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Preface

This thesis, founded by the Agence Nationale de la Recherche, was supervised by Dr Guilhem
Chaubet, co-director of the BioFunctional Chemistry team along with Dr Alain Wagner.

The BFC team is part of the «Laboratoire de Conception et Applications de Molécules
Bioactives » (UMR7199) located in the Faculty of Pharmacy of Strasbourg, in lllkirch-
Graffenstaden. The team’s main research interest lies in the field of chemical biology and aims
to investigate novel bio-compatible and bio-responsive chemical systems to study biological
processes and design alternative therapeutic strategies. In this context, research mainly
revolves around three main axes:

Single Cell Omic: focused on developing novel capture systems of biomolecules and phase

inversion microfluidic technologies, which paves the way toward advanced single cell multi-
omic approaches (e.g., transcriptomic, proteomic, secretomic, surfacomic). This technology
provides a unique insight into cancer heterogeneity and differentiation processes and led to
the recent creation of a start-up company, ‘Micro-omix’.

In vivo chemistry: focused on understanding the rules guiding chemical reactions in complex

biological media, taking into account reagent transport, bio-distribution and pharmacokinetics.
This field opens new opportunities toward alternative therapeutic and chemo-omics
approaches via in vivo modification of biotics (metabolites) or xenobiotics (drugs, imaging
agents).

Bio-specific chemical reactions: dedicated to precise chemical conjugation and controlled

delivery of drugs or payloads. Mastering the selectivity in protein conjugation opens exciting
prospects toward novel formats of hybrid bimolecular constructs for drug delivery or
biophysical studies.

My research work fits in this third area of research and was only made possible thanks to a very
close collaboration with the « Laboratoire de Spectrométrie de Masse Bio-organique » (LSMBO;
UMR7178) headed by Dr Sarah Cianferani and located in Strasbourg.

The main objective of my thesis was to develop new chemical methods for to the selective
labeling of proteins and explore the different application it might have. This led to two main
projects, whose initial goals and main results will be detailed in this manuscript.

The first one was the exploration of multicomponent reactions (MCR) for the labeling of protein.
The labelling of lysine residues through Robinson-Schépf 3-component reaction as well as the
labeling of lysine and aspartate or glutamate using the Ugi 4 components 3 centers reaction
were explored. This led to the development of site-selective conditions for the labeling of
human and humanized monoclonal antibodies.



Finally, my second main research project was dedicated to the generation of high molecular
weight complexes such as bispecific antibodies. The developed method was based on our site-
selective conditions and on bioorthogonal chemistry leading to the efficient formation of
different bispecifics, starting from off the shelf antibodies.

An experimental section is provided at the end of this manuscript, listing all experimental
procedures used to carry this work as well as the characterization of all new compounds
produced during the course of these last three years.
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RZ:NC

Project 1:
Development of site-selective
conditions for the modification of human
and humanized antibodies.

Project 2:
Chemical formation and test of
bispecifc antibodies with 2+1 valence




Abbreviations

2-DPBA 2-(diphenylphosphino)benzoic acid

2-FBPA 2-formylphenylboronic acid
2-PCA 2-pyridinecarboxyaldehyde
3-CR 3 component reaction

4C-3CR 4 component-3 center reaction
aa amino acid

Ac Acetyl

ADC antibody-drug conjugate

APB Activity based probe

APC allophycocyanin

app apparent

av. DoC Average degree of conjugation
BBS borate-buffered saline

BCN bicyclo[6.1.0]non-4-yne

br broad

BSA Bovine serum albumin

bsAb bispecific antibody

C, cys cysteine

CDR complementary determining regions
cHex cyclohexane

CID collision induced dissociation
conv. conversion

CPP cell penetrating peptide
CuAAC copper(l)-catalysed alkyne-azide cycloaddition
Cy5 sulfocyanine-5

d doublet

D, Asp acid aspartic

Da Dalton

DAR Drug to antibody ratio

DBCO dibenzylcyclooctyne

DBM Dibromomaleimide

DCC N,N'-dicyclohexylcarbodiimide
DCM Dichloromethane

DIFP diisopropyl fluorophosphate
DMEM Dulbecco's modified eagle media
DMF N,N-dimethylformamide
DMSO Dimethyl sulfoxide

DNA desoxyribonucleic acid

DoC Degree of conjugation
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DTNB
DTT
E, Glu
E:T
e.g.
EBA
ECso
EDTA
EEDQ
EGFR
ELISA
EMA
EpCAM
equiv.
ESI

Et

eV
Fab

Fave
Fdurva
Fmuro
Frit
Ftra
FBS
Fc
FCS
FDA
FITC
Frit
Fv
FVS
GAPDH
GFP
Gly
GSH
HC
HCD
HDMS
HER-2
HIC
His
HPLC

5,5’-dithiobis-(2-nitrobenzoic acid)
Dithitreitol

acid glutamic

effector to target

For example

2-ethynylbenzaldehyde

half maximal effective concentration
2,2',2",2""-(Ethane-1,2-diyldinitrilo)tetraacetic acid
2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
epidermal growth factor receptor
enzyme-linked immunosorbent assay
European Medicine Agency

epithelial cell adhesion molecule
equivalent

electrospray ionisation

ethyl

electronvolt

antigen binding fragment

Fab avelumab

Fab durvalumab

Fab muromonab

Fab rituximab

Fab trastuzumab

Fetal bovine serum

Fraction cristaline

Foetal calf serum

Food and Drug Administration
fluorescein isothiocyanate

Fab rituximab

variable fragments

Foetal veal serum
glyceraldehyde-3-phosphate dehydrogenase
green fluorescent protein

Glycine

Glutathione

heavy chain

higher-energy collisional dissociation
high definition mass spectrometer
Human epidermal growth factor receptor 2
Hydrophobic interaction chromatography
Histidine

high performance liquid chromatography
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HRMS high resolution mass spectrometry

HRP Horseradish peroxidase

HSA Human serum albumin

HSAB Hard-soft acide-base

i.e. id est

IEDDA Inverse electron demand Diels-Alder
IgG Immunoglobulin G

IR infrared

J coupling constant

K, lys Lysine

KiH knobs-into-holes technology
LC Light chain

LC/MS liquid chromatography couple to mass spectrometry
Ldchem ligand-directed chemistry
LPG linear polyglycerols

LT Ligand tracer

m multiplet

m/z mass-to-charge ratio

mAb Monoclonal antibody

MALDI matrix-assisted laser desorption/ionization
MCR Multicomponent reaction

Me Methyl

MET mesenchymal-epithelial transition
MS Mass spectrometry

nanoESl nanoelectrospray ionization
NaOAc sodium acetate

NCS N-chlorosuccinimide

NGM Next generation maleimide
NHS N-hydroxysuccinimide

NMR Nuclear magentic resonnance
OSAE o-salicaldehyde ester

PB Phosphate buffer

PBM Petasis Borono Mannich

PBS Phosphate-buffered saline

PD dibromopyridazinediones
PD-L1 programmed death-ligand 1
PE phycoerythrin

PEGs polyethylene glycols
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INTRODUCTION

l. Protein bioconjugation

Bioconjugation consists in the development of a chemical linkage between a biomolecule — in
this work, a protein — and any other molecule,® depending on the applications sought:
cytotoxic drugs, small nucleic acids or oligonucleotides, fluorophores, nanoparticles or even
another protein or fragments thereof. Chemistry is involved all along the development of
bioconjugates, from the design and synthesis of small organic payloads to the comprehension
of the constraints of the biochemical microenvironment of the protein and to the analysis and
characterisation of the modified proteins. This truly interdisciplinary field forces the
collaboration between actors of different fields of research, fostering creativity and innovation
and paving the way to fruitful applications impacting our everyday lives.

|.1.Applications

The first known application of bioconjugation goes back to mid nineteenth century with the use
of chromium(lll) salts in the tanning industry. By cross-linking collagen in animal’s hide, the
resulting leather was found to be more resistant and durable. While it is highly likely that early-
day bioconjugation chemists were lacking the comprehension of the process at the molecular
scale, the development of characterization tools paralleled the appearance of novel conjugation
techniques, helping to gain better mechanistic insights.?

I.1.a. Characterization:

Over the twentieth century, the development of protein purification techniques such as ion
exchange (IEX), size exclusion (SEC) and affinity chromatography set bases for a strong
collaboration between bioconjugation and analysis by allowing the characterization of peptide
and proteins.? Those bioconjugation reagents were designed to present a chromophore motif,
allowing the quantification of bound reagent to the protein as well as a reactive function —
usually an electrophilic group — responsible for the attachment of the chromophore on the
protein. One can cite the reaction of trinitrobenzenesulfonate (TNBS, R1) (Scheme 1) with
primary amines proposed by Fields leading to the formation of trinitroaniline complexes R2
guantified by their absorbance at 420 nm or Ellman’s reagent — 5,5’-dithiobis-(2-nitrobenzoic
acid) (DTNB) R3 (Scheme 1) — used to measure the concentration of thiols through their
transformation into 5-thio-2-nitrobenzoic acid (TNB) R4 absorbing at 412 nm.>* Later on, the
determination of peptide sequence became possible by using Edman degradation (1967), a
process in which phenyl isothiocyanate R5 reacts with the a-amine of the N-terminal residue of
a peptide under alkaline conditions resulting in a phenylthiocarbamoyl derivative R6. Following
acidic treatment, cleavage of the N-terminal residue under the form of a thiazolinone derivative
R7 occurs, the latter being isolated by liquid-liquid extraction as its phenylthiohydantoin (PTH)
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isomer R8 which can be detected, isolated and characterized using chromatography techniques.
Automated versions of this process were developed through the years that helped accelerate
this analytical process and allowed the development of more advanced technologies for the
modification and characterization of proteins.>®
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Scheme 1: General structure and formed adducts of the first bioconjugations reagents used for protein
characterization.

Based on the observation that protein’s behaviour might be biased by its isolation from its
native environment, proteomics studies were developed. It consists in the quantification and
characterization of the proteome —i.e., the entire set of proteins produced and/or modified by
an organism or a system which varies from one cell to another and through time. Precise
bioconjugation methods as well as analytical tools are hence needed to be created for such
analysis. In the early days, proteins of interest (POI) were detected using antibodies, able to
recognise with great affinity one precise motif — the antigen — borne by another protein, the
presence of a chromophore on the detection antibody helping the detection of the protein
complex. Such characterization techniques are still used nowadays like enzyme-linked
immunosorbent assay (ELISA) or western blots. Limited by the available library of antibodies,
antibody-free protein detection techniques were developed, leading to the democratisation of
mass spectrometry-based techniques. Coupled or not with chromatography techniques, the
development of ‘soft ionization” methods in the 1980’s such as matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI), allowed mass spectrometry
(MS) analysis of proteins while preserving their primary structure. Such analyses have now
become pivotal for the development of new bioconjugation methods — for mechanistic
comprehension and quantification and their development largely rely on the production of pure
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and well-defined conjugates to assess the accuracy and resolution of the conditions.”” In
addition to identification and characterization of a protein, such information can give great
insights on the metabolic pathway followed by a protein as well as its mechanism within the
concerned organism.”1°

|.1.b. Determination of biological mechanism

Having powerful analytical tools is key to the determination of biological mechanisms and of
the nature of the different partners involved. For example, the idea that a particular amino acid
is responsible for the biological activity of an enzyme can be demonstrated by the use of
appropriate bioconjugation reagents, such as the seminal diisopropyl fluorophosphate (DIFP)
R9 (Figure 1) developed in 1952 by Balls and Jensen. This reagent was shown to react in a
chemoselective manner with serines leading to the formation of compound R10, thus inhibiting
the activity of several proteases such as chymotrypsin and cholinesterases.'
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Figure 1: General reactivity of DIFP bioconjugation reagent for the labeling of
serines.

