B with ligands for target proteins BRD4 

and BCR-ABL/c-ABL.103 Although no comparison was made with a non-covalent 

analogue, TPD was found to occur regardless of linker length. Linker constitution is an 

essential parameter to optimize in these studies, and this finding suggests a role for 

covalency in stabilizing ternary complexes with negative cooperativity. 

 

 
Figure 2. Bifunctional proximity engagers equipped with electrophilic modalities 
irreversibly label a target protein for enhanced ternary complex formation. 

 

 A common problem with covalent labeling is off-target engagement through non-

specific cross-linking. By increasing the reactivity of the covalent handle, off-target 

labeling is likely to be increased as well. A recent study by the Cravatt group has 
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demonstrated that by replacing the α-chloroacetamide on covalent PROTACs with an N-

acyl acrylamide on an azetidine core, a greater degree of selectivity is gained (Table 1, 

Electrophile 1C). The chirality of the azetidine core also conferred stereoselectivity 

between mutant protein targets.104 They demonstrate that preferential binding of one 

stereoisomer allows for a “preferred interaction”. Successful binding and thus pre-

orientation of the electrophile next to Cys1113 enables a cross-linking reaction that 

otherwise occurs at negligible rates. 

 The effects of covalently stabilized ternary complexes on PROTAC function are 

complex and non-trivial to predict. Enhancing the binding interaction with the E3 ligase or 

target protein through an irreversible linkage can stabilize the ternary complex but can 

also inhibit biological function.100 Many early studies with irreversible covalent PROTACs 

focus solely on covalent analogues, as opposed to non-covalent.99,102,105,106 Since the 

majority of studies do not perform a head to head comparison between covalent and non-

covalent PROTACs, it is inherently unclear whether “irreversible” covalency is beneficial 

or detrimental. Recently, a covalent PROTAC was developed which uses a dual 

acrylamide warhead for cullin RING ubiquitin ligase (CRL) recruitment and performed a 

rigorous head-to-head comparison of covalent vs non-covalent analogues.107 Here, they 

reduced both alkenes and saw covalency was required for TPD in their case (Table 1, 

Electrophile 1D). To challenge this claim, we suggest that by altering the binding ligand 

itself, the lack of TPD may also be a result in lost affinity with the CRL substrate. By 

reducing the long, conjugated system, the planarity of the molecule was eliminated, 

potentially hurting the binding interaction. Despite this, they claim covalency is necessary, 

while it may just be that the non-covalent binder is not a binder after all. 
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1.6.1.2. Reversible covalent PROTACs 

 Recently, there has been great interest in utilizing reversible covalent linkages for 

proximity induction. Covalent binders equipped with reversible electrophiles can also 

kinetically stabilize ternary complex formation, however, there exists an equilibrium that 

can favor the reverse reaction under specific conditions and release of the bifunctional 

molecule. Akin to traditional irreversible covalent warheads, this emerging class of 

covalent drug can increase target residence time with corresponding decreased rates of 

in vivo clearance. Reversible covalency allows the bifunctional drug to retain the catalytic 

turnover properties of their non-covalent counterparts and provides a self-correction 

mechanism for off-target labeling (Figure 3). These factors are especially important in the 

intracellular environment when PROTACs are stapled to their target protein/E3 ligase. A 

reversible covalent bond in this scenario would undoubtedly enhance TPD by allowing 

successive ternary complexes to form after initial protein degradation. 

 Most, if not all reversible covalent PROTACs make use of the cyanoacrylamide 

warhead (Figure 3). What grants this electrophile reversibility in contrast to traditional 

acrylamide moieties is the electron withdrawing and conjugated cyanomethyl group that 

increases the acidity of the α-proton after Michael addition. Cyanoacrylamide warheads 

have been incorporated into PROTACs to target BTK.108 Incorporation of a reversible 

covalent bond aided in selectivity, especially in a modified cyanoacrylamide warhead with 

a geminal dimethyl group. They demonstrate that reducing the affinity for the target while 

maintaining a reversible covalent bond reduces several additional non-covalent off-target 

interactions.  
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Intracellular accumulation is another essential parameter for designing 

therapeutics which target intracellular proteins. It was found that the cyanoacrylamide 

warhead improved PROTAC intracellular accumulation to improve target occupancy of 

BTK.109 In this scenario, the reversible chemistry outperformed the irreversible and non-

covalent chemistries by 3- and 30-fold, respectively. A thorough comparison was then 

performed between analogous non-covalent controls to determine if the reversible 

covalent bond was responsible for enhanced potency solely through enhanced 

intracellular accumulation. Despite having similar levels of intracellular accumulation, the 

reversible covalent bond conferred an order of magnitude lower IC50 for BTK degradation 

when compared to non-covalent controls. 

Reversible recruitment of E3 ligases also presents a promising strategy for 

enhancing TPD.110 Here, only when the cyanoacrylamide warhead was installed into a 

Kelch-like ECH-associated protein 1 (KEAP1) ligand, bardoxolone, did bromodomain 4 

(BRD4) degradation occur. Notably with either the alkene or nitrile groups removed, no 

TPD occurred, highlighting the importance of the reversible covalent linkage. 
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Figure 3. Reversible covalent engagement of target proteins by PROTACs facilitates high 
target occupancy while preserving the PROTAC catalytic cycle. 

 

1.6.2. Additional Platforms Which Leverage Covalency for Proximity-Induction 

1.6.2.1. Reversible Covalent DUBTACs 

With TPD being a prominent topic in many recent studies, a similar platform has 

been gaining traction for the reciprocal function, i.e., targeted protein stabilization (TPS). 

TPS serves to address either a loss of function mutation, or upregulate an enzyme 

involved in mediating a dysregulated pathway in cancer. TPS is conceptually related to 

TPD, but instead recruits deubiquitinases to reduce basal TPD in a cell. DUBTACs, 

introduced by the Nomura group, demonstrate this by using an acrylamide warhead to 

covalently target ΔF508-CFTR and enhance trafficking to the membrane in cystic 

fibrosis.111 The need to stabilize ternary complexes for trafficking to distal sub-cellular 
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locations represents another potentially useful aspect of covalent recruitment. 

Additionally, recent work by the Buhrlage group has discovered novel DUB-targeting 

covalent handles for the discovery of future DUBTACs using a large library of covalent 

fragments screened in an activity-based protein profiling protocol.112 

 

1.6.2.2. Covalent Phosphorylating Inducing Chimeras (PHICs) 

Branching away from TPD/TPS, controlling post-translational modifications of 

proteins remains a relatively unexplored subset of bifunctional proximity inducing 

molecules. One existing example induced tyrosine phosphorylation through bifunctional 

PHICs to perturb intracellular protein function.113 The Choudhary lab recently advanced 

this platform by incorporating an α-methyl acrylamide to covalently engage BRD4 and 

induce phosphorylation. They note that resistance to classical BTK-inhibitor resistant cells 

can be overcome using this strategy. 

 

1.6.2.3. Covalency to Enact Targeted Release of Cancer Therapeutics 

Often in ligand-directed covalent labeling applications which historically focused 

on the development of chemical probes and biosensors, the binding motif itself is 

eliminated from the covalent ligand after nucleophilic attack. Taking advantage of this, the 

London lab strategically flipped the electrophile to provide targeted release of a desired 

therapeutic. This was accomplishes using both a substituted methacrylamide and 

sulfamate acetamide warhead for covalent ligand directed release (CoLDR) chemistry 

(Table 1, Electrophiles 1E & 9).114,115 These constructs function like previous examples 

mentioned above, but instead of ejecting an irrelevant binding ligand leaving group after 
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a substitution reaction, a prodrug is released inside a target cell, i.e., tumors expressing 

BTK. Thus, this is a targeted approach for delivering potent inhibitors or cytotoxic agents 

directly to targets via ligand-directed covalent labeling. We envision related chemistry 

could have strategic use serving as a masking agent for bifunctional molecules like 

PROTACs to control function spatially and temporally. Conceptually, covalent 

engagement of an aberrant protein by a masked PROTAC could be coupled to linker 

cleavage, generating an accessible E3 ligase-binding domain. 

 

1.7. Leveraging Covalency in Immune Recruitment 

The immune system is a powerful tool that can be leveraged to target pathogens 

like cancer with therapeutic interventions. In a healthy individual, the immune system 

performs immune surveillance of cells to scan for cancer markers. Upon recognition, 

various clearance mechanisms are initiated to remove the cells before establishment of 

a tumor. However, through various mechanisms, tumors adapt to evade immune 

recognition, allowing for unregulated tumor growth. Monoclonal antibodies have been 

generated to target receptors overexpressed on tumors, allowing for immune recognition. 

Chemical biologists have taken steps to mimic these interactions with small molecule 

therapies to reduce drug development times and increase modularity of therapies.  
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Figure 4. Bifunctional compounds facilitate quaternary complexes at cell/cell interfaces. 
A) ARMs mediate ternary complex formation between antibodies and cancer cell 
receptors. B) Opsonized cancer cells present antibody Fc domains for immune cell FcR 
recognition. C) Clustering of FcRs across the immune cell membrane activates immune 
effector functions via ITAMs. 

 

As mentioned earlier, ARMs represent another key example of proximity inducing 

bifunctional molecules, and from a chemical biology perspective analogous to those 

discussed above.17–19,116 For example, while PROTACs contain a handle for E3 ligase 

recruitment and another for target protein binding, ARMs contain a handle for antibody 

recognition and another for a specific cell surface marker on cancer. ARM function is also 

conferred through a “ternary complex” akin to PROTACs, however in the case of the 

former, this comprises a cancer receptor and antibody bridged by the ARM. Resultant 

“antibody recruitment” or “tumor opsonization” (Figure 4), flags previously invisible 

tumors for FcR-mediated immune recognition and clearance. Theoretically, ARMs can be 

made to target any antibody which exists in circulation, allowing for broad recruitment of 
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pre-existing antibodies in vivo against a variety of targets. However, the same limitations 

for other non-covalent bifunctionals discussed above also apply to ARMs. As such, a 

covalent immune recruiting (CIR) technology was developed which included covalent 

ARMs (cARMs). cARMs are designed to irreversibly label antibody fragment antigen-

binding (Fab) domains, essentially creating antibody drug conjugates (ADCs) in situ 

(Figure 5).40,117,118 

 
Figure 5. Antibodies are irreversibly reprogrammed in situ with tumor binding ligands. 
cARMs are among the earliest literature examples of covalent proximity inducing 
molecules and strategically covalently link to the antibody and not the tumor antigen for 
the following reasons: 1. The antibody:ARM complex must remain intact for extend 
periods of time to enable localization from the blood to the tumor site, in the face of fast 
ARM clearance in vivo. 2. Endogenous ligands are recognized by serim antibodies which 
compete for ARM binding 3. The limiting interaction in the ARM ternary complex is 
antibody binding due to an intrinsically weaker KD e.g., rhamnose for anti-rhamnose IgG 
Upon localization of antibodies to the cancer cell, the resultant immune complex 
comprising FcRs bound to tumor opsonized antibody has increased kinetic stability by 
reducing one reversible binding component (i.e., between ARM and antibody). 

 
 Prior to this work, only one general construct existed for the cARM platform. This 

used a dinitrophenyl (DNP) analogue to target relatively low affinity anti-DNP antibodies 
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present naturally at low nM concentrations.40,117 By incorporating a reactive acyl imidazole 

(Table 1, Electrophile 8), anti-DNP antibodies were irreversibly labeled with a prostate 

specific membrane antigen (PSMA)-targeting, glutamate urea (GU) motif. When 

compared to non-covalent antibody recruitment, covalency was found to significantly 

enhance tumoricidal immune function in both antibody dependent cellular phagocytosis 

(ADCP) and cytotoxicity (ADCC) assays.40 

 In the context of antibody recruitment, reversible covalent bond formation has not 

yet been explored and the importance of “catalytic turnover” is not well understood. 

However, we hypothesize current cARMs linked to the antibody would enable such 

turnover if the antibodies are not degraded during the tumor killing mechanisms of 

ADCP/ADCC. The ability of cARMs to both reversibly and covalently engage the tumor 

antigen however may represent a strategic way to further stabilize ternary complexes and 

enhance immunotherapeutic efficacy while enabling cARM recycling/turnover. 

Interestingly, even when target occupancy/ternary complex formation is equivalent 

between ARMs and cARMs, significant differences have been observed in the magnitude 

of immune activation. These findings suggest an additional mode of covalent 

enhancements that arise from differences in target residence time. Here microscopic 

residence times of individual binding interactions may play a critical role in stabilizing 

immune complexes and activating effector functions. 
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1.7.1. Understanding the Limitations of cARMs: A Temporal and Strain 

Hypothesis 

To date, there is still very little known about the mechanism of cARM-induced 

immune activation. It is insufficient to extrapolate concepts derived from a simple ternary 

complex in solution to a quaternary immune complex on a cell surface. Based on our 

findings above, we hypothesize the effect of covalently engaging the antibody leads to 

enhanced immune activation for reasons beyond forming a higher equilibrium 

concentration of “quaternary complexes”. 

 

Figure 6. Immune activation may be limited by various opposing forces and governed by 
factors beyond the “concentration/number of ternary complexes formed. Improving 
complex stability through covalency is now hypothesized to increase immune receptor 
residence time and the efficiency of signal propagation towards tumoricidal immune 
effector functions. 

 
 In typical immune synapses, there are several potential opposing 

interactions/forces that can disfavor receptor binding and subsequent immune activation. 

Namely, micro clusters of interacting receptors must come together into super clusters 
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for a sufficient period.37 Intuitively, this presents both important spatial and temporal 

considerations that can be modulated via covalent recruitment. 