Pursuing the development of chemoselective reagents for low abundant residues allowed to
analyse more complex environments. For example, Cravatt and co-workers developed a method
called isotopic tandem orthogonal proteolysis-activity-based protein profiling (TOP-ABPP) that
enabled to quantify the thiol groups of free-cysteines in a given proteome.®3 In order to do so,
they used iodoacetamide alkyne R12 (Scheme 2), whose chemoselectively had been previously
demonstrated, forming stable thioethers adducts R13 that were further functionalized by
copper(l)-catalysed alkyne-azide cycloaddition (CUAAC) with an azido-functionalized biotin tag
R14, leading to biotinylated protein R15. Based on the strong non-covalent interactions
between biotin and streptavidin (Kp up to 10'%> M), they were able not only to isolate but also
to concentrate the cysteine-containing proteins and characterize them by tandem MS. As an
alternative to activity-based probes, ligand-directed chemistry (LDchem) was also developed,
mostly by Hamachi and co-workers. The idea behind this strategy it to link a fluorophore or an
affinity tag to the native ligand of a POI using a cleavable linker (R16). The ligand part of the
construct will play a “carrier” role and bring the desired chemical in spatial proximity to the
POI’s surface. The cleavable function borne by the linker — usually an electrophilic moiety such
as tosylate ester — will then undergo a nucleophilic attack resulting in the covalent attachment
of the target chemical to the protein’s surface (R17) and possible traceless restitution of the
intact protein’s active site (R18) (Scheme 2).’* Such approaches gave key information for the
identification of small therapeutic molecules — covalent inhibitors/activators of key enzymes
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— but also paved the way toward the production of biomolecule-based therapeutics such as
protein carriers in drug delivery systems.

Tandem Orthogonal proteolysis-activity-based protein profiling
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Scheme 2: Different steps involved in Activity Based Protein Profiling (ABPP) and Ligand directed
chemistry (LDchem)

I.1.c. Development for therapy:

One of the first application of bioconjugation for therapy is the development of vaccines for
tetanus and diphtheria developed in 1920’s. Such vaccines called toxoids are inactivated
bacterial toxins whose molecular markers responsible for the immune response have been
preserved. Such inactivation can be performed thermally or chemically by using fixation
reagents such as formaldehyde.’® The high efficacy of toxoids paved the way towards the
development of conjugate vaccines which combine a weak antigen — usually a polysaccharide
— to a strong antigen — usually diphtheria or tetanus toxoids described before — as a carrier
to provoke stronger response from the immune system. The two biomolecules are usually
conjugated using cross-linking reagent such as squaric acid diethyl ether that can react with
primary amines of both partners.®
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If toxoid and conjugate vaccines are good examples of pharmaceutical applications of
bioconjugation, the main class of protein conjugates developed for therapy are antibody-drug
conjugates (ADC). Those immunoconjugates — viz. bioconjugates of immunoglobulins G (IgG)
and more precisely monoclonal antibodies (mAb) — are mostly used in oncology. Such
constructs combine the high affinity of the mAb for a target receptor — the antigen,
overexpressed at the surface of tumor cells — with highly cytotoxic payloads — e.g., DNA
intercalating reagents, microtubular disrupting agents, or more recently oligonucleotides —,
connected through a linker (Figure 2).

Anatomy of an ADC

Antibody: Guidance system

Target antigen: Recognition of the cancer
cell

Bioconjugation: control of the number of
payload + stability of the linkage

LINKER Linker: control the release of the drug

| Payload: destruction of the cancer cell
%% BIOCONJUGATION PAYLOAD

Figure 2: General anatomy of an ADC and principal characteristics of its key components.

The mAb constituent, a protein of around 150 kDa, allows to mask the cytotoxic character of
the payload when it is linked to it while delivering it selectivity in the tumor; the linker then
allows the usually traceless release of the drug, free to exert its cytotoxic activity.!’ The efficacy
of the ADC is strongly correlated with the choice of the target antigen, the payload and the
linker but the bioconjugation method also plays a crucial role in the pharmacokinetics and the
pharmacodynamics of the whole complex: unstable adducts can lead to early release of the
payload in the circulation, resulting in off-target cytotoxicity, whilst the uncontrolled
conjugation may impair the affinity of the mAb for its target antigen.181920

Currently, there are 10 ADCs approved by the European Medicine Agency (EMA), 2 more were
approved by the Food and Drug Administration (FDA) and another has reached market in
China.?! Besides these marketed ADCs, hundreds of others have reached clinical trials, mostly
for oncologic applications. This is highly encouraging for the future of immunoconjugates, and
it has been made possible thanks to the prolonged efforts of researchers to address the many
challenges of antibody conjugation.

[.2. Challenges
Classical organic chemistry offers a great choice of solvents, temperature, pH and pressure to

the experimenter, with the possibility of working with a wide range of concentrations, and
usually deals with small molecules that can benefit from many different purification and
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analytical techniques. Proteins on the contrary are gigantic entities that can only withstand
aqueous buffered solution, small variations in pH (5 < pH < 9) or temperature (4 °C< T° < 37 °C)
and low concentration (CIM range). Moreover, being highly polar, proteins cannot be
functionalized with too many organic compounds as this might cause the protein’s denaturation
or precipitation.

The simplest parameters used to define a bioconjugation reaction are the conversion — i.e., the
amount of protein that reacted — and the average degree of conjugation (av. DoC) — i.e., the
number of modifications introduced per biomolecule on average — that can be obtained by LC-
MS using techniques such as soft ionisation. In addition, depending on its resolution, this
analysis can help validate the molecular weight of the introduced payload and confirm or
disconfirm the conjugation mechanism. On the other hand, determination of the modified
amino acid(s) — the modification site(s) — on the protein’s sequence is more challenging as it
requires its digestion into peptides prior to their separation by liquid chromatography (LC) and
analysis by tandem mass spectrometry (MS/MS) to characterize the modified peptides
according to their fragmentation. Such peptide mapping analysis is time consuming and
requires high resolution instruments; however, as it is the most precise method developed for
this purpose, its use becomes mandatory in order to validate the chemo- and site-selectivity of
the conjugation reaction.

Bioconjugation of proteins consists in the formation of covalent bonds with the side chains of
some of their constitutive amino acids, multiple copies of which can be found in their primary
sequence. Depending on the properties of the side-chain reactive groups (e.g. abundance,
polarity, ionization), these will be more or less surface exposed and thus available for
modification. Hence the selection of the target amino acids leads to a first — and the easiest to
address — issue of selectivity in the development of precise bioconjugation methods: chemo-
selectivity. In this case, the bioconjugation reagent must react selectively with the target
chemical function without affecting other reactive groups. However, depending on the size of
the protein, multiple copies of the amino acid bearing the targeted chemical function can be
present on its surface, which can lead to the formation of various regio-isomers.

Gautier et al. showed for example that in the case of a big protein such as IgG, possessing 88
primary amines (i.e., 84 e-amines borne by lysines’ side-chains, plus four N-terminal a-amines),
69 were shown to be reactive enough to be modified.?? All sites considered equal, the
modification of 1 equivalent of IgG with 6 equivalent of amine-selective reagent can lead to a
mixture of unmodified IgG (D0), IgG modified once (D1), twice (D2) up to n times (Dn). Each of
those Dn species contains a mixture of regio-isomers, which combined for millions different
regio-isomers. While this gives a rapid insight into the complexity and challenges of the selective
bioconjugation of native proteins, isolation and characterization can also represent a hurdle in
its own right.
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When detecting a particular protein within a complex mixture — as it is the case in proteomics
study — is the final goal of the bioconjugation step, the homogeneous labelling of the protein
is not problematic for detection, hence chemo-selective methods can be used. Another
example being the conjugate vaccines, as long as the injected mixture does not present any
global toxicity the vaccine is efficient no matter the conjugation site. If the lack of global toxicity
was considered sufficient in the case of marketed ADCs such as Mylotarg or Kadcyla, each regio-
isomer might present a different pharmacokinetic and pharmacodynamic that might result in
premature release and off-target cytotoxicity. In this case, a second degree of selectivity can be
reached by thinking the protein as the biological object it is. For instance, post-translational
modifications happen in a very reproducible and selective way which means all the reactive
sites are not equal, biologically speaking. Inspired by this reflexion, bioconjugation chemists
developed new type of reagents — site-selective reagents — that target one site of the protein
based on its physico-chemical environment allowing to reduce the number of formed regio-
isomers and increasing the reproducibility of the conjugation step leading to the formation of
characterized and molecularly defined conjugates.

Hence, protein conjugation reagents can be separated in two main categories based on their
degree of selectivity: either chemo-selective — targeting precise chemical functions present on
the surface of the target protein — or site-selective — targeting one precise site based on its
environment, accessibility or reactivity. Depending on the application of the conjugate, one
might focus on the development of site-selective method or on the development of a chemo-
selective method. As site-selective methods are difficult to develop and more importantly to
characterize, the more easily accessible — and empirical — chemo-selective methods are still
being investigated nowadays and used on an everyday basis in many domains of research.
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Il. Chemo-selective bioconjugation reagents

At the end of 2021, our team published a review of the different chemo- and site-selective
strategies and reagents developed for the conjugation of proteins.?® The results presented in
the following sections are a condensed version of this review focused on chemo-selective
methods considered as the most relevant for the research work presented in this thesis
manuscript — purely chemical modification of native protein — and features additional
methods reported in the literature since its publication.

[I.L1. Lysine conjugation

Lysine residues are a target of choice for chemo-selective bioconjugation reagents because they
are abundant in proteins (> 5%) and possess a nucleophilic e-amine side-chain, the pK, of which
varies from 9.3 to 9.5, meaning they are mostly positively charged at physiological pH
(Scheme 3).2* This cationic character makes them essentially located on the protein’s surface
and thus easily accessible for conjugation. Chemo-selective reagents targeting amines can be

separated into three main categories, i.e., carbonyls, activated esters and iso(thio)cyanates.?>~
29
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Scheme 3: Information and used notation for the presentation of lysine-selective bioconjugation
reagents.

The reaction of a carbonyl derivative R19 with the primary amine of a lysine residue leads to
the well described formation of a Schiff base. However, under aqueous basic conditions the
formed imines are unstable, and their formation is disfavoured. Consequently, conjugation
methods using carbonyl derivatives are usually accompanied with an irreversible reduction step
using sodium cyanoborohydride (NaBH3CN) and leading to the formation of a stable secondary
amine R20 (Figure 3).2>30

As an alternative to carbonyls, activated carboxylates — such as pentafluorophenyl (PFP) ester
R21 or N-hydroxysuccinimidyl (NHS) esters R22 —can react with primary amines to form amides
R23 (Figure 3). 317363738 Those linkages are extremely stable in water — with an half-life
estimated to be around 600 years in neutral aqueous solution — making them particularly
interesting for bioconjugation.?® However such activated compounds get rapidly hydrolysed in
water — for example the half-life of NHS esters at pH 8.4 at 4 °C is around 10 minutes —*°,
amide bonds can still be obtained using very mild conjugation conditions — mostly by variation
of the reaction’s temperature and pH.* The main drawback of this conjugation method —
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beside hydrolysis of the activated carboxylate that is overcome by careful design and
modulation of the reaction conditions — is the alteration of the overall charge at the surface of
the modified protein.

The use of isothiocyanate R24 derivatives is also considered a standard for the labelling of
lysines (Figure 3). If those reagents were found to be more resistant toward hydrolysis than the
activated esters, the formed thiourea R25 is less stable than an amide bond. 47#* Its main
representant is the fluorescein isothiocyanate (FITC) that is widely used for fluorescent labelling
of proteins.

0]

& H  NaBH,CN fresszesnn e :
R19 ~ I |

o R20 3 %
‘ LG L F F

Figure 3: General structure of amine-selective bioconjugation reagents and of the resulting products.

Given the efficacy of these strategies and their facile implementation, with reagents often being
cheap and easily accessible, they remain a method of choice for protein conjugation whenever
heterogeneity in conjugation sites is not an issue.

Having described the main lysine-targeting strategies, we analysed the most recent publications
of new amine-selective reagents or the adaptation of the previously described standard
reagents for specific applications.

Among the few new reagents reported recently, it is worth mentioning the azaphilones R26
developed by Yi et al. in 2022, reacting through a sequential ring-opening/ring closure
mechanism leading to the formation of UV-active vinylogous y-pyridones R27 (Figure 4).%
Because this reagent led to stable adduct, they were able to label all the available amines of
small proteins thus reaching very high degrees of conjugation (DoC) — up to 14 in the case of
Histone 2A. However, in the case of bigger proteins such as mAbs, the number of surface
exposed amines was found too high to imagine targeting them all without stability issues and
the method thus led to a classical DoC distribution resulting in mixtures of various regioisomers
just like the other classical methods.
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Figure 4: Chemo-selective modification of native proteins using azaphilone reagent R26. Homogeneous
labelling can be reached by saturation of available primary amines but is lost when applied to big
proteins.

Drifting away from such strategies targeting high degrees of functionalization, the development
of DoC-selective methods emerged. In this case, a mono-disperse mixture of regio isomer is
obtained, leading to easier characterization of the formed species. Most of the methods
recently described focus on the use of already existing lysine-selective reagent and DoC
selectivity is reached by fine tuning of the labelling conditions and/or purification.

For example, reductive amination is used for the conjugation of large polymers such as
polyethylene glycols (PEGs) and linear polyglycerols (LPG) of high molecular weights (> 10 kDa)
onto a POl in order to increase its solubility and stability in living organisms (Figure 5).464” The
introduction of an aldehyde on the polymer is trivial in comparison with more sophisticated
motives and, more interestingly, the steric hindrance induced by the linkage of one PEG chain
results in observed av. DoC around 1. Because of the high polarity and molecular weight of the
introduced payload, the different formed DoC species (D1, D2 etc..) can be separated by
hydrophobic interaction chromatography (HIC) or size exclusion chromatography (SEC) resulting
in mono-disperse mixture of regio isomers (Figure 5).

- 0  NaBH,CN (20 mM) -NHr. VEDG1F§2165 2l(Lj-4
—NH, + ‘—/( ~ B NH o D
H NaOAc (pH 5.0) . > 10 kDa
16 h., 4 °C

Figure 5: Recent application of chemo-selective reductive amination bioconjugation method for the
modification of native proteins. The use of high molecular weight payloads allows the reduction of
bioconjugation sites and/or separation of the formed species.
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Based on a similar thought, the introduction of large payloads such as quantum dots,*®
polymers,* and supramolecular machines®® functionalized with NHS-esters has also been
reported, allowing isolation of mono-disperse species, facilitated by the size of the payload.

Such DoC selective technique has also been explored in the case of small payloads. For instance
our team developed in 2020 the equimolar native chemical tagging (ENACT) technology.>! This
process affords mono-disperse protein conjugate using NHS ester R28 with large excess of
proteins, in so called ‘low conversion” conditions, in order to obtain a mixture comprising 95%
of unconjugated protein and 5% of protein modified with only one payload (R29) (Figure 6).
Because R28 contains a biotin tag, conjugate R29 can be immobilized on a streptavidin column
and the unconjugated protein can be recycled. After 20 cycles, trans-tagging of the
iminosydnone motive with a strained alkyne — such as bicyclo[6.1.0]non-4-yne (BCN),
dibenzylcyclooctyne (DBCO) or 3,3,6,6-tetramethylthiacycloheptyne (TMTH) — allowed to
release the mono-disperse conjugate R30 from the streptavidin column. This technique was
shown applicable to various proteins — i.e., trastuzumab, bevacizumab, HSA and lysozyme
however, peptide mapping analysis of mono-disperse trastuzumab D1 showed a mixture of 12
regio-isomers that could not be separated.
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Figure 6: Presentation of the ENACT technology for theproduction of mono-disperse conjugates.

If no studies compared yet the interest of those mono-disperse species with conjugates
obtained by traditional chemo-selective methods — presenting a DoC distribution — or site
selective conjugates — containing a single regio-isomer —, those methods present an
intermediate degree of selectivity.

Interestingly, Kreusser et al. recently developed a method for the separation of regioisomers
resulting from the FITC-labelling of lysozyme using HIC.>? After incubation of lysozyme with
1.5 equiv. of FITC at 7 °C for 3 hours they observed an av. DoC around 1. Using finely tuned HIC
purification conditions, they managed to separate four lysozyme containing fractions. The first
one was found to contain pure unlabelled lysozyme and the three others coined C1, C2 and C3
were found to contain lysozyme modified with only one FITC according to ESI-MS analysis. Based
on a previous study of Schnaible and Przybylski which showed that lysozyme labelling with FITC
was preferentially happening on its a-NH; and on &-NH, borne by K33 and K97 they

24



hypothesized that their C1, C2 and C3 fractions might contain those three regioisomers.>? If
their study lacks peptide mapping characterization to support this hypothesis, it is however a
promising approach that would allow the to reach highly homogeneous conjugates using
already widely described chemo-selective conjugation methods.

Another important part of the research concerning lysine bioconjugation focused on the
development and rationalisation of site-selective conjugation of proteins, using widely
described chemo-selective reagents. Weil and co-workers showed for example that the use of
biotinylated NHS-ester R31 could lead to regio-selective conjugation of RNase A and lysozyme C
when it is added portion wise at 4 °C which allow kinetic control of the reaction (Figure 7).>* The
resulting biotinylated proteins R32 were separated from the unconjugated protein using avidin
columns and good yields > 90% were obtained. Peptide mapping experiments validated that
the isolated product was exclusively modified on their K1 residues however the modification of
the a- or e-amine was not discussed.

, . Lysozyme C RNase A
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Figure 7: Recent application of the chemo-selective NHS-ester mediated bioconjugation method for the
modification of native proteins. Kinetically controlled addition of the reagent associated to affinity
purification allows to control the modification site.

On a similar note, Cellitti and co-workers showed that careful control of the reaction’s
temperature, using PFP ester R33 on the antigen binding fragment (Fab) of trastuzumab — a
human 1gG — could lead to the formation of amide R34 on a single lysine residue (K188)
(Figure 8).3° Directed mutagenesis studies showed the importance of the surrounding residues
H189 and D151 in the selective labelling of K188 but no exact mechanism was proposed. D151
might activate H189 to act as an acid-base catalyst and accelerate K188 labelling in comparison
with the other lysine residues of the protein. This observed site-selectivity is linked to the
environment of the labelled residue and is lost upon increased temperature or use of more
reactive reagents such as NHS esters, showing the kinetic character of this method.
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Figure 8: Recent application of the chemo-selective PFP-ester mediated bioconjugation for the
modification of native proteins. Selectivity of site is obtained by kinetic controlled addition of the
reagent in addition to spatial proximity of a histidine and an aspartate residue.
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Based on the thought that such site is highly conserved within human k-light chains, Sarrett et
al applied similar conditions to the site-selective labelling of pertuzumab — a humanized mAb
presenting the target light chain (Figure 8).3” If no peptide mapping of the labelling site was
performed thus preventing to validate the K188 modification, remarkable D1 labeling of the
light chain was observed in comparison with the NHS labeling.

Finally, recent publications about lysine-selective bioconjugation are mostly focused on the
development of novel ‘more selective’ conditions using widely described chemo-selective
reagents. The generation — or isolation — of mono-disperse conjugates seems to gain interest
lately presenting an intermediate degree of selectivity that can be placed in between chemo-
and regio- selectivity. The development of regio-selective conditions using the widely described
and easily accessible chemo-selective reagents illustrates well the growing interest for the
isolation of pure regio-isomers. For such application, and especially in the case of large proteins
such as monoclonal antibodies, the functionalization of less abundant amino acids using
chemo-selective reagents is often more effective.

[I.2.  Cysteine conjugation

In Nature, thiols are mainly found as part of disulfide bonds, connecting two cysteine’s side
chains. Those disulfide bridges can be reduced thus generating thiolate groups that are highly
nucleophilic at physiological pH, making them good candidates for functionalization. Because
of the low abundance of cysteines in Nature (1.5 %) chemo-selective targeting of free thiols was
largely explored (Scheme 4).4°> Thiolate selective reagents are electrophilic compounds,
whose reactivity has to be finely controlled as competition with more abundant nucleophilic
lysines can happen. The most widely described are alkyl and aryl halides, disulfide, electron-
deficient alkenes and alkynes, among which maleimides are considered as the golden
standard.2628:56
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Scheme 4: Information and used notation for the presentation of cysteine-selective bioconjugation
reagents.

The targeting of this residue presents great interest when large proteins such as mAbs, are
targeted. Indeed, they only contain eight accessible free thiols in comparison with sixty-nine
accessible amines. Analytical chemistry also represents a field of research in need for thiol-
selective reagents, especially when complex mixture of proteins or protein digestate are
analysed.
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Indeed, the presence of free thiols in such mixture can lead to the formation of artefacts due
to random disulfide formation. In this context, thiol-selective reagents must display fast kinetics
of reaction and great selectivity as they are used in complex, highly diluted solutions. Alkyl
halides and especially iodoacetamide derivatives have been employed for such application for
decades, however lack of chemo-selectivity has been reported thus illustrating the need for

new reagents.>’>®

Recently, the use of thiomethyltetrazine R35 (Figure 9) was reported for proteomics studies in
live cell. The reagent can undergo thiol exchange, labelling any thiol-containing protein R36 with
high and tuneable kinetic rates, from 1 to 100 M!s?, depending on the side-chain borne by the
tetrazine ring. More interestingly, thiol exchange can be stopped by the addition of a
transcyclooctene (TCO)-containing reagent in the mixture, leading to an inverse electron
demand Diels-Alder (IEDDA) reaction and to the formation of dihydropyridazine products R37,
insensitive to thiol exchange.>® This methodology allowed time-course proteomic studies as it
allowed to study the thiol content of a mixture at a given time, upon addition of TCO, with great

sensitivity.
N-N — 100 uM
N=N =N
R35 R3e N N TCO
-pyr ko =1- 100 M"'s™
l 350 uM cell lysate and -
live cell proteomic

DTT, GSH, BME ; :
’ ’ Possible time
S
- ) 16h - & course study
N ' 4
N= R37 N

4-pyr 4-pyr

Figure 9: Sequential conjugation steps allowing to prevent thiol exchange when using reagent 22 in
proteomic studies.