 Clustering of receptors in a tight space is required for immunoreceptor tyrosine-

based activation motif (ITAM) clusters and exclusion of dephosphorylating phosphatase 

enzymes.37 However, this is also a very entropically demanding process, with various 

forces acting to oppose it including: cell diffusion, receptor diffusion, membrane tension, 

and the movement of extracellular water/protein solutes (Figure 6). 

 Following a binding event, time is needed for the formation of each cluster and for 

secondary messengers to be transmitted. Thus, these physically demanding receptor 

clusters must be held together for enough time for activation. As such the dissociation 

rate of the bifunctional is a critical parameter that can be essentially eliminated via 

covalent engagement. 

 In the context of “quaternary complexes” templated by ARMs (i.e., 

FcR:antibody:ARM:tumor antigen (Figure 6), the two terminal proteins in the complex  

are membrane bound. To initiate intracellular signalling needed for immune activation, 

the binding complex must be stabilized through sufficiently small off rates to prevent 

dissociation of the complex and subsequent receptor diffusion (on the time scale of ITAM 

signalling), which further decreases the effective concentration of FcR. The overall result 

can also translate to a loss in apparent affinity due to competing receptor diffusion. 

Covalent engagement may serve to increase the immune residence time beyond the 

necessary threshold for ITAM signalling and activation. 

 Additionally, with respect to the mechanics of this interaction, we need to consider 

that bringing two cells together is likely much more difficult than bringing two proteins 
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together. In a typical interaction between a T cell receptor and its target, the interacting 

proteins are membrane bound. This consideration is important, as the strain of each cell 

and repulsion of negative charge is focused directly on the single binding interaction. 

Translating this to a quaternary complex introduces strain on three equilibria now, each 

with transient unbinding and rebinding. The tension between two interacting cells thus 

has a preventative role in rebinding, limiting immune function. This can also be thought 

to reduce the apparent affinity of each interaction by accelerating the off rate and 

deaccelerating the on rate, through sheer force. From this perspective, covalent 

engagement of proteins within the quaternary complex, e.g., cARMs, can resist these 

repulsive forces, to enforce activation signalling. 

Examining how covalency imparts stability at each component in this quaternary 

complex is essential in shedding light into how we can improve covalent bifunctionals like 

cARMs as immunotherapeutics. For example, is function limited by bifunctional affinity 

towards the antibody, or the target? Is the limiting factor the antibody Fc:FcR interaction 

itself? If the latter is the case, then covalently targeting the immune receptor directly would 

be hypothesized to translate to enhanced tumor immunotherapeutic function. By 

understanding what constraints are limiting in these interactions, we can design better 

therapeutics as well as better understand the biology of these interactions. 

 

1.8. Thesis Objectives 

In the last decade, emergence of covalency in cancer therapeutics has 

revolutionized the field. Covalent drugs exhibit improved target occupancy, selectivity, 

pharmacokinetics, and function when compared to their non-covalent counterparts. 
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Examples like cARMs have helped shed light into this. However, both the range of 

antibody targets and electrophiles used in current cARM platforms remains narrow. 

We suggest that protein:protein interactions remain an unexplored platform for 

cARM therapeutics, despite being so prevalent throughout biological processes. One 

such interaction occurs through viral opsonization. Herpes simplex virus (HSV) is one 

such example which uses a range of glycoproteins to target host receptors for entry and 

subsequent replication. From an immunity perspective, these glycoproteins then present 

themselves as key targets for an adaptive immune response which physically block these 

viral entry mechanisms through antibody neutralization.  

To strategically target these neutralizing antibodies, choice of immunogenic 

peptide is imperative for success. Notably, the peptide must be i) short enough to 

synthesize by solid phase peptide synthesis, ii) soluble in physiological conditions, iii) a 

linear peptide epitope, and iv) not possess its own nucleophilic amino acids capable of 

inducing intra- or intermolecular cross-linking. We chose to target glycoprotein D (gD) due 

to the prevalence of antibodies targeting its linear N-terminal peptide epitope (residues 9-

22) (Figure 7).119 

By incorporating one of these immunogenic peptide ligands as the antibody 

binding domain, we also hoped to explore an emerging electrophilic modality; SuFEx. 

SuFEx presents many advantages over other electrophiles, namely enhanced hydrolytic 

stability, high reactivity in binding pockets, as well as poising as a latent electrophile when 

free in solution. Incorporation of SuFEx into a peptide backbone is also easily obtainable 

under SPPS conditions, making it a prime candidate for this application. 
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Figure 7. Covalent ligand-directed labeling of anti-gD antibodies enhances immune 
recognition of target cancer cells. The gD peptide epitope (residues 9-22) from the N-
terminal domain of gD was incorporated into a bifunctional cARM. B) After binding, a 
nucleophilic amino acid in the antibody Fab reacts with the nearby SuFEx electrophile 
installed on the gD peptide. Covalently reprogrammed anti-gD antibodies can then more 
effectively template ternary complexes on the surface of cancer cells. 

 

2. Synthesis and Stability of Covalent Peptides 

2.1. Objectives 

 To advance the cARM platform to target protein:protein interactions, a peptide-

based approach was chosen. For this proof of concept, the choice of peptide was 

imperative for targeting a significant antibody population naturally present in human 

serum. As such, we decided a viral peptide epitope would be sufficiently immunogenic 

and be targeted by antibodies enriched with the correct isotypes, i.e., immunoglobulin 1/3 

(IgG1/3).120 
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 We chose to synthesize the N-terminal peptide epitope of gD on HSV-1/2. This 

short amino acid sequence (residues 9-22) represents one of the most immunogenic 

peptide epitopes on HSV-1/2 that may be synthesized, i.e., a linear epitope as opposed 

to a conformational epitope.119 Thus, this gD peptide (LKMADPNRFRGKDL; “gD”) was 

synthesized by solid phase peptide synthesis (SPPS) with an azide click handle for facile 

incorporation of affinity handles, fluorogenic handles, or bonafide tumor binding handles. 

 

2.2. Assembly of cARM Constructs 

 Modular assembly of cARM compounds was performed by strain promoted azide 

alkyne cycloaddition (SPAAC) click chemistry. Peptides were synthesized by SPPS on 

rink amide resin using fluorenylmethoxycarbonyl (Fmoc) protecting groups. Peptides 

were made to contain a reactive azide group via azido-lysine incorporation at the N-

terminus. SuFEx was incorporated at either the N-terminus (FSY-gD or ASF-gD), an 

internal phenylalanine residue (gD(F10FSY)), or the C-terminus (gD-FSY) (Figure 8). To 

do this, an O-allyl-tyrosine was installed at the desired location during SPPS, followed by 

de-allylation using a homogenous palladium Pd(0) catalyst. Subsequent 

fluorosulfonylation using an 4-(Acetylamino)phenyl]imidodisulfuryl difluoride salt 

delivered the final electrophilic peptide. 

A series of small molecule handles were then synthesized with 

dibenzylcyclooctyne (DBCO) click handles to participate in the designated SPAAC 

reactions for final cARM syntheses. These handles include fluorescein-DBCO for 

fluorescent readouts, biotin-DBCO for binding studies and pull-down assays, as well as 

GU-DBCO for effector cell assays, i.e., ADCP. Final cARM compounds were synthesized 
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using 200 µM azido peptide and 200 µM handle-DBCO in 1x phosphate buffered saline 

(PBS). Reaction completion was verified by liquid chromatography-mass spectrometry 

(LC-MS) to confirm sufficient purity of final compounds. 

 

 

Figure 8. A blueprint of SuFEx-equipped peptide cARMs constructed for this study. 
SPAAC chemistry was used to modularly attach biotin, fluorescein (fluor), or glutamate-
urea (GU) motifs. FSY or ASF electrophiles were incorporated by SPPS into positions 
R1-R3. 

 

2.3. Evaluation of SuFEx stability by LC-HRMS 

Stability of the electrophilic handles used in these covalent binders is imperative 

for function. If the SuFEx group is hydrolyzed at a rate significantly faster than binding 

and subsequent covalent labeling of target proteins, then the advantages conferred 

through covalency are not realized. As such, the stability of SuFEx was monitored at near-

physiological conditions (i.e., pH 7.4 1x PBS) by high resolution LC-MS (LC-HRMS). The 

presence of specific m/z -20 amu (loss of H+ & F-) and m/z -2 amu (F/OH exchange) 
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masses were monitored to probe off-pathway cyclization and hydrolysis reactions, 

respectively. Additionally, the presence of larger masses indicative of intermolecular 

crosslinking was investigated. 

The stability of FSY was found to be negligible over a four-day timespan (Figure 

9). In comparison, ASF was found to have an estimated half-life of 24 hours (Figure 10). 

ASF degradation was found to be primarily through hydrolysis, seen through a m/z -2 

amu loss. No m/z -20 amu loss was observed for these constructs (GU-FSY-gD or GU-

ASF-gD), although this was seen for fluor-ASF-gD (data not shown). 
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Figure 9. LC-HRMS was used to monitor FSY stability over time. Azido-gD(F10FSY) (500 
µM, 1x PBS, room temperature) was analyzed at each indicated timepoint. 
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Figure 10. LC-HRMS was used to monitor the stability of ASF. Azido-ASF-gD (500 µM, 
1x PBS, room temperature) was incubated and analyzed at each indicated timepoint. 
After 24 hours, ASF hydrolysis approached 50%, appearing as an [(M-2)+3H]3+ peak 
(F/OH substitution). 
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2.4. Discussion 

 Demonstrated here is the synthesis of a viral peptide epitope capable of facile 

SuFEx incorporation. The diversity of reaction conditions needed to synthesize a peptide 

makes it difficult to incorporate a range of reactive electrophilic handles. For example, 

amine-reactive groups may not survive the basic conditions required for Fmoc 

deprotection, which typically uses a reagent like piperidine. Final peptide cleavage 

conditions also present an issue if electrophile decomposition is acid catalyzed, as these 

conditions typically range from 90-95% trifluoroacetic acid (TFA). Thus, this modified 

strategy, representing a conglomerate approach from several literature examples, allows 

us to incorporate SuFEx chemistry into these sequences with relative ease.121,122 

 Adding to the modularity of this approach is the incorporation of SPAAC click 

chemistry. By installing azide motifs in a strategic location along the peptide backbone, 

DBCO-modified handles were appended to peptides with ease. This allowed for the 

convergent synthesis of complex cARM constructs containing fluorophores, affinity 

handles, or tumor binding ligands. 

 Equally as important as being able to attach an electrophile to a ligand is to ensure 

the electrophile survives physiological conditions until a specific cross-linking reaction can 

occur. If the half-life of the electrophile is too quick, the advantages conferred through 

covalency are lost. We demonstrated that SuFEx represents an extremely promising 

reactive handle in this regard. The less reactive FSY demonstrated no observable 

hydrolysis under pH 7.4 in 1x PBS buffer. Even the much more reactive ASF exhibited 

promising hydrolysis rates with a half-life of only ~24 hours. Assuming favorable binding 

kinetics with sufficiently high antibody titers, these rates are sufficient for covalent labeling 
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applications. Even in comparison with typical small molecule in vivo clearance rates, the 

cARM will be eliminated from the body even before it has a chance to become entirely 

hydrolyzed.45 

3. Evaluation of Antibody-Mediated Peptide Recognition 

3.1. Objectives 

 Proximity induction between a protein and its ligand is governed by its KD, 

composed of kon and koff values. Discerning these values is often the goal of binding 

studies and allows for accurate predictions of fraction bound protein:ligand complex at a 

given concentration. To accomplish this, bio-layer interferometry (BLI) was used to 

monitor antibody association and dissociation from peptide-coated streptavidin 

biosensors. By fitting these curves to their respective non-linear regression equations, the 

kon (Equation 1), koff (Equation 2), and KD (koff/kon) of the cARM/Fab binding interaction 

was calculated. 

 

Equation 1. Two Phase Association 

𝐴)   𝑆𝑝𝑎𝑛𝐹𝑎𝑠𝑡 =  (𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝑌0)𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝐹𝑎𝑠𝑡 × 0.01 

𝐵)   𝑆𝑝𝑎𝑛𝑆𝑙𝑜𝑤 =  (𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝑌0)(100 − 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝐹𝑎𝑠𝑡) × 0.01 

𝐶)   𝑌 =  𝑌0  +  𝑆𝑝𝑎𝑛𝐹𝑎𝑠𝑡(1 − 𝑒𝑥𝑝(−𝐾𝐹𝑎𝑠𝑡𝑋))  +  𝑆𝑝𝑎𝑛𝑆𝑙𝑜𝑤(1 − 𝑒𝑥𝑝(−𝐾𝑆𝑙𝑜𝑤𝑋)) 

Y0 = Y value when (X = 0) 

Plateau = Y value after infinite X values 

KFast = Fast rate constant, calculated as a reciprocal of the rate constant 

KSlow = Slow rate constant, calculated as a reciprocal of the rate constant 

PercentFast = Fraction from Y0 to plateau accounted for by KFast 
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Equation 2. One phase exponential decay 

𝑌 =  (𝑌0 − 𝑁𝑆)(𝑒𝑥𝑝(−𝐾𝑋)) +  𝑁𝑆 

X: Time 

Y: nm Shift 

Y0: Y at time 0 

NS: Binding at very long time points 

K: Rate constant (s-1) 

 

3.2. BLI Sensograms for cARM:Antibody Binding 

 Association and dissociation rates were compared between each biotin-peptide 

construct and a model anti-gD antibody, LP14. The rising part of each curve represents 

LP14 binding to a probe coated with immobilized peptide. Due to the bivalent nature of 

antibody binding, dissociation was performed in excess competitor gD peptide (200 µM) 

to prevent Fab rebinding to probe, otherwise known as “avidity” effects. 