In the same vein, the use of nitrile oxide R38 (Figure 10) — generated in situ by the oxidation of
an oxime precursor R39 or by the use of an a-chlorooxime reagent R40 — displayed fast kinetics
and good chemo-selectivity resulting in oxime labelled proteins R41. It was used for a variety of
applications, from the labelling of small proteins such as bovine serum albumin (BSA) and
engineered KRAS protein (MW = 24 kDa) to wide scale proteomic studies where it allowed the

OH
N 20 uM 1 o
./lH PIFA 30 uM oH kp =306 M'.s""
N quantitative cell

N
N,OH . .—:N*O‘ + -—SH — -S l lysate proteomic
./m R38 R41

Cl

R40

high sensitivity

Figure 10: Methods for the generation of nitrile oxides reagents leading to cysteine-selective labeling
of native proteins in proteomic assays.
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detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme involved in
glycolysis usually hard to label in such study due to its low abundance.®%6?

If analysis and more precisely proteomic study is one of the most recent applications of cysteine-
selective reagents, their main application remains the labelling of large proteins, especially the
formation of ADCs, with 7 out of the 10 approved by the EMA being functionalized with
maleimides (Table 1, Figure 11).
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Figure 11: General reactivity of maleimides reagents and structure of the different maleimide based
reagents used for the generation of ADCs.




Maleimides R42 can react with thiolates via thio-Michael addition to form thioethers R43,5%63
with optimal chemo-selectivity being observed at pH values comprised between 6.5 and 7.5
(competitive aza-Michael addition starts to occur at pH above 8.5).64% Maleimides also display
fast kinetics, with second-order rate constants oscillating between 100 and 1000 M s~
depending on the structure of the thiol and the pH of the reaction mixture.5%%7.68 Except for
Enhertu and Trodelvy, all the maleimide-based ADCs present av. DoC below 8, usually due to
the high hydrophobicity of the drug-linker payload causing the immunoconjugates with
elevated DoC to precipitate. Moreover, some maleimide-based conjugates were shown to
undergo retro-Michael under physiological conditions, resulting in thiol exchange and off-target
toxicity.

Table 1: List of the different ADC based on cysteine-selective bioconjugation methods.

Trade name Year of first mAb Drug Linker Av. DAR
approval
Polivy 2020 Polatuzumab MMAE mc-VC-PAB 3.8
Enhertu 2021 Trastuzumab Dxd mc-GGFG 7.7
Trodelvy 2021 Sacituzumab SN-38 CL2A 7.6
Adcetris 2012 Brentuximab MMAE mc-VC-PAB 4
Padcev 2022 Enfortumab MMAE mc-VC-PAB 4
BLENREP 2020 Belentamab MMAF mc 4
Zylonta 2022 Loncastuximab S$G-3199 mc-VA-PAB 2.3

Considering the relative fragility of the maleimide motif, research has been mostly focused on
the development of more stable thiol-selective reagents with maintained reactivity. Based on
the observation that the formed thioether - maleimides R43 were prone to hydrolysis, forming
ring-opened maleamic acids that are unreactive towards retro-thio-Michael,%>7° Kalia et al.
developed o-CH2NHPr phenyl maleimides R44 that can be easily hydrolysed to ring-opened
derivatives R45 thanks to both the electron-withdrawing effect of the phenyl ring and the
intramolecular maleimide activation from the appended ammonium group (Figure 12).7%

Kalia et al. COOH
@)
GSH
SH
- e L

>  Ras 10 min., 0 °C R46
Wang et al. o y T(13E5Ph(42esqu8/.) thiol exchange
S5h,25° (HSA, 12 days)
T WP |l - o
COOMe ) 1.6. equiv. T K g oo
R47 2/ L-histidine (pH 7.5) R48 HN‘. trastu-vc-PAB-
2-4 h., 25 °C COOMe MMAE (D8)

Figure 12: Stabilization of cysteine-selective bioconjugation using maleimide R45 and maleamic methyl
esters R47.
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Interestingly, while maleamic acids are unreactive toward thiol addition, Wang et al. recently
proved that maleamic methyl ester R47 were effective conjugation reagents, leading to stable
thioethers R48, thus preventing further thiol exchange (Figure 12).72 After installation of their
methyl maleamic ester to the classical VC-PAB-MMAE linker, they successfully produced a DAR 8
trastuzumab-based ADC and proved its stability toward thiol exchange in the presence of
glutathione and albumin for 14 days with good improvement in comparison to their maleimide
analogues.

Hackenberger and co-workers reported in 2019 the use of ethynylphosphonamidate reagent
R49 which, despite slow kinetics (0.6 M1.s), was shown to lead to conjugate R50 that is stable
toward thiol exchange in the presence of BSA for up to 5 days (Figure 13).73

In 2022, the same team showed that when using similar P(V) reagent functionalized with two
alkynes, these displayed different kinetics and that pre-functionalization of the reagent by
CuAAC — resulting in the triazole-functionalized phosphinate R51 — could considerably
increase the second order rate constant of this reaction (from 0.47 Ms? to 4.61 Ms?),
showcasing the tuneable reactivity of those reagents (Figure 13).74

Following another goal, they also recently proposed a Staudinger-based functionalization of
their phosphorus reagents with long PEG chains (12 units) resulting in compound R53 as a way
to facilitate the introduction of large hydrophobic payloads, yielding conjugates R54. As a proof
of the advantages of their approach, they easily obtained D8 brentuximab functionalized with
VC-PAB-MMAE, which displayed higher hydrophilicity compared to its D4 maleimide analogue
Adcetris (Figure 13).7°
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Figure 13: Cysteine-selective bioconjugation reagents based on ethynylphosphonamidates.
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With a different view, a recent study showed that reversible CO, adsorption in aqueous media
might improve S-selectivity by slight acidification of the medium thus preventing hydrolysis of
the used electrophile and leading to the reversible blockage of amine residues that might
compete with the thiolate residue. However this study was only conducted on HSA using a
maleimide as electrophile, the in vitro analysis seems promising to allow the use of highly
reactive reagents that were set aside due to a lack of chemo-selectivity.”®

Those recent publications show that the tendency for chemo-selective cysteine conjugation is
to the development of highly reactive reagent — useful for in cell proteomics studies — or to
the development of homogeneous and stable ADCs sometimes to the detriment of kinetic rates.
The main competitor of those conjugation methods is the development of engineered mAbs in
which an additional readily available free thiol has been inserted so that stable ADCs with low
DAR can be produced easily. If such constructs are hot topic in the bioconjugation domain lately,
they will not be discussed in this manuscript, where the focus will be on the chemical
modification of native proteins.

This quick overview of the evolution of the two main chemo-selective strategies shows how the
field of protein bioconjugation continues to thrive, offering now dozens — if not hundreds — of
diverse ways to label selectively amines and thiols. In response to the increasing demand for
homogeneous conjugates, the scientific community also took an increasing interest in the
domain of bioconjugation, which fostered creativity and promoted the development of
alternative methods for the conjugation of less abundant and reactive amino acid residues.

II.3. Aspartate, glutamate and other residues

Besides lysine and cysteine, other residues have been the targets of new conjugation methods,
notably the electron-rich histidines and tyrosines. If several methods have been developed, they
were extensively discussed in our previously published review and will thus not be discussed in
this manuscript.?

It is however worth mentioning the work of Raines and co-workers, who recently reported the
use of diazo compound R55 targeting carboxylates with elevated pKi values, such as the side
chains of aspartate and glutamate residues (Figure 14).””’8 Those residues are often poorly
reactive under physiological conditions and involved in structural integrity or catalytic sites of
proteins thus they are not often targeted for bioconjugation. Raines took advantages of the
instability of formed ester R56 for transient conjugation of cytochrome-c and green fluorescent
protein (GFP) with thiolated cellular delivery moieties such as cell penetrating peptides (CPP),
integrin targeting ligands and large polysaccharides leading to conjugate R57. Upon arrival in
the cell, conjugate R57 can undergo esterase-triggered deconjugation after cleavage of the self-
immolative carbonate allowing the cytosolic delivery of the native POIl. In the case of diazo
reagent R58, they observed rather slow hydrolysis of ester R59 and they developed conditions
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using 2-(diphenylphosphino) benzoic acid (2-DPBA) to generate self-immolative compound R60

via Staudinger mechanism (Figure 14).
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Figure 14: Presentation of the carboxylate residues aspartate and glutamate and their recent chemo-
selective bioconjugation methods.
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Many chemo-selective strategies have been developed over the past decades and we depicted
here the most recent ones. The main targeted chemical functions are primary amines — often
with no distinction between &- and o- amines borne by lysines and N-ter residues — and
sulfhydryl groups borne by cysteines. However, those chemo-selective methods lead to a
distribution of payloads resulting in mixtures of different regio-isomers. If this contained level
of heterogeneity is not problematic for some applications such as the generation of vaccines or
proteomics studies and was even shown to be efficient for the generation of therapeutic
conjugates such as ADCs, the different species might display different pharmacokinetics and
pharmacodynamics and, consequently, efforts were made in order to reduce the number of
obtained regio-isomers. Among the developed techniques, chemo-selective strategies yielding
mono-disperse conjugates and saturation of the targeted chemical function were considered.
However, the development of regio-selective methods — that will be considered equivalent to
site-selective methods in this manuscript — allowed to reach more homogeneous and
molecularly defined conjugates facilitating their characterization and thus their application for
medical use.
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lIl.  Site selective approaches for the modification of proteins

Various site selective bioconjugation methods are based on protein engineering — and more
precisely on directed mutagenesis — with the introduction of unnatural amino acids (UAA)
bearing bioorthogonal handles or, as mentioned earlier, with the introduction of easily
accessible natural amino acids. This PhD work being focused on the conjugation of native and
natural proteins, those strategies will not be discussed in this manuscript. The focus will be
made on the recent development of regio-selective strategies such as the labelling of N-
terminal residues — based on their accessibility or spatial proximity of two reactive functions
— or the labelling of dual residues, based on their spatial proximity.

M.1. N-terminal residue labelling

With a lower pK;than the e-amino side chain of lysine, a-amino groups of N-terminus possess
a peculiar reactivity of particular interest in this context, explaining why it has gained increasing
attention in recent years (Scheme 5). In a great majority of cases, the first labelled residues are
the most accessible ones which are often positioned at the beginning or at the end of the
protein sequence. In nature, these N-terminal and C-terminal residues are subjected to post-
translational modification thus necessitating their accessibility to the protein’s environment.>*
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Scheme 5: Used representation and characteristic of the N-terminal residues of native proteins.

Ill.1.a. General labelling of N-ter residues

A first strategy considered for the modification of N-terminal residues is the acylation of the a-
NH,. Ketenes R61, developed by Chan et al. were reported for N-terminal acylation R62 of
proteins but poor conversions (between 20 and 40%) and lack of selectivity was observed on
native proteins (Figure 15).7°

Jensen’s team reported in 2022 a new method for the N-acylation of proteins, using phenol
esters R63, resulting in the formation of the stable amide R64 (Figure 15).8° This reagent was
shown to selectively label a-NH; of various isolated amino acids — with no interference from
their side chains — at physiological pH. Small proteins such as human growth hormone (HGH),
insulin, lysozyme and RNAse A were selectively labelled using this reagent, with conversions
varying from 39 to 61%. If low levels of aspecific labelling could still be detected (< 10% in all
tested proteins), this reagent allowed the N-terminal incorporation of various payloads on small
proteins.
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Figure 15: Reagents and reaction conditions used for acylation of N-terminal residues in native
proteins.

Recently, Sugai and co-workers reported the use of 2-pyridinecarboxyaldehyde (2-PCA) azido
derivative R65 in the presence of copper(ll) for the N-terminal-selective labelling of various
proteins (Figure 16).8!
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Figure 16: Mechanism and reagents used for the formation of imidazolidinones on N-terminus of
native proteins.

2-PCA R66 had previously been reported by Francis and co-workers with a similar site-selectivity
on 11 proteins, conjugated with good conversions thanks to the formation of imidazolidinones
R67, obtained via cyclization of the imine precursor with the a-amino group of the n + 1 residue
in 16 hours at 37 °C (Figure 16).82 Despite being similar in terms of reactants, the mechanism
proposed by the Sugai group is yet rather different; they hypothesized that the presence of
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copper would result in the stabilisation of the transient imine in the form of the pseudo-enolate
R68, favouring the addition of a second equivalent of 2-PCA via an aldol addition mechanism
mimicking the catalytic site of aldolases. If such double addition, leading to structure R70 could
indeed be observed on peptides and small proteins, its application to larger proteins such as
trastuzumab led to the sole mono-addition of 2-PCA leading to conjugate R67, following the
mechanism previously described by Francis.

In this last case, however, the kinetics of the reaction was found to be accelerated by the
addition of copper in the reaction media, probably thanks to the increased electrophilicity of
the copper(ll)-bound imine. The presence of an azide group on R65 even allowed the formation
of an ADC — av. Drug to antibody ratio (DAR) 2.8 — using the SN-38 cytotoxic drug
functionalized with a terminal alkyne, pre-coupled with R65 by CUAAC before its conjugation.
The resulting ADC presented an ICso of 10.2 nM which is comparable to that of free SN-38
(3.6 nM), but surprisingly no comparison with existing ADC was done. The only limitation found
for the use of 2-PCA for the N-terminal labelling of protein was the presence of a proline residue
in n+1 position thus preventing the imidazolidinone formation as, in this case, the amine of the
n+1 residue is not available.

With the exception of 2-PCA, being one of the few reagents known to tolerate various side-
chains, the development of N-terminal selective conjugation methods is often hampered by the
exact nature of the residue, whose side-chain can lead to side reactions. Based on this
observation, bioconjugation methods were thus developed in order to take advantage of this
spatial proximity between the grafted reagent and the side chain. If such methodology limits
the scope of the developed method, it greatly improves its selectivity resulting in highly
homogeneous modifications.

I1I.1.b. Specific N-ter residue

Building on this idea, Gois and Gao independently reported in 2016 the use of 2-formylphenyl
boronic acid R71 (2-FPBA) for the modification of N-terminal cysteines through the formation
of thioazolidines R72 with high second-order kinetic rates comprised between 10? and
103M1.s7! (Figure 17).838% Unfortunately, the reaction was found to be reversible in the
presence of free cysteines or under mildly acidic conditions.

To address this limitation, Gao and co-workers hypothesized in 2020 that the acylation of the
thiazolidine nitrogen would prevent imine reformation and ring-opening thus leading to more
stable conjugates.®> Using boronic acid reagents R73 based on an acetylated salicylaldehyde
motif, they managed to observe formation of the expected adducts R74, with the O-to-N-acetyl
shift from boron reagent R73 being the rate limiting step (Figure 17).

Gois team proposed in 2022 a DFT-based mechanism confirming Gao’s observation and even
showed that boron-free o-salicylaldehyde esters (OSAEs) R75 could accelerate the formation of
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phenolic thiazolidines R76 in comparison with 2-PCA R66 for the selective modification of N-
terminal cysteines on peptides.2®
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Figure 17: Reagents and conditions used for the formation of thiazolidines on N-terminal cysteines

Gois team also developed in 2021 a NHS-activated acrylic ester R77 that combines two chemical
functions and is used for the selective modification of amines on one side and of thiols on the
other side, the reactivity of the reagent being based on the spatial proximity of the two functions
and accessibility of a N-terminal residue (Figure 18).8” Few proteins possess N-terminal cysteines
hence they tested and validated the formation of N-terminal adduct R78 on a model
octapeptide (laminin fragment) and calcitonin salmon (3.5 kDa). Interestingly, they showed that
R77 could be used as stapling reagent in absence of N-ter cysteine and presence of free thiol,
as in BSA. They also observed an inter-residue mechanism between a free cysteine and a
neighbouring lysine thus opening new directions toward the site-selective labelling of native
proteins.
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Figure 18: Reagents and conditions used for the modification of N-terminal cysteines.
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In the same vein, cyclopropenone reagents of general structure R79, developed by Bernardes
and co-workers in 2022, led to the N-terminal cysteine-selective formation of 1,4-thiazepan-5-
one R80 (Figure 18).8 The reagent was proven to show excellent selectivity and > 90%
conversions albeit with a slight decrease when hydrophobic payloads were used.

Switching to another family of residues, Rai and co-workers showed in 2019 that, using o-
substituted benzaldehydes R81, N-terminal glycines could selectively be modified as 1,2-amino
alcohols R82 (Figure 19).8° Notwithstanding the excessive amount of reagent employed
(500 equivalents), the reaction proceeded under smooth conditions — pH 7.8, 24 h, 25 °C —
and proved to be selective for N-terminal glycines as proteins exhibiting Co-substituted N-
terminal residues were not labelled in competition experiments.
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Figure 19: Reagents and conditions developed for the selective conjugation of N-terminal Glycines.

In order to facilitate the functionalization of conjugates R82, the same team developed in 2022
a NalOs-mediated oxidative cleavage protocol to generate the glyoxyamide moiety R83. This
allowed a final functionalization/purification step thanks to the addition of an o-alkoxyamine
allowing functionalization of the POl in the form of conjugates R84 — a procedure that also gave
the possibility of trapping and isolating pure mono-labelled conjugates on hydrazide-based
resins before operating a trans-tagging release with O-alkoxyamine probes (Figure 19).%°
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.2. Dual residue targeting

I1l.2.a. Disulfide rebridging

As previously mentioned, cysteines with free side-chain thiols are relatively scarce in nature,
usually forming homo- or hetero-dimers via oxidized disulfide bonds, such as the cystine
residues bridging heavy and light chains in antibodies (Scheme 6). While reduction of the inter-
chain disulfide bonds of IgGs can give access to eight free thiols, their chemo-selective labelling
can have a detrimental impact on the structure, shape, stability and activity of the protein, while
still leading to heterogeneous mixtures of conjugates due to incomplete conversion.’ Thus,
chemical methods to conjugate covalently free cysteines ‘in pairs’, taking advantage on their
close spatial proximity, have been proposed as a way to address this issue and have been coined
“rebridging” strategies.®?
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Scheme 6: Structure, properties and used notation for cystine residue modification.

This strategy has been widely explored in the past decade with next-generation maleimides
(NGM) developed by Caddick and co-workers in 2014 — such as dibromomaleimides (DBM) R85
and dithiphenolmaleides R86 yielding conjugate R87— and dibromopyridazinediones (PDs) R88
yielding conjugate R89, developed by the same team in 2015 (Figure 20). In comparison with
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Figure 20: Structure and mechanism of maleimide or PD mediated disulfide rebridging.
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analogous maleimides, the introduction of two nucleofuges across the double bond allow
consecutive thio-Michael addition,93-96:97

These reagents helped construct numerous ADCs, some with improved properties over
conventional maleimide-conjugated species in terms of efficacy, toxicity and pharmacokinetics.
Excellent yields and conversion have been reported for both types of reagents, with DAR 4 or
DAR 8 being the sole immunoconjugates detected in certain cases. Even if concurrent
generation of half-antibody isoforms via intra-chain rebridging and disulfide scrambling could
systematically be observed with NGM, it could be only restricted to less than 5% in most cases
when using PDs. Besides this greater regioselectivity, PDs can also be functionalized by two
different bioorthogonal handles on the two nitrogens of the pyridazinedione scaffold and can
thus be easily tuned to reach homogeneous D4 or D8 functionalized mAbs.%®% This remarkable
rebridging ability of PDs even opened the possibility of conducting disulfide reduction and

rebridging in a single step with a so called ‘two-in-one’ procedure.%®

The remarkable rebridging ability of PD reagent was used and extensively applied by
Chudasama and co-workers. Being capable of fully rebridging mAbs as well as Fab and Fc
fragments, PD-based reagents were largely derivatized in order to reach tuneable amounts of
payload per protein or protein fragment but also tuneable ratio of payloads.19%1°2 One of the
most recent examples is the development of reagent R90, composed of two PD motives, two
azido functions and one tetrazine function (Figure 21).193 This reagent was shown to lead to
fully rebridged mAb, Fc and half F(ab’); and, based on the difference in reactivity between azido
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Figure 21: Most recent application of PD reagents.
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and tetrazine functions, differently labelled species were obtained after careful choice of click
partner —BCN for both azido and tetrazine functionalization, DBCO for selective azido
functionalization and TCO for selective tetrazine functionalization. Earlier this year, Thoreau et
al. pushed the reaction further by creating an artificial bispecific mAb (2 Fab + 1 Fc) using click
chemistry between reagent R91 and R92 (Figure 21).1%

Structurally related to this strategy, addition to electron-deficient alkenes — such as divinyl
triazine — and alkynes was also explored by several groups developing various rebridging
reagents that were tested on native proteins — mostly whole antibodies.1%71%8 While potent
ADCs could be produced in this way, disulfide scrambling was systematically observed, as
evidenced by the formation of half-antibodies in all cases.

Recently, Spring and co-workers managed to overcome this issue, based on the observation that
the maximal distance between any two cysteines engaged in an interchain disulfide bond was
approximately 20 A. They therefore designed a tetra-divinylpyrimidine reagent R93 with a
matching linker length, allowing the rebridging of all four accessible disulfide bridges of
trastuzumab with a single reagent, thus preventing disulfide scrambling (Figure 22). In addition
to the four divinylpyrimidines, they also included a terminal alkyne to their reagent, allowing its
further functionalization by CuAAC.
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Figure 22: Structure and conditions for divinyl pyrimidine derivatives mediated disulfide rebridging.

41



Soon afterwards, the same group also reported divinylpyrimidine reagents functionalized with
BCN R94, cyclopropylene R95 and both functions R96, allowing metal free bioorthogonal

functionalization of the resulting conjugation reagents.1%9110

New rebridging reagents are still being developed among which a-thioester R97 reported by
Baker and co-workers is worth mentioning (Figure 23). Its use on Fab fragment led to the
formation of a stable a-thio-thioether, with both sulfur atoms originating from the two
cysteines’ side-chains, resulting in conjugate R98. The formed thioester was further
functionalized through native chemical ligation (NCL), resulting in conjugate R99, whose
disulfide bond can be reduced and rebridged with PD R91 yielding conjugate R100. It is
interesting to underline that such method can be used to modify the reactivity of a cysteine
implicated in a disulfide bridge into a more C-ter like reactivity. This way the “new” introduced
residue will present a free carboxylic acid in 3 of the thiol which can be used for example, to

dissociate the reactivity of those two thiols.!!!
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Figure 23: Use of a -thioester for asymmetrical rebridging of native proteins.

Cystine-rebridging reagents have thus offered access to site-selectively conjugated native
proteins in excellent yields. NGM and PD have been the most studied reagents in this regard
and were shown to be the most effective at minimizing disulfide scrambling. More interestingly,
varying their structure permitted a controlled access to DAR 8, 6, 4 and 2 ADCs.
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I11.2.b. Template directed approach.