 Results from BLI indicated KD values centered around 100 nM for each peptide 

(Table 2). Prior to FSY/ASF cARM synthesis, an initial peptide control was created with 

all lysine to arginine mutations, to ensure no intra- or intermolecular crosslinking. This 

peptide (biotin-gD-R) was found to possess an improved binding interaction with LP14, 

most notably through a smaller koff. As such, each cARM was also synthesized to contain 

these arginine mutations. When FSY was installed at the N-terminal or C-terminal position 

of the gD peptide (biotin-FSY-gD or biotin-gD-FSY, respectively), there was an additional 

decrease in koff. However, biotin-gD(F10FSY) saw a significant increase in koff. No 

observable binding occurred between biotin-gD and isotype IgG, indicating selectivity in 

the binding interaction. 
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Figure 11. The binding affinity of monoclonal LP14 antibody for each SuFEx cARM was 
monitored by BLI. Unmodified biotin-gD was used as a reference for baseline specific 
binding to LP14 antibody. To evaluate the effects of K→R mutations, LP14/biotin-gD-R 
binding was monitored. Selectivity was monitored through an isotype IgG control. 
Association was performed with 100 nM LP14/isotype IgG over 600 seconds. Dissociation 
was performed with 200 µM competitor gD peptide over 600 seconds.  

 
Table 2. Calculated binding constants between LP14 antibody and immobilized gD 
peptide variants using BLI. 

Peptide kon (M-1s-1) koff (s-1) KD (nM) 

Biotin-FSY-gD 67200 ± 800 5.688 x 10-3 ± 4.2 x 10-5 84.7 ± 0.8 

Biotin-gD(F10FSY) 68800 ± 600 2.211 x 10-2 ± 1.7 x 10-4 321 ± 3 

Biotin-gD-FSY 119000 ± 1000 6.374 x 10-3 ± 1.4 x 10-5 53.6 ± 0.3 

Biotin-ASF-gD 70600 ± 400 4.784 x 10-3 ± 2.3 x 10-5 67.8 ± 0.7 

Biotin-gD 60300 ± 400 1.130 x 10-2 ± 3 x 10-5 187 ± 2 

Biotin-gD-R 77400 ± 500 6.015 x 10-3 ± 1.4 x 10-5 77.7 ± 0.6 

 

 Each cARM also demonstrated tight binding to another monoclonal anti-gD 

antibody clone, H170 (Table 3). Here, very similar binding rates were observed for biotin-

FSY-gD, biotin-gD-FSY, and biotin-ASF-gD. Like the results seen from LP14 binding 
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curves, the internal phenylalanine substitution to FSY resulted in markedly reduced 

binding parameters (Figure 12). In addition to a large increase in koff, the biotin-

gD(F10FSY) cARM now exhibited little to no kon value. 

 

 
Figure 12. The binding affinity of monoclonal H170 antibody for each SuFEx cARM was 
monitored by BLI. Association of 100 nM H170 onto cARM-coated biosensors was 
monitored to calculate kon values. Dissociation was performed in 200 µM competitor gD 
peptide to extract a koff value. Minimal binding was observed after an F10FSY substitution. 

 

Table 3. Calculated binding constants between H170 antibody and immobilized gD 
peptide variants using BLI. 

Peptide kon (M-1s-1) koff (s-1) KD (nM) 

Biotin-FSY-gD 89600 ± 400 1.272 x 10-3 ± 4 x 10-6 14.2 ± 0.1 

Biotin-gD(F10FSY) 4800 ± 100 4.9 x 10-2 ± 1 x 10-3 1.02 x 105 ± 5 x 103 

Biotin-gD-FSY 85300 ± 300 1.595 x 10-3 ± 4 x 10-6 18.7 ± 0.1 

Biotin-ASF-gD 84000 ± 300 2.331 x 10-3 ± 8 x 10-6 27.8 ± 0.2 
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3.3. Discussion 

 One obvious yet critical aspect of proximity-induced covalent labeling is the actual 

binding interaction with the target protein. For a targeted covalent therapeutic to succeed, 

there are several barriers that need to be overcome. Namely, initial binding must occur 

quickly, observed by a large kon value. If the association of the ligand:protein complex is 

not very favourable, then the likelihood of binding in vivo is low, represented by low target 

engagement. However, under saturating conditions, even a small kon value can be 

overcome, due to the second-order nature of the term.  

A more intrinsically limiting constant is how quickly the complex dissociates, 

governed by a koff value. This first-order constant cannot be overcome by increasing 

ligand concentrations. If target occupancy is the objective, then still saturating the system 

is enough, as new binders replace old binders after dissociation. However, if the complex 

formed requires a specific residence time, then the stability, or koff of the interaction 

becomes more important. 

Specifically impacting the success of covalent therapeutics is a combination of 

residence time, proximity of electrophile to nucleophile, reactivity of the electrophile, and 

any catalytic contributions provided in the binding pocket. Balancing residence time and 

electrophilicity is complicated and often comes with trade-offs. For example, by increasing 

residence time to increase the likelihood of a covalent reaction, the affinity is also 

increased, and at what point does covalency become irrelevant? Additionally, increasing 

electrophilicity also increases off-target reactions.  

Of importance in this section is the residence time. Here, we observed that these 

peptides are associated with low to mid nanomolar binding affinities (Table 2). The best 
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binders exhibit koff values on the order of 10-3 s-1, while the worst are on the order of 10-2 

s-1. Interestingly, installation of SuFEx generally reduced the koff term, thus increasing the 

overall affinity of the ligand. One exception to this observation was when an internal 

phenylalanine implicated to be important in binding was mutated to a FSY moiety.119 This 

mutation resulted in an order of magnitude loss in binding affinity and enhancement in 

koff. With this observation, we predicted that despite the loss in expected complex 

residence time, that a possible decrease in distance to a residue like tyrosine would confer 

quicker covalent labeling, i.e., increased effective molarity. 

When binding studies were translated from the model LP14 antibody to another, 

H170, similar results were seen (Table 3). In this system, peptide binding was an order 

of magnitude tighter, now closer to low nanomolar affinities. The biotin-gD(F10FSY) 

cARM demonstrated an even greater drop in affinity for H170 relative to other cARM 

variants. Here, almost no binding was observed, now with a much smaller kon and koff. 

These results highlight the importance of this phenylalanine, a result previously reported 

in literature.119 

 

4. Reaction Kinetics and Selectivity of cARMs 

4.1. Objectives 

The rate of covalent bond formation between a covalent binder and its target 

protein is an important parameter to optimize. Equally important is to minimize the rate of 

covalent bond formation between the covalent binder and non-specific proteins. To 

assess these parameters for these peptide cARMs, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was performed to monitor covalent 
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labeling via a fluorescent readout. By quantifying fluorescent band intensity over time, or 

compared to control conditions, the reaction kinetics and degree of selectivity was found, 

respectively (Figure 13). 

 

Figure 13. Selectivity in a ligand-direct covalent labeling reaction is granted by a specific 
binding interaction. A) Recognition of the gD peptide epitope by anti-gD Fab domains 
brings a nucleophilic amino acid in proximity with SuFEx to facilitate a covalent linkage. 
B) Excess competitor peptides prevents peptide:Fab binding and subsequent covalent 
labeling. C) No reaction occurs when the gD peptide remains free in solution. 
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4.2. Selectivity Controls for Ligand-Directed cARM Labeling of Anti-gD 

Antibodies 

 The selectivity of the binding-induced reaction was compared to the bimolecular 

reaction between cARM and non-binding antibody. To accomplish this, isotype IgG with 

a similar amino acid composition was used, differing only in the complementary 

determining regions of the Fab. Additionally, competition experiments were performed by 

incubating LP14 anti-gD antibody with 100x excess competitor gD peptide to prevent 

cARM binding.  

All selectivity controls indicated a highly selective binding-induced reaction 

between peptide cARMs and LP14 (Figure 15). When FSY was incorporated into the N-

terminal, internal, and C-terminal position of the gD peptide, comparable levels of 

selectivity were observed with non-binding controls. Additionally, labeling predominately 

occurred at the antibody light chain. When a non-covalent fluorescent peptide control was 

incubated with LP14, no labeling was seen, suggesting covalency is required to form 

fluorescent bands. Despite the higher reported reactivity of the ASF electrophile, 

comparable selectivity for LP14 was found under the same conditions. Interestingly, it 

was found that preference for light chain labeling switched to heavy chain for ASF. 

To demonstrate the versatility of these covalent peptides, selectivity experiments 

were performed with an additional monoclonal anti-gD antibody, H170. Here, only N-

terminal incorporation of SuFEx mediated a covalent linkage, either for FSY or ASF 

electrophiles. Both the internal and C-terminal FSY variants demonstrated no reactivity. 

In this new antibody format, covalent labeling between the fluor-ASF-gD and H170 was 

observed only at the light chain now, as opposed to heavy chain labeling seen with LP14. 
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Figure 14. The selectivity of ligand-directed covalent labeling was assessed by 
fluorescence SDS-PAGE. A) FSY cARMs (2 µM) form a fluorescent band with LP14 (1 
µM) light chains by SDS-PAGE. This band was prevented when in the presence of excess 
gD peptide competitor (200 µM), or when LP14 was substituted for isotype IgG (1 µM). 
Coomassie stained image is provided in the SI (Figure 48). B) Substituting ASF for FSY 
at the gD N-terminus results in HC labeling. Excess gD peptide competitor prevents 
labeling, and no reaction occurs with isotype IgG. Coomassie stained image is provided 
in the SI (Figure 49). C) Covalent H170 labeling was prevented with excess gD peptide 
competitor. Only the N-terminal functionalized cARMs led to a successful covalent 
adduct. Coomassie stained image is provided in the SI (Figure 50). D) LP14 (1 µM) 
antibody was spiked into 60% human serum to assess selectivity in serum, in the 
presence and absence of competitor gD peptide (Figure 51). 

 
 

4.3. Reaction kinetics of peptide cARMs 

 
 Analysis of proximity-induced covalent labeling reaction kinetics were observed 

under pseudo first-order conditions. To do this, concentrations of each binding species 

were brought to 10x that of the observed binding affinity. As well, the concentration of 

cARM was made to be 10x that of the antibody Fab to ensure maximum binding at later 

reaction timepoints. By ensuring pseudo first-order conditions, the reaction kinetics 
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followed a first order curve and was only dependent on the concentration of antibody Fab 

and the rate constant of the reaction. Using GraphPad Prism software for non-linear 

regression and Equation 2, the rate constant, kinact, and half-life of the reaction was found. 

 

 

Figure 15. Ligand-direct covalent labeling kinetics between cARMs was investigated by 
fluorescence SDS-PAGE. Labeling rates between FSY-substituted cARMs and LP14 was 
performed under pseudo-first order conditions (10x excess cARM, 10x KD). The non-
specific bimolecular rate constant, kinter, was found between fluor-FSY-gD and isotype 
IgG (red). Gel images provided in supplementary information (see Supporting Information 
Figure 52). B) Labeling rates between the ASF-substituted cARM and LP14 was 
performed as above. A bimolecular rate constant was calculated similarly with isotype 
IgG (red). Gel images provided in supplementary information (see Supporting Information 
Figure 53). C) The rate of labeling was compared between H170 and fluor-FSY-gD or 
fluor-ASF-gD and was performed as above. Gel images provided in supplementary 
information (see Supporting Information Figure 54 & Figure 55). 

 

Labeling studies between LP14 and each FSY cARM were conducted to monitor how 

FSY location impacts kinact. By setting up bulk incubations, timepoints were generated by 
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aliquoting and freezing indicated timepoints for analysis by SDS-PAGE. This was done 

to maintain consistent concentrations of antibody and cARM between each timepoint. 

Technical replicate values were created (n=2) by loading each sample twice to control for 

differences in band diffusion between gels.  

Despite significant changes in FSY location along the gD peptide backbone, 

calculated kinact values remained consistent, i.e., on the order of magnitude of 10-5 s-1 

between each cARM (Figure 15 & Table 4). In comparison, ASF incorporated at the N-

terminus of the gD peptide (fluor-ASF-gD) reacted ~10x faster with a kinact > 10-4 s-1 

(Figure 15 & Table 4). 

 The ratio of the pseudo first-order rate constant kinact to the second order 

bimolecular rate constant kinter provides information about reaction effective molarity (EM). 

To determine kinter values of fluor-FSY-gD and fluor-ASF-gD, bimolecular reaction rates 

between isotype IgG and each cARM were determined. Despite their differences in 

intrinsic reactivity reported in literature, both FSY and ASF had kinter values ~ 0.03-0.04 

M-1s-1 (Table 5). As such, the rate enhancement or EM of ASF is ~10x greater than FSY. 

 Covalent labeling rates were then determined between fluor-FSY-gD or fluor-ASF-

gD and H170 antibody. Here, the kinact value of FSY was reduced ~10-fold, whereas ASF 

maintained a kinact value ~10-4 s-1 (Table 6). Despite these results, stronger binding 

observed in BLI assays feed into greater second-order rate constants for each cARM 

(Table 6). 
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Table 4. Rate constants calculated for covalent peptides and LP14 mAb.  

Peptide kinact kinact/KI Half Life (h) 

Fluor-FSY-gD 2.41 x 10-5 ± 3.3 x 10-6 280 ± 40 8 ± 1 

Fluor-gD(F10FSY) 2.51 x 10-5 ± 6.8 x 10-6 78 ± 22 8 ± 2 

Fluor-gD-FSY 1.62 x 10-5 ± 3.6 x 10-6 300 ± 100 12 ± 2 

Fluor-ASF-gD 3.31 x 10-4 ± 8.5 x 10-5 4900 ± 1300 0.6 ± 0.1 

 

Table 5. EM enhancements between N-terminal covalent peptides and LP14 mAb. 