Another prominent site-selective strategy uses the concept of template-directed approach. In
this case, the procedure follows a two-step approach: a heterobifunctional reagent is developed
to first react with one residue in a quick but reversible manner, before a second irreversible
conjugation to a neighbouring residue occurs. The number of reactive sites that can partake in
this reaction is thus highly limited as it relies on the flexibility and length of the linker connecting
the two reactive electrophiles.

This idea was first developed by Gothelf and co-workers in 2014, when they took advantage of
histidine-rich regions in different proteins to form transient metal complexes with divalent
cations, helping to direct a NHS ester equipped with a tris-nitrilotriacetic acid chelating handle

to label only a handful of neighbouring lysines.!!?

This idea of using another amino acid as a temporary Rai, 2020
anchor point to direct — via electrostatic interactions or
covalent bond formation — the modification of a (
spatially close lysine residue can also be found in
subsequent studies. Rai and co-workers developed in J o8
2020 a bifunctional conjugation reagent R101 featuring :"”kefi@%o@_(o
an aldehyde and an activated phenol ester for lysine-

directed lysine conjugation (Figure 24). The o-hydroxy-

substituted benzaldehyde first leads to the rapid but \ TE:épr:* 72.56)3)0C
reversible formation of stabilized imines with multiple ’
solvent-accessible lysines, helping to direct the
intramolecular acylation of a neighbouring lysine with Ri02
the activated ester in a slow but irreversible second step
i 3 iH - i R-O-NH, 200 equiv.
(conjugate R102). A final addition of an O-alkoxyamine ‘ PB (oH 2.0). 0% DMSO
solution permits the removal of all remaining imines 2h.,25°C
R HO
. ) .. . oo o
while functionalizing the POI (reagent R103) following N >: Cinker C
the procedure mentioned in paragraph Ill.1.b. Site- M NH
.. . . . 2 R103
selectivity was achieved on different proteins: RNase A
was selectively modified on K7 (34% conversion), insulin
L . . RNase A ubiquitin insulin
on K29 (48%), aprotinin on K41 (86%), ubiquitin on K6 K7 K6 K29
Myoglobin aprotinin a-laclt(a1lléumm
K42 K41

(35%), a-lactalbumin on K16 (37%) and myoglobin on
K42 (26%).'3 Variation of the size of the linker led to the  Figure 24: Template directed approach
modification of different lysines on the same proteins using bi-functional linker published by Rai
mentioned above which illustrates the great modularity in 2020.

of those strategies.
The Gothelf group proposed in 2022 a bioconjugation reagent R104 based on similar reactivity.

The lysine-targeting moiety consisted in the same salicylaldehyde scaffold, thus allowing the
stabilization of the formed imine R105 and the pre-orientation of the phenol ester, facilitating
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the site-selective acylation of a neighbouring lysine leading to conjugate R106 (Figure 25). In
this case though, the phenol ester is constructed in such manner that the phenolate leaving
group is part of the linker, which can be seen as the traceless variant of Rai’s method. While
they proved that the method could be applied to different IgGs, no actual evidence of the site
selectivity of the method was given.!!*

In the same vein, the group of Vishal Rai reported in 2022 a reduced version of their previous
bifunctional reagent, with a terminal benzaldehyde instead of a benzoic ester (Figure 25,
reagent R107). In this case, the formation of the second imine does not benefit from the
stabilizing effect of the proximal hydroxyl group, making it more reactive toward nucleophiles
such as P(OEt)s leading to the formation of stable secondary amines 108 through a Kabachnik-
Fields reaction. Addition of an O-alkoxyamine solution allowed the same functionalization as
mentioned above and the isolation of monoconjugates 109. Site-selectivity was observed,
depending on the size of the used linker on cytochrome C K60 (35%) or K27 (37%), myoglobin
K50 (39%) or K42 (72%) and RNase A K1 (27%).1%°
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Figure 25: Structure and formation of bifunctional linkers used for selective lysine to lysine transfer.
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Chudasama and co-workers showed in 2019 that cysteines could act as valuable relays for the
site-selective modification of lysines on the Fab fragment of trastuzumab with thioesters
R110,!° in a strategy reminiscent of native chemical ligation (Figure 26). After reduction of the
disulfide bond of the Fab fragment, a first trans-thioesterification between the cysteine thiol
and the thioester leading to conjugate R111 is followed with a ‘cysteine-to-lysine transfer’ (i.e.
S,N-acyl migration) on a proximal lysine leading to conjugate R112. While this first approach
could not be coined site-selectively per se, with three labelled lysines in the vicinity of the
disulfide bond being identified (K136, K221 and K225), the use of bis-thioester R113 for the
formation of the intermediate bridged conjugate R114 led to the sole conjugation of K136 of
structure R115 (80% conversion), presumably thanks to conformational effects.
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Figure 26: Structure of bifunctional linkers used for site-selective cysteine to lysine transfer.

Based on a similar strategy, Rai and co-workers also exploited the S,N-acyl migration previously
mentioned. They developed reagent R116 comprising a cysteine-selective nitroolefin linked to
a lysine-selective tetra-fluorophenoxide ester through linkers of various lengths (Figure 26).
They then developed conditions for the release of the thioester linkage of the cyclic conjugate
R117 by a retro-Henry reaction, resulting in a C-C bond dissociation and formation of an
aldehyde R118 that can be further functionalized with an O-alkoxyamine as mentioned above.
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They were able to demonstrate site selectivity on K101 of B-lactoglobulin (87 % conv.), HSA K199
(conv. not provided by the author) and on full trastuzumab with K138 (LC) and K341 (HC) being
identified as favoured sites (25% conv.). They also raised an interesting point which is protein

selectivity as they were able to show that in cell lysate, only HSA was modified despite the

abundance of competiting functions thus illustrating the extended selectivity of the method.11?

The same team developed a variation of such reagent, R119, for the modification of histidines
thanks to the addition of a monosubstituted epoxide as the “irreversibly coupling” partner
leading to conjugate R120 (Figure 27).112 Site-selective, mono-labelling of various proteins was
demonstrated, albeit on different histidines and in lower conversion compared with a previously
published cyclohexenone approach for the same targets. This degree of selectivity seems to
depend on both the linker structure and the protein size: while the Fab fragment of trastuzumab
could be site-selectively conjugated (H189; light chain) with R119, this site-selectivity eroded
when the full antibody was used instead. Interestingly, single labelling of a unique protein
(cytochrome C) could be achieved when reacted in a mixture with six other proteins.
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Figure 27: structure of bifunctional reagent used for selective lysine to histidine transfer.

Our team published in 2020 an alternative to this template-directed approach by focusing on
dual-residue functionalisation in a Ugi four-component three-centre reaction (4C-3-CR). In our
case, the two targeted chemical groups — i.e., an amine and a carboxylic acid — are conjugated
upon addition of an aldehyde and an isocyanide, in a single reaction and both targeted chemical
functions are involved in the final structure of the Ugi adduct.’®® This multi-component
approach will be further developed in the following chapter.
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V.  Conclusion

The chemical conjugation of proteins has thus gone a long way since its first applications in the
tanning industry more than 150 years ago thanks to the progressive understanding of proteins’
structure and composition, which fostered the development of chemical reagents and
techniques with improved selectivity. With many applications in analytics, biology and therapy,
bioconjugation is a truly interface domain, necessitating various transversal knowledge and
comprehension.

The challenge in the case of native proteins lies in the understanding of the slight variations in
reactivity of the various surface-exposed reactive entities, governed by the three-dimensional
conformation of the protein and the microenvironment surrounding the residues and affecting
their nucleophilicity, basicity and access. Working with these constraints, innovation in the site-
selective conjugation of native proteins has been driven by two main approaches: the
development of new reagents and that of novel techniques with a clear overlap between these
two areas in several cases. Recent advances in the development of site-selective conjugation
method, in combination with bioorthogonal chemistry allowed to extend the used payloads
from the conjugation of small molecules to protein fragments allowing the construction of
artificial proteins with new properties such as bispecific antibodies (bsAbs).

While predicting what the future holds in store for the field is nearly impossible, as it might
depend heavily on the applications of all reported strategies to date, one can assume that the
involvement of new techniques and new fields of research can lead to improved conjugation
strategies. Having transitioned from an exotic oddity to an industrially applicable method, one
can imagine it could lead to new reactivity profiles by modifying local microenvironments at the
surface of the protein. As shown by a recent work from the Bernardes group,*?° computational
chemistry can help design tailored reagents for site-selective applications. Coupled with X-ray
crystallography or Al-powerded techniques such as alpha-fold to decipher proteins’ three-
dimensional structure, it could facilitate our understanding of the key factors influencing
reactivity and lead to new synthetic strategies taking advantage of the spatial proximity
between two or more reactive residues to narrow down the potential number of conjugation
sites.
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Multicomponent reactions for bioconjugation of native proteins

|. Introduction

|.1.History and applications of multicomponent reactions

A multicomponent reaction (MCR) is a chemical reaction where three or more compounds react
together sequentially to selectively give a single product.!?! If a concerted mechanism is not a
requirement, the reaction has to happen in a ‘one pot’ manner to be considered as
multicomponent. Moreover, a catalyst, or a reagent who will not structurally contribute to the
formed product, is not considered as part of the components. There are many advantages with
the use of such reactions, such as low amounts of by-products — providing high atom economy
— and simple procedures and equipment — allowing cost, time and energy savings — while
allowing to reach high diversity of products in a rapid manner. Most of the time, the product is
assembled following a network of elementary reactions equilibria which all converge into an
irreversible last step yielding the final product. Fine tuning of the reaction conditions — solvent,
temperature and concentration — is thus mandatory.122123

The first rationalized MCR — the condensation of aldehyde R121, ammonia R122 and hydrogen
cyanide R123 allowing the formation of an a-aminocyanide R124 that can be hydrolysed into
the desired a-amino acids R125 — was exemplified by Adolf Strecker in 1850 and would later
be dubbed after him: the Strecker amino acid synthesis (Figure 28).1%4

Strecker, 1850

0 NH,* =c NH Hs0* NH,
JJ\ + NH3; + HCN - lj\ 2 LC» J\ 34> J\
R'" "H R" H R' “CN R' “COOH
R124 R125

Figure 28: First reported multicomponent reaction.

This followed an observation made 12 years before by Laurent and Gerhardt who had isolated
benzoylazotide from bitter almond oil, as the benzaldehyde source, liquid ammonia and
hydrogen cyanide.?> Many other MCRs were reported in the following years, now named after
their discoverers and inventers, such as the Hantzsch reaction (1882), the Biginelli reaction
(1883), the Mannich condensation (1912) or the Passerini reaction (1921).1267129 Almost 100
years after the Strecker synthesis was published, application of such reactions was found in the
multistep synthesis of biologically active compounds, greatly increasing the synthesis yields. At
this time, such reactions started to be coined as MCRs and classified according to similarity in
their mechanisms.3°
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l.1.a. Hantzsch type MCR
In 1882, Hantzsch reported the condensation of aldehyde R126, two equivalents (equiv.) of B-
ketoesters R127 and ammonia R128 yielding a 1,4-dihydropyridine dicarboxylate R129 that can
be oxidized into pyridine R130 in a subsequent step driven by aromatization (Figure 29).12° This
reaction found applications in the production of therapeutics, as dihydropyridines are an
important class of calcium channel blockers as epitomised by commercial drugs such as
Nifedipin, Amlodipine and Nimodipine.’3! While the mechanism of the reaction is not clearly
elucidated, with at least five different pathways suggested, it was shown that polar protic
solvents and basic pH were required for the reaction to happen. Monitoring of the reaction by
NMR spectroscopy validated the formation of enamine R130 and a chalcone R131
intermediates, which would be consistent with the mechanism presented in figure 29, whose

strategic steps are based on enolization of carbonyls and Knovenagel condensation.132133

Hantzsch dihydropyridine synthesis
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Figure 29: Conditions and presumed mechanism of the Hantzsch 1,4-dihydropyridine synthesis

This tri-component reaction (3-CR) was shown to tolerate good variation of the used reagents
— carbonyls, malonate derivatives (o-keto ester or malonitrile) and heteroatom donors
(nitrogen or sulfure) — allowing the rapid formation of various aromatic heterocycles.