Peptide kinter (M-1s-1) Rate Enhancement EM (mM) 

Fluor-FSY-gD 0.030 ± 0.004 9000 ± 2000 0.8 ± 0.2 

Fluor-ASF-gD 0.038 ± 0.01 130000 ± 40000 8.6 ± 4.7 

 

Table 6. Rate constants calculated for N-terminal covalent peptides and H170 mAb.  

Peptide kinact kinact/KI Half Life (h) 

Fluor-FSY-gD 4 x 10-6 ± 2 x 10-6 300 ± 10 50 ± 20 

Fluor-ASF-gD 2.5 x 10-4 ± 6 x 10-5 9000 ± 2000 0.8 ± 0.1 

 

4.4. Discussion 

With the development of covalent proximity-inducing molecules, it is important to 

understand the reaction kinetics and selectivity of the binding-induced cross-linking 

reaction. What separates a good from a bad covalent binder is the ability to form a fast 

covalent linkage with a specific protein. A fast covalent labeler has the added benefit of 

improved target occupancy at low concentrations, allowing for i) lower dosing protocols, 

and ii) improved potency in extracellular environments where local concentrations may 

be lower. This advantage is conferred through either a tight binding affinity (i.e., low KD) 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 52 

and/or a fast inactivation constant (i.e., kinact) that leads to a higher second order rate 

constant, kinact/KI.  

We were able to assume pseudo-first order conditions based Equation 3, which 

describes the formation of a reversible Fab:peptide complex. Here, we estimate KI = KD, 

a value which describes the concentration of inhibitor for half-maximal ligand-directed 

covalent adduct formation.123 We also assume that total Fab (FabT) domains are 

available for binding. After binding, a pseudo-intramolecular irreversible covalent 

labeling step occurs between the electrophile and a nucleophile in the Fab, whose rate 

is represented by kinact. By ensuring saturating conditions, i.e., [peptide] >> KD, the 

model may be simplified as a pseudo first-order reaction, where kobs = kinact ( 

 

 

Equation 4).123 Following this rationale, the concentration of bound complex 

remains sufficiently high until [Fab] << KD. We assume that after this point, the fluorescent 

changes become negligible, and thus the bulk of the reaction used to calculate kobs holds 

saturating conditions, allowing for this equation to be used. 

 

Equation 3. Equation for reversible binding between covalent peptides and total Fab 
domains.124 

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 + 𝐹𝑎𝑏 
𝐾𝐼

⇄
 𝐹𝑎𝑏: 𝑃𝑒𝑝𝑡𝑖𝑑𝑒 

𝐴) 𝐾𝐼 =  
[𝐹𝑎𝑏][𝑃𝑒𝑝𝑡𝑖𝑑𝑒]

[𝐹𝑎𝑏: 𝑃𝑒𝑝𝑡𝑖𝑑𝑒]
 

𝐵) [𝐹𝑎𝑏: 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑] =
[𝑃𝑒𝑝𝑡𝑖𝑑𝑒][𝐹𝑎𝑏𝑇]

[𝑃𝑒𝑝𝑡𝑖𝑑𝑒] + 𝐾𝐼
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Equation 4. Equation for irreversible covalent labeling of Fab domains by our peptides.123 

𝑘𝑜𝑏𝑠 =
𝑘𝑖𝑛𝑎𝑐𝑡[𝑃𝑒𝑝𝑡𝑖𝑑𝑒]

𝐾𝐼 + [𝑃𝑒𝑝𝑡𝑖𝑑𝑒]
 

 

Another property of a good covalent binder is negligible reactivity with non-binding 

proteins. By using a less reactive electrophile, or a latent electrophile, the reaction can be 

controlled solely through proximity with a highly nucleophilic amino acid like cysteine, 

lysine, or tyrosine.55 As such, selectivity of covalent binders is predominantly controlled 

through both specific binding and covalent handle electrophilicity. 

 Unexpectedly, it was found that FSY location along the peptide sequence played 

a minimal role in determining the reaction rate when in the Fab binding site. This suggests 

that there is a degree of flexibility in the required effective molarity of these constructs. It 

is likely that flexibility in the binding interaction confers sufficient proximity to each 

respective nucleophile regardless of FSY location, so long as FSY does not impair 

binding. 

 In comparison, ASF reaction rate vastly exceeded that of FSY, a result in 

agreement with general reactivity/electrophilicity trends between the two chemistries.125 

A more reactive electrophilic centre is more prone to nucleophilic attack, suggesting this 

is a rate limiting step in the reaction mechanism. In comparison, if fluoride departure were 

a rate limiting step, we would see comparable reaction rates due to similar effects 

imparted by neighbouring amino acids in the binding pocket. 
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 However, once outside the binding pocket, reaction rates between ASF and FSY 

deviate from their known reactivities. Here, both chemistries demonstrate no significant 

difference in the bimolecular reaction rate with a non-binding IgG. This contrasts with 

previous results in literature which suggest FSY behaves as a latent electrophile, or one 

which only reacts once activated in the binding pocket.55 We suggest that neighboring 

arginine residues along the peptide backbone “activate” FSY to facilitate a bi-molecular 

reaction. It is even suggested in literature that arginine has this effect, which represents 

a significant portion of this peptide’s amino acid profile.81 This hypothesis also agrees with 

nucleophilic attack being the rate limiting step within the binding pocket, due to the 

catalytic nature of nearby amino acids promoting fluoride departure, i.e., through 

hydrogen bonding, acid catalysis, or general electric fields.56 

These results suggest that SuFEx can be effectively used on a peptide backbone 

for proximity-induced covalent labeling. With relative ease, incorporation of SuFEx into 

desired sites along the sequence allows for rate or binding optimization. Additionally, by 

modifying the SuFEx chemistry itself, reactivity may be tuned to optimize both reaction 

rates and selectivity under physiological conditions. 

 

5. Mass Spectrometry Analysis of Covalently Modified LP14 

5.1. Objectives 

 Mass spectrometry presents another method to validate covalent protein 

modifications. As opposed to fluorescent visualization of protein bands in SDS-PAGE, 

mass spectrometry enables visualization of a specific mass difference between 

unmodified and modified antibody. Additionally, mass spectrometry serves as one of the 
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only ways for determining the site of modification between the antibody and cARM. By 

modifying LP14 antibody with both fluor-FSY-gD and fluor-ASF-gD, MS will allow for 

confirmation of labeling as well as the degree of labeling, i.e., number of cARMs per 

antibody. By then enzymatically digesting these antibody-cARM conjugates and 

analyzing the peptide fragments by LC-MS/MS for de novo sequencing, the site of 

labeling was determined. 

 

5.2. Results 

Through a collaboration with Bioinformatics Solutions Inc. based in Waterloo, 

covalently modified LP14 was analyzed by intact LC-MS to confirm a specific mass 

change corresponding to the respective cARM. To do this, fluor-FSY-gD and fluor-ASF-

gD were incubated with LP14 for 48 hours to promote complete reaction conversion. The 

FSY cARM was found to have 100% covalent labeling through this method (Figure 16C). 

In comparison, the ASF cARM was observed to have almost no covalent adduct with the 

LP14 antibody (Figure 16B). 

 To determine the site of labeling, modified LP14 underwent a trypsin digest with 

subsequent LC-MS/MS. It was expected that because the cARM probe itself was a 

peptide, that the appended molecule would be cleaved at this closest arginine, leaving 

fluorescein-PEG7-KLR. Sequencing data supports a covalent linkage at the N-terminal 

amine of the light chain (Figure 16D). No significant linkage was observed for the ASF 

cARM. 
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Figure 16. Analysis of covalently modified LP14 using mass spectrometry. Intact mass 
chromatograms were obtained for A) native LP14 antibody (unmodified), B) fluor-ASF-gD 
labeled LP14 antibody, and C) fluor-FSY-gD labeled LP14 antibody. The site of labeling 
between fluor-FSY-gD and LP14 was found to be the N-terminal amine of the light chain 
(aspartic acid residue). 

 

5.3. Discussion 

Mass spectrometry analysis of covalently modified LP14 confirmed a successful 

and site-specific modification using the FSY cARM. In contrast, the ASF cARM appeared 

to have been unsuccessful in forming a covalent linkage. These results directly contradict 

all labeling experiments thus far and serves as indirect evidence for a less stable covalent 

adduct with an amino acid other than lysine. We suggest that the more reactive ASF 

electrophile allows this cARM to switch modification sites from the light to heavy chain 

with either a tyrosine or histidine. The resulting aryl sulfonate ester or aryl sulfonamide 

linkage is then stable in solution conditions, however results in almost complete 

fragmentation in the gas phase during MS. 
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By using next generation de novo sequencing of digested LP14-cARM conjugates, 

we determined the Fluor-FSY-gD site of modification. Modification sites were determined 

based on differences between unmodified and modified amino acid side chains, typically 

designated as post-translational modifications. However, by observing a specific mass 

shift corresponding to our probe along a peptide until the amino acid conjugation site, but 

not after, the site of conjugation was found. 

Interestingly, the nucleophile which reacted with the FSY electrophile was the N-

terminus of the entire light chain. These a α-amino groups have a lower pKa than ε- NH2 

groups on lysine. As such, they tend to act as better nucleophiles and are often the target 

of bioconjugation strategies because of this. Altogether, this result further supports the 

claim for a difference in chemoselectivity between FSY and ASF. It would be unsurprising 

if a closer, less nucleophilic amino acid were in closer proximity than this α-NH2 group, 

which ASF can react with, but FSY cannot. 

 

6. Evaluation of Biological Ternary Complexes using ADCP Assays 

6.1. Objectives 

 Forming a successful ternary complex between two target proteins is essential to 

elicit a productive biological response. Even two optimized binary binding systems are 

often hindered when connected by a linker. Known as negative cooperativity, this occurs 

when unfavourable interactions between each protein reduce the apparent affinity of 

either binding ligand. As such, it is important to demonstrate adequate ternary complex 

formation to ensure a successful binding interaction between A:B:C. Further complicating 

this is the requirement for a productive interaction, such that the residence time of each 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 58 

binding interaction is sufficient for the desired biological response. The aims of this 

section are to therefore investigate whether a) a ternary complex can form between 

antibody:cARM:receptor, and b) this interaction leads to a biological response like 

antibody dependent cellular phagocytosis (ADCP). 

 

6.2. Ternary Complex Formation Using BLI 

 BLI was used to directly monitor ternary complex formation between 

LP14:cARM:PSMA (Figure 17). It was first assumed that in a natural setting, the 

LP14:cARM interaction would occur prior to cARM:PSMA, and so the former was pre-

incubated for the indicated periods of time. By loading probes with antibody-cARM, 

followed by a competitor condition to remove non-covalently bound cARM, the direct 

impact of covalency was monitored. Covalently labeled LP14 was then placed into wells 

with PSMA to monitor association, where the binding rate and amplitude are indicative of 

LP14-cARM labeling. 

It was found that there was a time-dependent reaction between GU-FSY-gD and 

LP14, whose rate matched values found through SDS-PAGE experiments. Without 

antibody, there was no increase in signal, and without GU-FSY-gD there was minimal 

non-specific binding to the BLI probes. 
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Figure 17. Ternary complex formation was monitored between covalently modified LP14-
GU and PSMA in BLI. Covalent labeling was performed by pre-incubating GU-FSY-gD 
(15 µM) with antibody (750 nM) at different timepoints before performing a 10x dilution. 
Before association with PSMA (500 nM), probes were dipped in excess competitor to 
disrupt non-covalent interactions. 

 

6.3. Evaluation of ADCP as a Measure of Biological Ternary Complexes 

The capacity for target opsonization and subsequent immune activation was 

evaluated using two-colour flow cytometry ADCP assays. By staining activated 

monocytes and PSMA-expressing tumor cell lines with different dyes, the co-localization 

of each colour in one cell was visualized by flow cytometry. The extent of ADCP, or 

phagocytosis, can be measured by comparing the movement of the target cell population 

from a baseline control to a population containing both dyes. Both GU-gD (non-covalent) 

and GU-FSY-gD (covalent) were pre-incubated with LP14 overnight before introduction 

to activated monocytes and target cells. To determine how dosage influences ADCP, a 

dilution series of antibody-cARM or antibody:ARM was prepared. 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 60 

 

6.3.1. ADCP of HEK-PSMA Cells 

 An initial assessment of ADCP was conducted by using HEK293 cells engineered 

to express PSMA (HEK-PSMA). This engineered cell line typically has high PSMA 

expression and so provides an “ideal” readout for low affinity binders. 

The cARM construct was found to significantly outperform the ARM at 

concentrations below 6.25 nM antibody (Figure 18). However, at higher concentrations, 

both cARM and ARM displayed equal potencies for inducing ADCP of HEK-PSMA cells. 

To demonstrate covalency, excess competitor gD peptide was spiked into both the ARM 

and cARM incubations prior to initiation of ADCP. As expected, no phagocytosis was 

observed for the ARM “quench” control, however, the quenched cARM maintained 

function. Selectivity was demonstrated by adding excess gD competitior prior to the 

cARM/antibody incubation. Here, no ADCP was observed for either ARM or cARM, 

suggesting no non-specific covalent cross-linking occurred away from the Fab binding 

site. Similarly, LP14 alone, ARM/cARM alone, or ARM/cARM with isotype IgG were not 

found to induce ADCP. 
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Figure 18. ADCP analysis of HEK-PSMA cells using two-color flow cytometry. GU-gD or 
GU-FSY-gD (2 eq) were incubated with LP14 (1 eq) for 24 hours before diluting 4x to the 
indicated concentrations. Phagocytosis was monitored by comparing FL-1 (DIO) dye 
stained HEK293 (PSMA+) cell population and the FL-4 (DID) dye stained u937 human 
monocyte population by flow cytometry. Selectivity was demonstrated by pre-equilibrating 
LP14 with gD peptide (100 µM) prior to cARM addition. Covalency was demonstrated by 
adding gD peptide (100 µM) after the 24-hour incubation with ARM/cARM. Data was 
quantified from two replicate measurements and summarized as the mean and standard 
error of the mean. 

 

6.3.2. Isogenic HEK Control Cell Line 

 To ensure the PSMA binding interaction at the cancer cell surface was responsible 

for observed phagocytosis, a PSMA negative HEK cell line was used. Covalent GU-FSY-

gD was compared to GU-gD for their ability to bridge LP14 to the PSMA negative cell line 

(Figure 19). No phagocytosis was observed in any condition, highlighting the importance 

of PSMA in this interaction. 
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Figure 19. Isogenic control HEK cells with no PSMA expression were used to assess 
selectivity at the tumor targeting end in two-color flow cytometry ADCP assays. GU-gD or 
GU-FSY-gD (2 eq) were incubated with LP14 (1 eq) for 24 hours before diluting 4x to the 
indicated concentrations. Phagocytosis was monitored by comparing FL-1 (DIO) dye 
stained HEK293 (PSMA+) cell population and the FL-4 (DID) dye stained u937 human 
monocyte population by flow cytometry. Data was quantified from two replicate 
measurements and summarized as the mean and standard error of the mean. 
 

6.3.3. ADCP of LnCAP and C4-2 Cells  

 To expand the target scope, lower antigen expressing tumor cell lines were used 

in similar ADCP experiments. Specifically, prostate cancer cell lines lymph node 

carcinoma of the prostate (LnCAP) (Figure 20A) and C4-2 (Figure 20B) were used. 

Here, covalency improved function at all concentration ranges where phagocytosis was 

observed. Like HEK-PSMA cells, all controls indicated a highly specific covalent labeling 

reaction occurred between cARM (GU-FSY-gD) and LP14. Additionally, controls confirm 

the need for a combination of target cells, ARM/cARM, specific antibody, and monocytes 

for the induction of phagocytosis. 
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Figure 20. ADCP analysis of tumor targeting with lower antigen density tumor cell 
lines.Two-color flow cytometry was used to anayze ADCP of A) LncAP and B) C4-2 cells. 
Each experiment was performed as above, with exception of the target cell lines used. 

 

6.3.4. Antibody Recruiting Experiment Using HEK-PSMA Cells 

 Total antibody recruitment to PSMA expressing HEK cells was monitored using 

flow cytometry with fluorescent secondary antibodies as a readout. When comparing GU-

gD and GU-FSY-gD, no significant difference in antibody recruitment was observed from 

a dilution series ranging over 1.56 nM - 100 nM (Figure 21). Covalent engagement of 
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LP14 antibodies was confirmed by adding excess competitor after a 24-hour LP14/GU-

FSY-gD incubation. Here, maximal antibody recruitment was observed for the covalent 

bifunctional, whereas the non-covalent counterpart saw no antibody recruitment. 

 

Figure 21. Antibody recruitment to HEK-PSMA cells was monitored by flow cytometry to 
measure total ternary complex formation at the cell surface. Recruitment of LP14 was 
observed after incubation with GU-FSY-gD or the non-covalent GU-gD over a range of 
concentrations. Detection of antibody recruitment was performed using a PE-conjugated 
secondary anti-mouse (H+L chain) antibody. Antibody recruitment was measured by the 
mean fluorescence intensity (MFI) associated with each cell population. Covalency was 
distinguished from non-covalency by performing an end-point quench with 25x gD 
competitor peptide. Above 50 nM antibody, all available PSMA binding sites are 
saturated. Multivalent binding of antibody Fabs at the cell surface promotes high avidity 
binding and thus no potency advantage between cARMs and ARMs in antibody 
recruitment. 

 
 

6.4. Discussion 

 Highlighted in these results is the significance of how forming stable immune 

complexes impacts immune function. Using BLI assays, greater amounts of LP14-cARM 

adduct facilitated more PSMA recruitment to probes (Figure 17). This experiment 

removed any non-covalently bound cARM and serves as a simulation for how diffusion 

might remove ARM in a system that is not in equilibrium, i.e., in vivo.  



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 65 

Using two-colour flow cytometry ADCP assays, we demonstrate the utility of 

cARMs in forming stable biological ternary complexes. In the simplest context, i.e., cells 

engineered to express high levels of PSMA, cARMs outperformed ARMs at lower 

concentrations (Figure 18). In these ternary complexes there are two binding interactions, 

each with their own binding constants. The highest affinity binder will have a higher 

fraction bound at lower concentrations, whereas the lower affinity binder will need higher 

concentrations to stay bound. Thus, when the cARM outperforms the ARM at lower 

concentrations, we are likely seeing the overlap of these binding affinities. In this scenario, 

the final loss of function is likely shared between each construct, either arising from the 

GU:PSMA or Fc:FcR interactions. The lower affinity interaction between the peptide:Fab 

thus has its own “region” in these ADCP dose-response curves, where covalency 

improves function of cARMs over ARMs. If these peptides were low micromolar binders, 

the cARM would outperform ARMs at much higher concentrations than seen in these 

experiments. 

 At high concentrations of Ab-cARM/:ARM, similar levels of ADCP were observed 

for HEK-PSMA cells. When this system was moved to lower PSMA-expressing LnCAP or 

C4-2 cell lines, this observation no longer held, and cARM significantly outperformed 

ARM (Figure 20). We suggest this effect arises from differences in avidity between cell 

surfaces. With high levels of PSMA expression, bivalent antibody binding dominates, 

increasing the apparent affinity of the complex (Figure 22). This increase in apparent 

affinity is due to dissociation/rebinding, where excess available receptor in proximity 

promotes rebinding. If this rebinding step occurs before dissociation of the second Fab, 

the entire antibody remains bound to the cell surface, i.e., the antibody “walks”. In 
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scenarios where cell surfaces do not contain high levels of PSMA, this rebinding step 

does not occur in time, and the antibody:ARM:PSMA complex dissociates. This 

interaction is more akin to a traditional ternary complex, where each binding interaction 

plays a much larger role in the stability of the complex. Thus, covalency imparted by 

cARMs eliminates one source of instability, allowing for greater bound complex at lower 

concentrations. 

 

 

Figure 22. Multivalent antigen presentation on a cell surface promotes avidity with 
antibodies. Lower antigen presentation produces more monovalent binding interactions, 
leading to reduced ternary complex stability. Covalency improves monovalent binding by 
eliminating one equilibrium constant. 

 
 Intuitively, greater coverage of a cell surface with antibody Fc receptors leads to 

greater engagement of immune FcRs and subsequent immune activation. Comparing 

between cancer cell lines used in this study, this hypothesis follows this line of thought. 

However, a measure of antibody recruitment to the HEK-PSMA cell surface does not 
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indicate this is the case (Figure 21). Here, both the cARM and ARM mediate the same 

level of antibody recruitment throughout the dose-response curve, suggesting some other 

mechanism is responsible for greater cARM efficacy at lower concentrations. We suggest 

that it is the residence time of the binding interaction responsible for greater immune 

activation. 

 

7. Covalency Improves Polyclonal Antibody Engagement 

7.1. Objectives 

 To establish this proof of concept as a general approach for targeting endogenous 

antibodies, we next set out to target polyclonal anti-HSV antibodies. Both serum from 

mice inoculated with oncolytic HSV and pan human IgG were used as anti-HSV sources 

for these experiments. It was hypothesized that anti-HSV antibodies would be present in 

both sources and would represent a specific binding interaction capable of in situ covalent 

reprogramming.  

 

7.2. Isolation of Anti-HSV IgG from Mouse and Human IgG 

In collaboration with the Mossman lab at McMaster University, a source of mice 

infected with oncolytic HSV was generated. To do this, oncolytic HSV-1d810 was used to 

initiate an immune response in C57Bl/6 mice for the generation of natural oncolytic HSV 

immunity. Five mice were injected intraperitoneally with oncolytic HSV, and blood was 

collected on day 24 after mice were euthanized by cardiac puncture. Serum was 

separated by centrifugation with an RCF of 33,000g and stored at −80 °C until further 

use. 
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 Sera from mice inoculated with oncolytic HSV-1d810 was probed for antibodies 

generated against the N-terminal gD peptide (Figure 23). To accomplish this, the serum 

of five mice “boosted” with HSV OV was pooled and compared against the pooled serum 

of three control mice. To optimize signal, a three-point dilution series was constructed for 

serum incubations, ranging from 0.2%-20% serum. Significant absorbance was only 

observed when immobilized gD peptide was introduced to boosted mouse serum, 

confirming the existence of specific antibodies (Figure 23). 

 

Figure 23. Detection of anti-HSV antibodies in OV-infected mouse serum using ELISA. 
Biotin-gD was loaded onto streptavidin-coated wells and incubated with 0.2-20% mouse 
serum before detection by an anti-mouse-HRP IgG conjugate. Data was quantified from 
two replicate measurements and summarized as the mean and standard error of the 
mean (*p = 0.0332, ****p < 0.0001, one-way analysis of variance, ANOVA). 

 
 To enhance the signal of anti-gD antibodies in the mouse polyclonal IgG, two 

successive pull-down assays were performed. The first was done by isolating all IgG from 

the mouse serum using a Protein G resin with an acidic elution step. Enrichment of anti-

gD antibodies was then accomplished by immobilizing biotin-gD onto streptavidin coated 
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beads. Isolated mouse IgG was then passed over these beads several times to isolate 

sufficiently high affinity anti-gD antibodies. To further generalize this experiment, anti-gD 

antibodies were also pulled down from pan human IgG the same way. 

 

7.3. SDS-PAGE Selectivity Experiments Using Enriched Anti-HSV IgG 

Using the same fluorescent SDS-PAGE assays as before, enriched anti-gD 

antibodies were compared to whole mouse IgG and the resultant “depleted” IgG after 

enrichment. A similar set of conditions were also carried out using pan human IgG. It was 

found that fluor-ASF-gD was required for selective covalent engagement of polyclonal 

anti-gD antibodies (Figure 24). The less reactive FSY group was unable to form sufficient 

covalent adducts. Selectivity was demonstrated by pre-incubating either a non-covalent 

or covalent competition control prior to addition of cARM (Figure 24). 

 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 70 

 

Figure 24. Selective covalent engagement of polyclonal anti-gD antibodies using fluor-
ASF-gD. Anti-gD antibodies were enriched from A) OV-boosted mouse IgG, or B) pan 
human IgG. Fluorescent SDS-PAGE assays were used to analyze the selectivity of 
enriched, depleted, or whole IgG (pooled). Selectivity itself was measured through an 
absence of labeling in the presence of non-covalent gD peptide competitor or covalent 
GU-ASF-gD competitor. Data was quantified from two replicate measurements and 
summarized as the mean and standard error of the mean. 

 

7.4. Human Polyclonal Anti-HSV IgG can be Selectively Covalently Repurposed 

for ADCP Assays 

Due to the accessibility of pan human IgG, enriched anti-gD antibodies generated 

from this source were then used in effector ADCP assays. Using the same two-colour 

flow cytometry method as before, covalently modified polyclonal anti-gD antibodies were 

assessed for their ability to induce ADCP of HEK-PSMA cells using activated monocytes 

(Figure 25). It was found that when using these low affinity antibodies, covalency is 

necessary for inducing ADCP. When a non-covalent analogue was used, no ADCP 
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occurred. Similarly, by preventing labeling with a competitor pre-equilibration step, no 

ADCP was observed. 

 

Figure 25. ADCP analysis of HEK-PSMA cells using two-color flow cytometry. GU-gD or 
GU-ASF-gD (2 eq) were incubated with enriched polyclonal anti-gD antibodies from pan 
human IgG (1 eq) for 24 hours before diluting 4x to the indicated concentrations. 
Phagocytosis was monitored by comparing FL-1 (DIO) dye stained HEK293 (PSMA+) cell 
population and the FL-4 (DID) dye stained u937 human monocyte population by flow 
cytometry. Selectivity was demonstrated by pre-equilibrating LP14 with gD peptide (100 
µM) prior to cARM addition. Covalency was demonstrated by adding gD peptide (100 µM) 
after the 24-hour incubation with ARM/cARM. Data was quantified from two replicate 
measurements and summarized as the mean and standard error of the mean. 

 

7.5. Discussion 

 In situ engagement of naturally derived polyclonal anti-HSV is essential for this 

proof of concept to have any therapeutic potential. We chose two antibody sources to 

validate this aspect of our peptide cARMs, namely from pan human IgG and mice 

inoculated with oncolytic HSV. 
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 Pan human anti-HSV antibodies were targeted due to the prevalence of HSV 

infection in the human population. It has been reported that ~70-90% of people have been 

infected with either HSV-1 or HSV-2 in the United States.126,127 Thus, this source serves 

as a general starting point for developing a peptide based cARM. The mouse IgG source 

that was chosen for this study was selected based on the usage of oncolytic HSV as a 

current immunotherapy. Many sources report oncolytic HSV administration is followed by 

an adaptive immune response which generates neutralizing antibodies for the 

therapy.128,129 Thus, this approach serves as a means of relieving the inhibitory effects of 

neutralizing antibodies on oncolytic HSV, while also allowing for additional immune 

recruitment to the specific cancer target. 