Among the many proposed variations, the Hantzsch pyrrole synthesis, the Biginelli synthesis as
well as the Gewald synthesis are worth mentioning (Figure 30).

The Hantzch pyrrole synthesis proposed in 1890 consists in the replacement of the aldehyde
used in the original synthesis by an a-chloroketone R133.13* This carbonyl is a soft electrophile,
allowing its selective nucleophilic attack by enamine R134 — based on the hard-soft acid base
(HSAB) Pearson principle — and the formation of pyrrole R135 (Figure 30).
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Biginelli proposed in 1883 a version of this reaction where the primary amine is replaced by
(thio)urea R136.'?’ The addition of R136 on benzaldehyde R137 allows the formation of Schiff
base R138 which undergoes an aldol condensation with a-ketoester R127. A second
nucleophilic addition of the free amine of the urea motif allows cyclization into
hexadibromopyridine R139 which is then aromatized into the corresponding 3,4-
dihydropyrimidin-2(1H)-ones R140 (Figure 30).

Finally, the Gewald reaction involves o-ketone R141, malonitrile R142 and a source of sulfur.
First, Knoevenagel condensation between R141 and R142 leads to intermediate R143. The
mechanism of the following sulfur addition is still unknown but postulated intermediates are
proposed in figure 30, with a final tautomerization step yielding the final 2-amino thiophene
R144 product.'®
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Figure 30: Hantzsch type MCR

All those heterocycles are found in many bioactive molecules and the development of those
reactions allowed simple and rapid access to libraries of drug-like compounds, a process highly
used in drug discovery.13¢7138 A second family of 3-CR, allowing to reach an even higher diversity
of products was described by Mannich in 1903.

I.1.b. Mannich type MCR
Mannich-type MCR are all based on the preliminary formation of a Schiff base followed by its
nucleophilic attack by a soft nucleophile such as an enolizable carbonyl.!3® Based on the
observation made by Tollens and Van Marle in 1903 that reacting acetophenone, formaldehyde
and ammonium chloride would lead to a tertiary amine product,'° Mannich studied the general
reaction between carbonyl R145 — aldehyde or ketone —, primary amine R146 and enolizable
carbonyl R147 leading to alkylated 3-ketoamines R148 (Figure 31).
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This reaction, often used for the synthesis of natural products, can be performed under both

acidic or basic conditions and the use of chiral catalysts allowed the development of enantio-

selective conditions.128139,141,142

Mannich p-ketoamines synthesis
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Figure 31: Mannich MCR general mechanism and presentation of Mannich type MCR

Robinson reported in 1917 a three-component reaction between a dialdehyde R149,
methylamine R150 and 3-oxoglutaric acid R151 and a primary amine for the one-pot formation
of tropinone R152 through a double Mannich reaction (Figure 31).2*3 This reaction was later
optimized by Schopf, allowing it to be performed under smoother, physiological conditions, and
it is thus named after those two researchers.'* This reaction was found to highly reduce the
number of steps in the synthesis of alkaloids such as atropine, often used as antidote for gaz
poisoning or in order to slow heart rate during surgery, properties highly needed during the first
World Wars (when it was developped).

A mechanistically related reaction is the Petasis reaction, also called the Petasis Borono-
Mannich (PBM) reaction, first reported in 1993. In this case, the terminal nucleophile is a vinyl-
or aryl-boronic acid R153 instead of an enolizable carbonyl, leading to allylamines instead of -
amino carbonyls (Figure 31).14> Diastereoselective variants have been documented, notably
when using a-hydroxy aldehydes R154, with the hydroxyl group helping to form a transient
boronate anion R155, orienting the alkylation (or arylation) of the Schiff base and resulting in
the exclusive formation of anti-1,2-aminoalcohols R156.14°

If those 3-CR were proven to give access to a large variety of compounds, access to the largest
variety of backbones rose along with the access to wide variety of isocyanides.'#® Isocyanides
are an extraordinary functional group that can act both as an electrophile and a nucleophile
according to its resonance form between tetravalent and divalent form. Because of this
remarkable property, their use in MCRs was widely explored, with the Passerini and the Ugi
reactions being the most representative examples.
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l.1.c. Isocyanide based MCR

The Passerini reaction, described in 1921, consists in the reaction of a carbonyl R157 —
aldehyde or ketone — carboxylic acid R158 and a isocyanide R159 leading to the formation of
o-acyloxycarboxamide R160 (Figure 32).}2° The reaction is often performed at room
temperature and is known to proceed best with high concentrations in reagents and in aprotic
solvents. The latter feature suggests that the reaction does not follow an ionic pathway and that
hydrogen bonding between the different reagents is crucial.}*’ It is notably used in the synthesis
of therapeutic reagents such as azynomycines used in cancer treatment. 121,148

Passerini a-acyloxycarboxamide synthesis
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Figure 32: Presumed mechanism of Passerini MCR

In 1959, Ivar Ugi reported a four-component alternative to the Passerini reaction also involving
carbonyl R157, carboxylic acid R158 and isocyanide R159 but also primary amine R161
(Figure 33).146149-151 The reaction mechanism, quite different from that of the Passerini
reaction, is believed to consist first in the condensation of R157 and R161 to yield imine R162,
in equilibrium with its iminium analogue R163 upon deprotonation of carboxylic acid R158.
Following the nucleophilic addition of isocyanide R159, the resulting isonitrilium can then react
with carboxylate R164 to give carboximidate R165, which undergoes an irreversible Mumm
rearrangement to form a-aminoacylamide R166.1°%14°
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Figure 33: Presumed mechanism for the Ugi 4-CR

The Ugi reaction was largely derivatized as it was shown to tolerate great variability on the
reagents’ side chains. For instance, conserved reactivity was observed whenever the amine and
the carboxylic acid were borne by a single reagent (typically, B-amino acid R167). The so-called
Ugi 4-component 3-centre reaction (Ugi-4C-3CR) allowed for example the access to B-lactams
R168 libraries upon variation of the aldehydes’ side chain (Figure 34).13

Keeping in mind this idea of multifunctional reagents, the Ugi reaction was shown to tolerate
reactive functions on the side chain of the used reagent as exemplified by the Ugi-Diels-Alder
reaction, were the Ugi reaction is used to bring in spatial proximity a diene R169 and a
dienophile R170 for intra-molecular Diels-Alder to happen (Figure 34).154155

The Ugi-smile reaction on the other hand consists in the replacement of the carboxylic acid with

a substituted phenol R171.1%¢ In this case, the final Mumm rearrangement is replaced by a Smile
rearrangement, yielding compound R172 (Figure 34).
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Ugi 4C-3CR reaction

o)
COOH cod O\ C Dfﬂ O:(O
+ JU + RN = NI N | — NG 7
NH, R'H KI\/J e v R4 7% R
"
R167 2 H* H R' R168R! H

Ugi-Diels-Alder reaction

R-NH, + + 3 + R4NC =——
O e

R169 R170

Ugi-Smiles reaction

0 N N N R s H RR?
R-NH, + l]\ ES J|\ HO— A\ —> RI /} —_— R? —\R I R,N N\RA
R OR? R17R2 A, Rz Y ‘)\ R3 AN
( R171 R N. ez | N N ©
R R4 | R172
: C=N-R* Z

Figure 34: Mechanisms of the different variants of the Ugi 4-CR

Multicomponent reactions were shown to tolerate various side chains and their high degree of
selectivity made them highly versatile and ideal steps in the synthesis of complex molecules
such as natural products or drugs but also in combinatorial chemistry, for the rapid synthesis of
libraries of small molecules. This versatility in reagents coupled with the low amounts of by-
products and good tolerance for polar solvents made those equilibrium-oriented reactions good
candidates for bioconjugation application. Considering that the key families of reagents
employed in most MCRs can also be found in biomolecules, bioconjugation chemists quickly
turned their attention toward their use.

[.2.Multicomponent reactions for bioconjugation

Francis and co-workers were the first to use the Mannich reaction for the chemoselective
labeling of tyrosine residues, using the side chain phenol group as surrogate for the traditional
enolate nucleophile.’>”18 Introduction of a large excess of formaldehyde R173 and aniline R174
led to the labeling of different surface-accessible tyrosines of three different proteins — i.e.,
chymotrypsinogen A, lysozyme, and RNase A— at pH 6.5 and in 18 hours (Figure 35). The
undesired imines resulting from the reaction of formaldehyde with available amines (N-ter and

Francis, 2004 R2

(0]
R1M\H H2NOR2 R’ @ chymotrypsinogen A

NH Lysozyme
R173 R174 RNase A
-_@m' pH 6.5, 18 h. OH

25t0 37 °C R175

Figure 35: Chemo-selective labeling of tyrosine residues of small proteins using the Mannich MCR.
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lysines) were hydrolyzed using hydroxylamine resulting in homogeneous conjugates. This
method was later used for the attachment of peptide sequences of interest on small proteins.

Rai and co-workers adapted the Mannich MCR for the site-selective conjugation of lysines. Using
either formaldehyde R176 or benzaldehyde derivatives R177, e-amino groups were first
converted to latent imines, which reacted in a subsequent step with carefully selected
nucleophiles — either in-situ formed copper(l) phenylacetylide R178 (A3 coupling)'>® or
triethylphopshine R179 (phospha-Mannich),®° respectively — with excellent chemo- and site-
selectivity (Figure 36). Among the various proteins evaluated in both studies, some were shown
to be labelled on the same lysine residue, irrespective of the MCR employed under identical
reaction conditions: ubiquitin (on K48) and a-chymotrypsinogen A (K79).

Rai, 2018 0 Ubeut e A
_ iquitin ase
Wy lou—= K48 K31

NH R176 R178 NH Cyt. C a-lactalbumin
- 3 43 an

10-phenantroline myoglobin  Chimotrypsinogen A

PB (pH 7.4)
72h.. 25 °C K147 K79
Rai, 2017 O o Ubiquitin RNase A
@CHO P(OEt); O/,P>’_ K48 K37
Ph Cyt. C a-lactalbumin
PB (pH 7.8) myoglobin  Chimotrypsinogen A
10 h., 25°C K145 K79

Figure 36: Site-selective labeling of native proteins using adaptations of the Mannich MCR.

The majority, however, showed dissimilar conjugation sites depending on the strategy employed
— RNase A (phospha-Mannich: K37; A3 coupling: K31), a-lactalbumin (phospha-Mannich: K98;
A3 coupling: K93), cytochrome C (phospha-Mannich: K39; A3 coupling: K5), myoglobin (phospha-
Mannich: K145; A3 coupling: K147)—, as the first step of the reaction consists in the formation
of a Schiff base, the most accessible lysine of each protein should react first, those results stress
the prevalence of the reagent structure on the conjugation site.