 By enriching anti-gD antibodies from these sources, we demonstrate selective 

covalent labeling with fluor-ASF-gD (Figure 24). Notably, very little labeling was observed 

when fluor-FSY-gD was incubated with either antibody source (data not shown). These 

results highlight the importance of a rapid covalent labeling chemistry in a low affinity 

binder. With low residence time in a binding interaction with a large koff, a less reactive 

electrophile like FSY does not have time to complete a cross-linking reaction. In contrast, 

the probability of ASF nucleophilic attack is much greater due to its reactivity, allowing for 

greater total conversion at the concentrations used. 

 Using a low affinity polyclonal IgG source allows for greater visualization of the 

advantages granted by covalent binding in an ADCP assay (Figure 25). As opposed to 

seeing either greater potency at lower concentrations, or with low antigen density targets, 

covalency is now necessary for function altogether. With concentrations < 10 x KD, the 

fraction of bound complex is next to zero. Thus, so long as the KD of these polyclonal 
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antibodies and this gD peptide ligand is > 1 µM, very little binding will occur, as the 

maximum concentration of antibody used was 100 nM in a 1:2 ratio with cARM. The rapid 

covalent labeling performed by the ASF electrophile is thus a necessary component in 

inducing not only a successful ternary complex, but also a successful binary complex with 

antibody Fab. 

 Altogether, the selectivity and reaction kinetics of the ASF electrophile poses it as 

a promising tool for proximity-induced covalent labeling. In this more biologically relevant 

experiment, ASF was essential in both forming irreversible linkages with polyclonal anti-

HSV antibodies, as well as inducing subsequent immune complexes and phagocytosis. 

 

8. Conclusion 

 Proximity induction is a powerful tool in chemical biology that allows specific 

biological processes to be hijacked towards an intended purpose. Demonstrated here 

was a covalent approach to enhance proximity induction by stably templating ternary 

complexes. Covalency was achieved itself through proximity, by leveraging a specific 

binding interaction between a gD peptide epitope expressed on the surface of HSV, and 

anti-gD antibodies. By rationally equipping this peptide with SuFEx electrophiles, a 

pseudo-intramolecular crosslinking reaction irreversibly labeled these antibodies in situ 

with tumor-targeting ligands. To develop this proof of concept, two SuFEx chemistries, 

FSY and ASF, were assessed for their ability to quickly and selectively modify two model 

monoclonal anti-gD antibodies, LP14 and H170. ASF was found to react with either model 

antibody ~10x faster than FSY, while demonstrating similar levels of selectivity. In ADCP 

flow cytometry assays it was found that covalently modified antibodies significantly 
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outperformed their non-covalent counterparts in inducing biological ternary complexes. 

The benefit of covalency specifically arose at low antibody/cARM concentrations or when 

tumor receptor density was lower. In the context of natural polyclonal anti-gD antibodies, 

the ASF electrophile was essential for both covalent labeling and successful biological 

proximity induction, visualized using SDS-PAGE and ADCP assays, respectively. Overall, 

ASF represents a promising candidate for incorporation into peptide ligands as a ligand-

directed affinity labeling chemistry for use in bifunctional proximity-induction applications.  
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Reprinted (adapted) with permission from {McCann, H. M.; Lake, B. P. M.; Hoffman, K. 

S.; Davola, M. E.; Mossman, K. L.; Rullo, A. F. Covalent Immune Proximity-Induction 

Strategy Using SuFEx-Engineered Bifunctional Viral Peptides. ACS Chem Biol 2022, 17 

(5), 1269–1281. https://doi.org/10.1021/acschembio.2c00233.}. Copyright {2022} 

American Chemical Society. 

 

10.1. Organic Synthesis 

All chemical reagents and solvents were obtained from commercial suppliers (Sigma 

Aldrich, Broadpharm) and used without further purification. DBCO-NHS was generously 

provided by A. Adronov (McMaster University, Canada). Tert-butyl-protected glutamate 

urea lysine (OtBu-GU-lysine) was synthesized as previously described.117 Milli-Q water 

was purified using a Milli-Q® EQ 7000 Ultrapure Water Purification System (Millipore, 

Cat. No. C228480). All column chromatography purification was conducted using a Buchi 

Pure C-810 Flash purification system using normal phase silica gel (Buchi) or reverse 

phase C18 columns (Buchi). 1H, 13C, and 19F NMR spectra were all recorded in 

deuterated dimethyl sulfoxide (DMSO-d6), deuterated chloroform (CDCl3), deuterated 

acetonitrile (CD3CN), or deuterated water (D2O) on a Bruker 700 MHz spectrometer. LC-

MS data was obtained on an LTQ Orbitrap XL system using a 5% to 95% water (0.1% 

formic acid)/acetonitrile (0.1% formic acid) gradient. LC-HRMS was obtained using a 

BRUKER MicroTOF II mass spectrometer. Where indicated, a ThermoFisher DIONEX 

UltiMate 3000 UHPLC+, with a Hypersil GOLD, 150x10mm, 5 µm, C18 column purchased 
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from Sigma Aldrich (Cat. No. 25005-159070) was used for HPLC purification with a 5% 

to 95% water (0.1% formic acid)/acetonitrile (0.1% formic acid) gradient. 

 

 

Scheme 1. Synthesis of intermediates 1-8. 

 

 

Intermediate 1. Amino-PEG7-NBoc (119 mg, 0.254 mmol, 1.2 eq), TEA (60 µL, 0.432 

mmol, 2 eq), and DMF (4 mL) were added to a vial with a stir bar. (5/6)-carboxy fluorescein 

NHS ester (100 mg, 0.211 mmol, 1 eq) was added and the reaction was performed away 

from light for 24 hours. A 12 g C18 column with a 5% to 95% water/acetonitrile gradient 

was used to isolate the final product in 28.13% yield (49.3 mg, 0.0595 mmol). 1H NMR 

(700 MHz, CDCl3) δ 8.43 (s, 0.5H), 8.15 (m, J = 3.4 Hz, 1H), 8.04 (d, J = 8.1 Hz, 0.5H), 

7.58 (s, 0.5H), 7.54 (s, 0.5H), 7.37 (s, 0.5H), 7.20 (d, J = 7.9 Hz, 0.5H), 6.73 (d, J = 2.0 

Hz, 1H), 6.70 (d, J = 2.3 Hz, 1H), 6.59 (s, 1H), 6.49 (m, 4H), 5.22 (m, 1H), 3.59 (m, 32H), 

1.42 (s, 9H).  
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Intermediate 2. TFA (excess, 1 mL) was added to a vial with a stir bar and intermediate 

1 (49.3 mg, 0.0595 mmol). After 3 hours of stirring, the TFA was removed by evaporation 

using continuous airflow. DCM was transferred to the product and co-evaporated three 

times to aid in TFA removal. The product was obtained in quantitative yield and carried 

over to the next reaction step. 1H NMR (700 MHz, D2O) δ 8.62 (s, 0.5H), 8.35 (d, J = 8.5 

Hz, 0.5H), 8.19 (d, J = 7.7 Hz, 0.5H), 8.15 (d, J = 8.7 Hz, 0.5H), 7.65 (s, 0.5H), 7.44 (d, J 

= 7.5 Hz, 0.5H), 7.27 (d, J = 9.0 Hz, 1H), 7.24 (d, J = 9.1 Hz, 1H), 7.12 (s, 1H), 7.09 (s, 

1H), 6.98 (d, J = 9.4 Hz, 1H), 6.95 (q, J = 3.4 Hz, 1H), 3.64 (m, 34H), 3.19 (t, J = 4.8 Hz, 

1H). 

 

 

Intermediate 3. Intermediate 2 (17.5 mg, 0.0241 mmol, 1 eq), TEA (3.36 µL, 0.0241 

mmol, 1 eq), and DCM (1 mL) were added to a vial with a stir bar. DBCO-NHS (11.6 mg, 

0.0289 mmol, 1.2 eq) was added while stirring. After 3 hours, the reaction was washed 

twice with water and once with brine. The crude product was purified by normal phase 

flash chromatography to isolate the final product in 18% yield (4.4 mg, 0.00434 mmol). 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 91 

1H NMR (700 MHz, CDCl3) δ 8.47 (s, 0.5H), 8.17 (d, J = 8.0 Hz, 0.5H), 8.14 (d, J = 8.0 

Hz, 0.5H), 8.05 (d, J = 8.1 Hz, 0.5H), 7.64 (t, J = 6.4 Hz, 1H), 7.57 (s, 1H) 7.56 (s, 0.5H), 

7.50 (m, 1H), 7.36 (m, 3H), 7.30 (m, 2H), 7.17 (m, 0.5H), 6.71 (s, 1H), 6.69 (s, 1H) 6.60 

(m, 2H), 6.49 (m, 2H), 6.39 (m, 2H), 5.13 (dd, J = 6.6, 14.1 Hz, 1H), 3.65 (m, 7H), 3.52 

(m, 24H), 3.40 (m, 2H), 3.29 (m, 2H), 2.80 (m, 1H), 2.43 (m, 1H), 2.20 (m, 1H), 1.97 (m, 

1H). LC-HRMS [M+H]+ m/z calc for [C56H61N3O15] 1015.41027, found 1014.4351. 

 

Figure 26. LC-MS characterization of 3. A) Total ion chromatogram and B) ions detected 
at 3.44 minutes. 

 

Intermediate 4.  OtBu-GU-lysine (154.6 mg, 0.317 mmol, 1 eq) was dissolved in toluene 

(2 mL) and evaporated under vacuum to remove residual water. All steps were then 

performed under anhydrous conditions and inert nitrogen atmosphere. DMF (14.3 mL), 

N,N’-disuccinimidyl carbonate (89.4 mg, 0.349 mmol, 1.1 eq), and TEA (44.2 µL, 0.317 

Expected m/z: 1015.41 

B A z = 1+ 

z = 2+ 
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mmol, 1 eq) were added. The solution was left to stir overnight. The reaction solution was 

then diluted with EtOAc (50 mL) and washed with 10% citric acid three times, followed by 

three brine washes. The organic layer was dried over anhydrous Mg2SO4 and 

concentrated under vacuum. The crude product was purified via flash silica gel column 

chromatography (3:1 EtOAc/Hexanes) to yield intermediate I-7 in 26.7% yield (53.2 mg, 

0.0846 mmol), as a clear oil. 1H NMR (700 MHz, CDCl3) δ 6.62 (s, 1H), 5.55 (d, J = 8.0 

Hz, 2H), 5.46 (d, J = 8.3 Hz, 2H), 4.31 (m, J = 4.1 Hz, 2H), 3.24 (m, J = 7.6 Hz, 2H), 2.83 

(s, 4H), 2.28 (m, J = 5.4 Hz, 2H), 2.02 (s, 1H), 1.80 (m, J = 4.6 Hz, 1H), 1.74 (m, J = 4.8 

Hz, 1H), 1.60 (m, J = 4.6 Hz, 1H), 1.54 (m, J = 7.0 Hz, 1H), 1.43 (s, 9H), 1.43 (s, 9H), 

1.41 (s, 9H), 1.35 (m, J = 6.1 Hz, 1H). 

 

Intermediate 5. Amino-PEG7-NBoc (208.53 mg, 0.445 mmol, 1.5 eq) and TEA (50.9 µL, 

0.365 mmol, 1.2 eq) were dissolved in DCM (2 mL). Intermediate 4 (186.73 mg, 0.297 

mmol, 1 eq) was added to the vial while stirring. The reaction was left for 24 hours, before 

purification by normal phase flash chromatography using a 5% to 20% DCM/MeOH 

gradient. The final product was isolated in 43.99% yield (125.72 mg, 0.128 mmol). 1H 

NMR (700 MHz, CD3CN) δ 5.66 (d, J = 7.8 Hz, 1H), 5.45 (d, J = 8.1 Hz, 1H), 5.40 (s, 1H), 

5.17 (t, J = 5.7 Hz, 1H), 5.13 (t, J = 5.3 Hz, 1H), 4.13 (m, 1H), 4.03 (m, 1H), 3.56 (m 25H), 

3.45 (m, 4H), 3.23 (q, J = 5.4 Hz, 2H), 3.18 (q, J = 5.6 Hz, 2H), 3.06 (q, J = 6.5 Hz, 2H), 
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2.25 (m, 2H), 1.96 (s, 1H), 1.74 (m, 1H), 1.69 (m, J = 3.7 Hz, 1H), 1.61 (m, J = 6.2 Hz, 

1H), 1.42 (q, J = 7.3 Hz, 40H). 

 

Intermediate 6. Intermediate 5 (30.45 mg, 0.031 mmol, 1 eq) was added to TFA (2 mL, 

neat) while stirring vigorously. After 24 hours, the TFA was evaporated, and the 

deprotected product dissolved in 1X PBS (pH 7.2, 0.75 mL). DBCO-NHS (24.14 mg, 

0.060 mmol, 4 eq) was dissolved in acetonitrile (0.5 mL) and added to 0.25 mL of GU-

PEG7-NH2 (13.23 mg, 0.015 mmol, 1 eq), while stirring vigorously. After 3 hours, the 

product was purified by HPLC for a final yield of 16.65% (5.2 mg, 0.0052 mmol) in 

sufficient analytical quantities to continue. LC-HRMS [M+H]+ m/z calc for C48H68N6O17 

1000.4641, found 1000.4964. 

 

Figure 27. LC-MS characterization of 6. A) Total ion chromatogram, B) UV trace 
chromatogram, and C) ions detected at 2.93 minutes. A peak appearing at 0.70 minutes 
corresponds to PBS/acetonitrile. 

Expected m/z: 
1000.46 

B A M + Na+ 

z = 2+ 
z = 1+ 
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10.2. Peptide Synthesis 

General. Each peptide was synthesized by solid phase peptide synthesis (SPPS) on a 

CEM Liberty Blue peptide synthesizer using Fmoc protecting group chemistry. Rink amide 

resin was used on a 0.1 mmol scale. Each Fmoc deprotection was performed using 20% 

piperidine in DMF at 90˚C for 1 minute. Each amino acid coupling was performed using 

1 mL of DIC (1.0 M) in DMF, 0.5 mL of OxymaPure (1.0 M) in DMF, and 2.5 mL of each 

respective amino acid (0.2 M) in DMF. Couplings were performed at 90˚C for 2 minutes. 

Double couplings were performed for two consecutive non-polar amino acids (amino 

acids A, P, V, L, I, M, F, W), as well as arginine. Once aspartic acid was added to a 

peptide, all subsequent couplings/deprotections were performed at 40˚C for 10 minutes. 

Three washes were performed after each Fmoc deprotection and amino acid coupling. 

 

Capping Protocol. Acetic anhydride was used to cap the N-terminus on bead using a 

10% acetic anhydride solution in DMF. This was performed at 40˚C for 10 minutes.  

 

SuFEx Installation. To equip peptides with tyrosine fluorosulfate (FSY) handles, an O-

Allyl-protected tyrosine was installed in the desired sequential location using SPPS. After 

N-terminal acetylation, the O-Allyl protecting group was removed with Pd(PPh3)4 (0.025 

mmol, 0.25 eq) and PhSiH3 (0.5 mmol, 5 eq) in DCM (1 mL). This was done for 30 minutes 

and repeated once. Following this, the resin was washed 5x with DCM. AISF (0.267 mmol, 

8 eq) was then added with DBU (0.267 mmol, 8 eq) in DCM (4 mL) for 30 minutes, while 

agitating. This was washed 5x with DCM and then vacuum dried. Aryl sulfonyl fluoride 

(ASF) handles were installed onto peptides in place of N-terminal acetylation. This was 
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done as a standard amino acid coupling, using 1 mL DIC (1.0 M) and 0.5 mL OxymaPure 

(1.0 M).  

 

Cleavage Protocol. Peptides were cleaved from the Rink amide resin using 5 mL of a 

cleavage cocktail (92.5% TFA, 2.5% water, 2.5% phenol, and 2.5% TIPS) for 3 hours, 

with gentle agitation. Peptide cleavage solutions were diluted with an additional 5 mL of 

cleavage cocktail, where the total volume was split and precipitated in -20˚C diethyl ether 

(45 mL) in tandem. Precipitated crude peptide was pelleted with an RCF of 1750 g over 

a 15-minute period and resuspended in 1% acetic acid in water. This was lyophilized to 

yield the final crude, capped peptides. A modified cleavage cocktail (95% TFA, 2.5% 

water, 2.5% TIPS) was used to cleave FSY- and ASF-equipped peptides. 

 

Peptide Purification. An optional HPLC-purification step followed peptide cleavage. 

Peptides were dissolved in MeOH, followed by water, reaching a ratio of 10% MeOH to 

90% water, and a final concentration of 20 mg/mL. Sonication was used to promote the 

solvation of difficult peptides. Undissolved crude material was pelleted by centrifugation 

prior to HPLC-purification. A 5% to 95% water/acetonitrile gradient was used to isolate 

pure peptides on a reverse phase HPLC column. 
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Scheme 2. Chemical synthesis of FSY-modified gD peptides. Provided above is an 
example for the synthesis of Biotin-gD-FSY. 
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10.2.1. Covalent Peptide Synthesis 

 Each covalent peptide was synthesized as above using SPPS. Yields were 

calculated as an estimated yield based on amount of purified peptide after purifying 20 

mg of crude peptide. Pure peptides were characterized by LC-MS. 

 

 

 

 

Figure 28. Synthesis of azido-FSY-gD (Peptide sequence: H-Ac-(Y-OSO2F)-(N3-K)-
LRMADPNRFRGRDL-NH2). The final peptide was synthesized with an estimated yield of 
34%. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected at 
2.46 minutes. 

Expected m/z: 2157.44 
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Figure 29. Synthesis of azido-gD(F10FSY) (Peptide sequence: H-Ac-(N3-K)-
LRMADPNR-(Y-OSO2F)-RGRDL-NH2). The final peptide was synthesized with an 
estimated yield of 21%. A) Total ion chromatogram, B) UV trace chromatogram, and C) 
ions detected at 2.36 minutes. A sharp peak at 0.77 minutes corresponds to acetonitrile. 
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Figure 30. Synthesis of azido-gD-FSY (Peptide sequence: H-Ac-(N3-K)-

LRMADPNRFRGRDL-(Y-OSO2F)-NH2). The final peptide was synthesized with an 

estimated yield of 44%. A) Total ion chromatogram and B) ions detected at 2.43 minutes. 
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Figure 31. Synthesis of azido-ASF-gD (Peptide Sequence: H-(Aryl-SO2F)-(N3-K)-
LRMADPNRFRGRDL-NH2). The final peptide was synthesized with an estimated yield of 
13%. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected at 
2.44 minutes. 
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10.2.2. Non-Covalent Binding Peptide Synthesis 

 

 

 

 

Figure 32. Synthesis of azido-SO3H-gD (Peptide sequence: H-(Aryl-SO3H)-(N3-K)-
LRMADPNRFRGRDL-NH2). The final peptide was synthesized via azido-ASF-gD 
hydrolysis in 1X PBS over one week. A) Total ion chromatogram, B) UV trace 
chromatogram, and C) ions detected at 5.58 minutes, using a 15-minute LC-MS method. 
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Figure 33. Synthesis of azido-gD (Peptide sequence: H-Ac-(N3-K)-
LKMADPNRFRGKDL-NH2). The final peptide was synthesized with an estimated yield of 
18%. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected at 
2.30 minutes. 
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Figure 34. Synthesis of azido-gD-R (Peptide sequence: H-Ac-(N3-K)-
LRMADPNRFRGRDL-NH2). The final peptide was synthesized with an estimated yield of 
28%. A) Total ion chromatogram and B) ions detected at 2.25 minutes. 

 

10.3. Synthesis of Covalent Bifunctional Peptides 

Covalent bifunctional peptides were constructed via SPAAC to modularly attach 

biotin, fluorescein, or GU motifs. Reactions were carried out for three hours, or until 

complete product conversion was observed. Final bifunctional cARMs were characterized 

by LC-HRMS. 
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Figure 35. Biotin-FSY-gD was synthesized from azido-FSY-gD and biotin-PEG4-DBCO. 

LC-HRMS [M+4H]4+ m/z calc for [C128H193FN38O33S3] 727.3535, found 727.6269. A) Total 

ion chromatogram, B) UV trace chromatogram, and C) ions detected at 2.49 minutes. A 

sharp peak at 0.75 minutes corresponds to DMSO used to dissolve Biotin-PEG4-DBCO. 
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Figure 36. Fluor-FSY-gD was synthesized from azido-FSY-gD and intermediate 3. LC-
HRMS [M+5H]5+ m/z calc for [C145H201FN36O40S2] 634.8845, found 635.3055. A) Total ion 
chromatogram, B) UV trace chromatogram, and C) ions detected at 2.62 minutes. A sharp 
UV peak at 0.76 minutes is from DMSO used to dissolve intermediate 3. 

 
 
 
 
 
 

 

Expected m/z: 3171.53 

A 

B 

C 

z = 4+ 

z = 5+ 

z = 3+ 

z = 2+ 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 106 

 

 

 

Figure 37. GU-FSY-gD was synthesized from azido-FSY-gD and intermediate 6. LC-
HRMS [M+4H]4+ m/z calc for [C137H210FN39O42S2] 790.1230, found 790.4005. A) Total ion 
chromatogram, B) UV trace chromatogram, and C) ions detected at 2.49 minutes. A UV 
peak at 0.72 minutes is from DMSO used to dissolve intermediate 6. 
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Figure 38. Biotin-gD(F10FSY) was synthesized using azido-gD-(F10FSY) and biotin-
PEG4-DBCO. LC-HRMS [M+4H]4+ m/z calc for [C119H184FN37O32S3] 690.5764, found 
690.8548. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected 
at 2.45 minutes. A sharp peak at 0.76 minutes corresponds to DMSO used to dissolve 
Biotin-PEG4-DBCO. 
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Figure 39. Fluor-gD(F10FSY) was synthesized using azido-gD(F10FSY) and 
intermediate 3. LC-HRMS [M+5H]5+ m/z calc for [C136H192FN35O39S2] 605.4708, found 
605.6925. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected 
at 2.54 minutes. A sharp peak at 0.76 minutes corresponds to DMSO used to dissolve 
intermediate 3. 
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Figure 40. Biotin-gD-FSY was synthesized using azido-gD-FSY and biotin-PEG4-DBCO. 
LC-HRMS [M+4H]4+ m/z calc for [C128H193FN38O33S3] 727.3435, found 707.1320. A) Total 
ion chromatogram, B) UV trace chromatogram, and C) ions detected at 2.51 minutes. 
Peaks appearing at 0.75 & 0.99 minutes correspond to DMSO & MeOH, used to help 
dissolve Biotin-PEG4-DBCO & azido-gD-FSY, respectively. 
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Figure 41. Fluor-gD-FSY was synthesized using azido-gD-FSY and intermediate 3. LC-
HRMS [M+5H]5+ m/z calc for [C145H201FN36O40S2] 634.8845, found 635.1087. A) Total ion 
chromatogram, B) UV trace chromatogram, and C) ions detected at 2.61 minutes. A sharp 
peak at 0.76 minutes corresponds to DMSO used to dissolve intermediate 3. 
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Figure 42. Biotin-ASF-gD was synthesized using azido-ASF-gD and biotin-PEG4-DBCO. 
LC-HRMS [M+4H]4+ m/z calc for [C124H186FN37O31S3] 702.0816, found 702.3633. A) Total 
ion chromatogram, B) UV trace chromatogram, and C) ions detected at 2.51 minutes. A 
sharp peak at 0.77 minutes corresponds to DMSO used to dissolve biotin-PEG4-DBCO. 
A UV peak at 2.98 minutes corresponds to unreacted Biotin-PEG4-DBCO. 
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Figure 43. Fluor-ASF-gD was synthesized using azido-ASF-gD and intermediate 3. LC-
HRMS [M+5H]5+ m/z calc for [C141H194FN35O38S2] 614.6750, found 614.9042. A) Total ion 
chromatogram, B) UV trace chromatogram, and C) ions detected at 2.57 minutes. A sharp 
peak at 0.72 minutes corresponds to DMSO used to dissolve intermediate 3. 
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Figure 44. GU-ASF-gD was synthesized using azido-ASF-gD and intermediate 6. LC-
HRMS [M+4H]4+ m/z calc for [C133H203FN38O40S2] 764.8611, found 765.1390. A) Total ion 
chromatogram, B) UV trace chromatogram, and C) ions detected at 2.48 minutes. A sharp 
peak at 0.76 minutes corresponds to DMSO used to dissolve intermediate 6. 
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10.4. Synthesis of Non-Covalent Bifunctional Peptides 

 

 

 

Figure 45. GU-SO3H-gD was synthesized from azido-SO3H-gD and intermediate 6. LC-
MS characterization of GU-SO3H-gD. A) Total ion chromatogram, B) UV trace 
chromatogram, and C) ions detected at 2.46 minutes. A sharp peak at 0.72 minutes 
corresponds to DMSO used to dissolve intermediate 6. 
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Figure 46. Biotin-SO3H-gD was synthesized from azido-SO3H-gD and biotin-PEG4-
DBCO. A) Total ion chromatogram, B) UV trace chromatogram, and C) ions detected at 
2.46 minutes. A large UV peak at 0.75 minutes corresponds to DMSO used to dissolve 
biotin-PEG4-DBCO. 
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Figure 47. Biotin-gD was synthesized from biotin-PEG4-DBCO and azido-gD. A) Total 
ion chromatogram, B) UV trace chromatogram, and C) ions detected at 2.37 minutes. 
Large UV peaks at 0.75 and 1.07 minutes correspond to solvent fronts (DMSO and 
MeOH). 

 

10.5. LC-HRMS Stability Study Protocol 

General. LC-HRMS data was obtained on a BRUKER MicroTOF II mass 

spectrometer. Samples were dissolved in 1X PBS at 500 µM concentrations and were 

monitored for stability at room temperature over the indicated periods of time. The 

presence of larger masses indicative of intermolecular crosslinking was investigated. 

Additionally, the presence of specific m/z -20 amu (loss of H+ & F-) and m/z -2 amu (F/OH 

exchange) masses were monitored to probe off-pathway cyclization and hydrolysis 

reactions, respectively. 

 

Expected m/z: 2606.11 

A 

B 

C 

20210324_Harrison_Biotin-PEG4-gD1_Click 3/24/2021 3:12:18 PM

RT: 0.00 - 5.01

0 1 2 3 4 5

Time (min)

0

5000000

10000000

15000000

u
A

U

0

20

40

60

80

100

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2.37

2.26

0.83 0.86 2.650.63 3.051.26 4.933.23 3.96

0.75

2.33
1.07

0.61
2.22 4.87

1.77 3.00
3.993.67

0.11

NL: 1.30E8

TIC F: ITMS + c ESI 
Full ms  
[50.00-2000.00]  MS 
20210324_Harrison_Bi
otin-PEG4-gD1_Click

NL: 1.53E7

Tota l Scan  PDA 
20210324_Harrison_Bi
otin-PEG4-gD1_Click

20210324_Harrison_Biotin-PEG4-gD1_Click #399 RT: 2.35 AV: 1 NL: 7.05E7
F: ITMS + c ESI Full ms  [50.00-2000.00]

200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

0

10

20

30

40

50

60

70

80

90

100

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

652.74

869.95

465.18
1303.87

670.46 1042.95156.82 1738.821583.39 1936.51435.53

20210324_Harrison_Biotin-PEG4-gD1_Click 3/24/2021 3:12:18 PM

RT: 0.00 - 5.01

0 1 2 3 4 5

Time (min)

0

5000000

10000000

15000000

u
A

U

0

20

40

60

80

100

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

2.37

2.26

0.83 0.86 2.650.63 3.051.26 4.933.23 3.96

0.75

2.33
1.07

0.61
2.22 4.87

1.77 3.00
3.993.67

0.11

NL: 1.30E8

TIC F: ITMS + c ESI 
Full ms  
[50.00-2000.00]  MS 
20210324_Harrison_Bi
otin-PEG4-gD1_Click

NL: 1.53E7

Tota l Scan  PDA 
20210324_Harrison_Bi
otin-PEG4-gD1_Click

20210324_Harrison_Biotin-PEG4-gD1_Click #399 RT: 2.35 AV: 1 NL: 7.05E7
F: ITMS + c ESI Full ms  [50.00-2000.00]

200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

0

10

20

30

40

50

60

70

80

90

100

R
e

la
ti

v
e

 A
b

u
n

d
a

n
c

e

652.74

869.95

465.18
1303.87

670.46 1042.95156.82 1738.821583.39 1936.51435.53

z = 4+ 

z = 3+ 

z = 2+ 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 117 

10.6. SDS-PAGE Protocol 

General. SDS-PAGE was performed to visualize covalent antibody labeling 

through the appearance of fluorescent protein bands under reducing/ denaturing 

conditions. Samples were worked up prior to SDSPAGE by diluting with 2× Laemmli 

sample buffer and heating at 95 °C for 5 min. 14−20 μL of the reduced, denatured protein 

sample was separated using a 14% acrylamide gel and 1× tris glycine running buffer 

(24.76 mM tris, 1.73 mM SDS, 95.91 mM glycine, and Milli-Q water). Bands were stacked 

by applying 90 V for 15 min, followed by a 50 min separation at 120 V. Fluorescent bands 

were imaged using a Typhoon laser-scanner platform with a Cy2 laser and the auto-PMT 

setting. Mean fluorescence intensity was quantified using ImageJ. Stained gels were 

imaged using a 700 nM laser on an Odyssey CLx imager. Incubations were carried out in 

the dark at room temperature, with 1 μM antibody and 2 μM covalent peptide for 24 h in 

1x PBS.  

 

Figure 48. Coomassie stained image for Figure 14A. 
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Figure 49. Coomassie stained image for Figure 14B. 

 

 

Figure 50. Coomassie stained image for 14C. 

 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 119 

 

Figure 51. Coomassie stained image for 14D. 



M.Sc. Thesis – H. McCann; McMaster University – Chemical Biology 
 

 120 

 

Figure 52. Fluorescent SDS-PAGE time course study for the reaction between FSY-
peptides and anti-gD LP14 antibody. A) FSY-Peptides (20 µM) were incubated with LP14 
(1 µM) for 0, 3, 6, 12, 24, and 48 hours before SDS-PAGE and fluorescent detection. A 
second unknown low MW band appearing under the light chain was consistent between 
LP14 samples, likely an impurity from commercial antibody purification. Data was 
quantified from two replicate measurements and summarized as the mean and standard 
error of the mean. B) Examples of DynaFit analysis for reaction kinetics between (from 
left to right): Fluor-FSY-gD, Fluor-gD(F10FSY), and Fluor-gD-FSY with LP14. 

 

 

Figure 53. Fluorescent SDS-PAGE time course study of labeling kinetics between Fluor-
ASF-gD (20 µM) and anti-gD LP14 antibody (1 µM). Data was quantified from two 
replicate measurements and summarized as the mean and standard error of the mean. 
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Figure 54. Fluorescent SDS-PAGE time course study of labeling kinetics between Fluor-
FSY-gD (10 µM) and anti-gD H170 antibody (0.5 µM). Data was quantified from two 
replicate measurements and summarized as the mean and standard error of the mean. 

 

 

Figure 55. Fluorescent SDS-PAGE time course study of labeling kinetics between Fluor-
ASF-gD (10 µM) and anti-gD H170 antibody (0.5 µM). Data was quantified from two 
replicate measurements and summarized as the mean and standard error of the mean. 

 

10.7. ELISA Protocol 

All absorbance measurements were done on a TECAN SPARK plate reader. 

Pierce Streptavidin Coated High-Capacity ELISA plates pre-blocked with SuperBlock 

were purchased from Sigma Aldrich (Cat. No. 15500). The Mouse/Rat HSV-1 IgG ELISA 

Kit was purchased from Creative Diagnostics (Cat. No. DEIA3555). Goat anti-human IgG 

(H+L) secondary antibody-HRP conjugate was purchased from Thermo Scientific (Cat. 

No. A18805). Goat anti-mouse IgG (H+L) secondary antibody-HRP conjugate was 

purchased from Thermo Scientific (Cat. No. 62-6520). The Pierce™ TMB Substrate Kit 
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was purchased from Fisher Scientific (Cat. No. 34-021). Sulfuric acid (2M) was purchased 

from VWR (Cat. No. 470302-860). Wash buffer was prepared with 50 mg/mL BSA and 

0.005% Tween 20 (v/v) in 1X PBS. 

Serum from mice inoculated with oncolytic HSV-1d810 was probed for antibodies 

generated against the N-terminal gD peptide. To accomplish this, the serum of five mice 

“boosted” with HSV OV was pooled and compared against the pooled serum of three 

control mice. 50 µL of 4 µM gD-Biotin or wash buffer was incubated in the designated 

wells for 30 minutes. Wells were then washed 3x with 300 µL wash buffer. Diluted serum 

samples (100 µL) were added to their respective wells and incubated for 1 hour. After 

this, each well was washed 3x with 300 µL wash buffer. The anti-mouse IgG HRP 

conjugate (100 µL) was added to each well for 30 minutes. After this, each well was 

washed 3x with 300 µL wash buffer. For detection, 100 µL TMB substrate was added to 

each well for 10 minutes, followed by 100 µL 2M sulfuric acid. A readout was performed 

using absorbance at 450 nm, with a reference filter set to 620 nm. 

 

10.8. Flow Cytometry Protocol 

All flow cytometry experiments were run on a BD LSRII Flow Cytometer. The 

human IgG isotype control used was purchased from Jackson ImmunoResearch (Cat. 

No. 009-000-003). The mouse IgG2a monoclonal anti-HSV antibody was purchased from 

sigma-aldrich (Cat. No. MABF1975). PSMA expression was confirmed with an anti-PSMA 

antibody alexa 647 conjugate (Novus Biologicals, Cat. No. FAB4234R). Hek-293T 

(PSMA+/-) cell lines were generously provided by C. Barinka (Institute of Biotechnology 

CAS, Czech Republic). LnCAP cells were generously provided by K. Mossman. C4-2 
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cells were obtained from Cedarlane (Cat. No. CRL-3314). U937 cells were generously 

provided by J. Valliant (McMaster University, Canada). IFN-γ was purchased from Fischer 

Scientific (Cat. No. PHC4031). Ultra-low IgG FBS was purchased from Fischer Scientific 

(Cat. No. A3381901). The anti-mouse IgG (H+L) secondary antibody (PE conjugate) was 

purchased from Thermo Fisher Scientific (Cat. No. 12-4010-82). RPMI-1640 was 

purchased as a powder from Fischer Scientific (Cat. No. 31800089) and resuspended. 

DMEM was purchased as a powder from Fischer Scientific (Cat. No. 12800082) and 

resuspended. DiD cell dye was purchased from Fischer Scientific (Cat. No. V22887). DiO 

cell dye was purchased from Fischer Scientific (Cat. No. V22886). TrypLE Express was 

purchased from Fischer Scientific (Cat. No. 12604013). 96-Well U-bottom plates were 

purchased from FischerScientific (Cat. No. 08-772-17). Pen/Strep was purchased from 

Fischer Scientific (Cat. No. 15140-122). FBS was purchased from Fischer Scientific (Cat. 

No. 12484-028). Zeocin was purchased from Fischer Scientific (Cat. No. R25001). 

HEK293 (PSMA+) cells were cultured in DMEM media with 2mM L-glut, 1% Pen/Strep, 

10% FBS, and 50ug/mL Zeocin. HEK293 cells were cultured in DMEM media with 2mM 

L-glut, 1% Pen/Strep, and 10% FBS. U937 monocytes, LnCAP, and C4-2 cells were 

cultured in RPMI media with 2mM L-Glut, 1% Pen/Strep, and 10% FBS. 

 Antibody labeling studies were performed by incubating GU-FSY-gD (500 nM) or 

GU-gD (500 nM) with LP14 mAb (250 nM) at room temperature overnight. Where HSV 

competitor is used, azido-gD was used at a concentration of 100X excess of non-covalent 

peptide to covalent peptide. Competition conditions had competitor present during 

incubation, while quench conditions had competitor added after overnight incubation. 

Before antibody recruitment, conditions were diluted down in a 2X dilution series and 20 
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µL of each was plated in a 96-well plate in duplicate. HEK293 cells transfected with PSMA 

(90% confluent in a T-150 flask) were suspended with TrypLE and quenched washed 3X 

with 4˚C flow buffer (4% FBS, 0.5 mM EDTA/EGTA, 0.1% Sodium Azide) and 

resuspended to a concentration of 5 x 106 Cells/mL. Following this, 20 µL of cells were 

added to the 96-well plate (100 000 Cells per sample) and kept on ice. Afterwards 10 µL 

of appropriate 20X diluted (in flow buffer) secondary antibody was added to each well. 

PSMA loading/expression was confirmed with an anti-PSMA antibody alexa 647 

conjugate, where 0.75 µL was diluted to 10 µL and added in place of secondary antibody. 

The plate was then allowed to incubate on ice for 20 minutes and run on a flow cytometer. 

Voltages used were FSC: 390, SSC: 290, Alexa 647: 490, PE: 350 

 

Equation 5. Calculating percent target phagocytosis from flow cytometry data. 

% 𝑇𝑎𝑟𝑔𝑒𝑡 𝑃ℎ𝑎𝑔𝑜𝑐𝑦𝑡𝑜𝑠𝑒𝑑 = (
𝐷𝑜𝑢𝑏𝑙𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐸𝑣𝑒𝑛𝑡𝑠

𝑇𝑎𝑟𝑔𝑒𝑡 𝑂𝑛𝑙𝑦 𝐸𝑣𝑒𝑛𝑡𝑠+𝐷𝑜𝑢𝑏𝑙𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐸𝑣𝑒𝑛𝑡𝑠
 ) ∗ 100  

 
Figure 56.  PSMA expression on HEK293 (PSMA+/-) cells was monitored using an anti-
PSMA A647 antibody. Only HEK293 (PSMA+) cells (green) were found to express PSMA. 
HEK293 cells demonstrated very little fluorescence, likely from non-specific binding. 
Without anti-PSMA A647 antibody, no fluorescence was detected (grey). 
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Figure 57. Flow cytometry scatter plots demonstrating gating protocols for selecting 
single cells when evaluating double positives, reflecting ADCP events. 
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Figure 58. Flow cytometry scatter plots comparing ADCP of HEK293 (PSMA)+ cells by 
u937 monocytes. This was performed in the presence of 3.13 nM LP14 mAb with A) 6.26 
nM GU-FSY-gD, or B) 6.26 nM GU-gD. Quadrant 1 (top left) indicates target cells, 
quadrant 2 (top right) indicates phagocytosed cells, quadrant 3 (bottom left) indicates 
cellular debris, and quadrant 4 (bottom right) indicates monocytes. 
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Figure 59. Flow cytometry scatter plots comparing ADCP of HEK293 (PSMA)+ cells using 
GU-FSY-gD (A/C) or GU-gD (B/D). At 100 nM antibody and 200 nM peptide, both 
molecules show maximum ADCP (quadrant 2, top right). A quench was performed by 
adding 100 µM azido-gD peptide after incubating antibody with GU-FSY-gD or GU-gD 
overnight to demonstrate a covalent linkage (C/D). After quenching, GU-FSY-gD 
maintained the same level of ADCP, whereas GU-gD lost all function. 
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10.9. Spectra and Characterization Data 

 

 
Figure 60. 700 MHz 1H NMR of intermediate I-4 in CDCl3. 
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Figure 61. 700 MHz 1H NMR of intermediate I-5 in D2O. 
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Figure 62. Downfield portion of 700 MHz 1H NMR of intermediate I-6 in CDCl3. 
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Figure 63. Upfield portion of 700 MHz 1H NMR of intermediate I-6 in CDCl3. 
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Figure 64. 700 MHz 1H NMR of intermediate I-9 in CD3CN. 
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Figure 65. 700 MHz 13C NMR of intermediate I-8 in CDCl3. 
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Figure 66. 700 MHz 19F NMR of azido-gD-FSY containing a TFA internal standard and 
90% 1X PBS, 10% D2O. 
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Figure 67. 700 MHz 19F NMR of azido-ASF-gD containing a TFA internal standard and 
90% 1X PBS, 10% D2O. 
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