In 2019, Raj et al. proposed to use the secondary amine-selective Petasis (SASP) reaction for the
labelling of peptides and small proteins such as creatinine kinase and aldolase, presenting N-
terminal prolines.'®! The Schiff base formed between 2-PCA R180 and the proline can undergo
a nucleophilic attack from a boronate reagent R181 leading to the formation of a stable tertiary
amine R182 (Figure 37). However, they mentioned that this reaction could be used to label other

Raj, 2019 0 OH
X H Beon
oY
MeO N creatinine kinase
HN(%i- R180 R181 MeO aldolase
p PB (pH 7.3) : DMSO (4:1) )—NO
rt, 16 h. _ ) Ri82

Figure 37: Site-selective labelling of N-terminal prolines using the Petasis MCR.
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N-terminal amino acids, but that better conversions were obtained with prolines, probably due
to their higher nucleophilicity linked to their secondary amine character.

Encouraged by the successful application of the Mannich-type reactions for the selective
labelling of proteins, other MCR were explored for protein labelling. Among the different MCR
mentioned above, the isocyanide-based strategies have retained researchers’ attention and
especially the Ugi 4-CR as it was shown to work in water, and polar protic solvents in general.

The first report of its use for protein conjugation dates back to 1974, with the immobilization of
trypsin on isocyanide-containing nylon (poly-isocyanide nylon).1®2 It was shown that in the
presence of large excess of reagents — i.e., acetaldehyde and acetate — trypsin could be
immobilized by one of its lysine residues. If such immobilization seems to have a slightly
detrimental effect on the trypsin activity, probably due to a lower accessibility of the protein, it
was shown that such stappling did increase the stability of the enzyme toward both pH and
temperature variation. The same team reported four years later good transferability of the
method on a different isocyanide based support: poly(ethylene tetraphtalate). Immobilization
of different enzymes — such as horseradish peroxidase (HRP) and Rhizomucor miehei lipase
(RML) — as source of amine for an Ugi reaction was performed using carboxylate-containing
resins and!®31%4 aldehyde-functionalized resins with maintained enzymatic activity.!6
Immobilization of RML as source of carboxylate on an amine containing resin by addition of an
aldehyde and an isocyanide was also reported.!®® Those studies show that proteins can easily
partake in a Ugi reaction through both their lysine and their aspartate and glutamate with no
impact on their activity.

In 2000, Ziegler and coworkers reported the preparation of bioconjugates with the Ugi reaction
(Figure 38).1%7 Bovine serum albumin (BSA) and HRP were reacted with different carboxylic
acids, isocyanides, carbonyls and amines and the two proteins were found to react either via
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Figure 38: Selective labeling of proteins using the Ugi MCR.
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their amino or carboxylate groups, in their native form, or via aldehyde groups after oxidation
of the HRP’s carbohydrates with sodium periodate, depending on the used conditions. To
achieve good conversions, up to 4000 equivalents of reagents were necessary, with incubation
times of 1 to 4 days at 25 °C.

Rivera et al. proposed to use the U-4CR for the development of glycoconjugate vaccine
candidates (Figure 39).1%8 In order to do so, two bacterial capsular polysaccharides (CPs) from
Streptotoccus Pneumoniae and Streptotoccus Typhi were oxidized and chosen as the aldehyde
component and conjugated to carrier proteins— tetanus toxoid (TT) and diphtheria toxoid (DT)
—acting here as the amine source in the MCR. Acetic acid and tert-butyl isocyanide were chosen
as the two other components for the reaction. Because only 41% conversion was obtained after
48 hours, a more nucleophilic hydrazide group was introduced on the proteins, via the
modification of aspartate / glutamate residues, allowing for complete conversion after 4 hours.
Two years later, based on the same strategy, they were able to increase the complexity of their
vaccines by making multivalent glycoconjugates from four different capsular
polysaccharides.®?

w0 O O~ | o
HO 0 0
dow @0 O%\ﬁwo T
H A, o 4 N_N_ PBS (PH7.5) * HO" ) N,N_ i
: 4h.,25°C
0”7 AOH K H0\7> o)\
(0]

Figure 39: Linkage of two biomolecules using the Ugi MCR.

To summarize, there are two MCRs that have been applied to bioconjugation: Mannich (and
Mannich like) 3-CR and the Ugi 4-CR. Protocol transfer to bioconjugation often requires to use
large excess of conjugation reagent in combination with extended reaction time. The four-
component version of the Ugi reaction (U-4CR) was used for the labeling of amine — lysines
and N-ter residues — or carboxylic acids — aspartate and glutamate. Most notably, all the
developed strategies tend to require large excess of reagents and long reaction times. More
problematically, absence of thorough analytical investigation prevented the confirmation that
the Ugi reaction was responsible for the observed conjugation and not another competition
mechanism such as Passerini reaction for example.

The conducted studies on the Mannich reactions are more recent and, for instance deeper
analysis of the selectivity of the reaction was performed. Upon targeting lysines, high degree
of site-selectivity was reached on several proteins. Hence, we decided to investigate the
potential use of the mechanistically related Robinson-Schépf synthesis for the labeling of
lysines.
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Il.  Exploration of the Robinson-Schépf MCR for the conjugation of
trastuzumab

Trastuzumab is a therapeutic monoclonal antibody (mAb) that can selectively bind to the extra-
cellular domain of the human epidermal growth factor receptor 2 (HER-2). This receptor is
implicated in the growth and survival of its host cell and is over-expressed in some types of
breast cancer. For instance, trastuzumab is used on a routine basis as blocker of those receptor
for cancer therapy but it is also used as drug carrier in the context of ADCantibody drug
(Figure 40).1° ADCs consist in three components: the antibody also called immunoglobulin (Ig)
that targets a surface receptor of the cancer cell with great selectivity, and that can elicit a
biological response. The linker, that determines the conjugation site and prevents early delivery
of the payload. Finally, the payload displays a cytotoxic activity toward the target cancer cell,
mainly when released from the antibody. Most importantly, generation of ADC requires high
control and selectivity of the bioconjugation method as it might impact the pharmacokinetics
and pharmacodynamics of the construct. Among the many applications of bioconjugation, the
generation of ADC is the most popular and thus many tests and comparison points are available
for those constructs making mAb good model protein for the development of new
bioconjugation methods.

Microtubule
disruption

( AN o
Lysozomal degradation

of the protein DNA intercalation
Receptor mediated P i
endocytosis i

ADC

Target cancer cell

Figure 40: General structure and mechanism of an ADC

Mannich reactions are three component reactions, between an aldehyde an amine and
malonate-based nucleophile. Good transferability of Mannich reaction and mechanistically
related reaction was observed for the labelling of proteins with good degree of selectivity. We
could not help but notice the absence of investigation of the Robison-Schopf reaction among
the Mannich like developed strategies. This one-pot reaction happens between methyl
amine R150, 3-oxoglutaric acid R151 and a succinaldehyde R149 hence we hypothesized that it
could be used for lysine labelling by reacting a protein with the two carbonyl components
following the mechanism presented (Figure 31).
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As this reaction was shown to necessitate acidic medium (pH = 5) and mild temperature (40 °C)
for the key double decarboxylation to happen, we first evaluated whether these conditions
might affect the structural integrity of our model protein, trastuzumab.'’® To do so, native
trastuzumab was buffer exchanged to PBS (1X, pH 5.0) and incubated at 45 °C overnight; native
MS analysis of the mAb did not show any structural alteration. In addition, we evaluated if such
harsh conditions could have a detrimental effect on the affinity of the mAb for its target. Thus,
we selected the HER-2 positive cell line SKBR-3 as positive control and the HER-2-negative cell
line MDA-MB-231 as negative control (Figure 41). We evaluated the binding of a FITC-labelled
trastuzumab on both cell lines by real-time affinity measurement using a Ligand Tracer Green
apparatus (Ridgeview instruments) and compared it with an FITC-labelled native trastuzumab.
The similar kon, kot and Kp obtained — 2.38 10* M.s?, 1.07 10 s%, 0.48 nM for trastuzumab
and 2.41 10* M.s?, 0.56 10° s%, 0.24 nM for the heated trastuzumab, respectively — allowed
us to conclude that those conditions did not impair the antibody recognition for its target.

Ligand Tracer experiment

Q (4 Q ( 4
4 Y A 4 ) 4 “
- T
HER-2 ++ cells: < pH 5.0 Y
45°C, 16 h,
Tra-FITC Tra-FITC
Kp = 0.48 nM Kp = 0.24 nM

oA (1) FITC labeled compound binds to HER-2
/L= S (2) Unbound compound stays in solution
(1) (3) Amount of bounded sample is detected

Figure 41: Principle of Ligand tracer experiment. Affinity measure for tra-FITC and heated tra-FITC.

Having those results in hands, direct application of the conditions described by Burks et al. was
conducted on trastuzumab, with the sole exception of an increased amount of reagents and
reaction time.

In more details, succinaldehyde 1 was freshly generated by reacting 2,5-
dimethoxytetrahydrofuran 2 in water at pH 1, acidified using concentrated HCI, at 70 °C for
30 minutes. The resulting dialdehyde 1 (10 equiv.) was then added to a solution of trastuzumab
(PBS 1X, pH 5.0) containing 12 equiv. of 3-oxoglutaric acid 3, 14 equiv. of HCl and 40 equiv.
NaOAc and the mixture was stirred at 37 °C for 3 hours (Figure 42). Because PBS buffering ability
is based on the couple dihydrogen phosphate/ hydrogen phosphate (pKa = 7.2) we assumed
that adjusting PBS pH to 5.0 might lead to lower buffering ability. Thus, we measured the pH
after addition of the reagents to the mAb mixture and were glad to find it did not vary from 5.0.
Because the mass of the expected payload is only 108 Da, resulting in suboptimal resolution in
MS analyses, we decided to functionalize the resulting carbonyl as an oxime, using aminooxy-
(2,4,6-trimethoxyphenyl)phosphonium bromide (TMPP) reagent 4, a method inspired from the
late-stage functionalization of cyclohexanone-modified proteins described by the team of Vishal
Rai.l’!
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Figure 42: Used conditions for the formation of tropinone on trastuzumab and its functionalization
using aminooxy-TMPP. Zoom on the + 24 charge state of the Native MS spectra obtained from using
the LCT spectrometer is presented.

Native MS analysis of the obtained conjugate on the LCT spectrometer presented several
oddities: first a + 531 Da mass shift was observed for the first peak — coined “D0”, Figure 42 —
in comparison with the mass of native trastuzumab (M = 145 883 Da) suggesting full conversion
of the native mAb but with ‘unexpected’ adducts as this shift does not correspond to a full
payload — Mcic = 696 Da. Moreover, if a distribution of payloads is observed, only the
increment between “D0” and “D1” matches that of the expected oxyme conjugate (Mobs = 698
Da), the others presenting lower molecular weights.

Altogether, those result show that the formation of tra-TMPP adduct is possible; however, the
reaction might be in competition with several others that we tried to elucidate in following
experiments. As those competitive mechanisms might involve low molecular weight adducts,
we decided to use a more resolutive spectrometer: the Exactive plus EMR spectrometer from
Thermo Fisher allowing to detect payloads > 50 Da. Analysis of tra-trop and tra-TMPP with this
spectrometer allowed the identification of various low molecular weight adducts from one peak
to the other — e.g. A (a) = M peak b — M peak a — presented in Figure 43. We hypothesized
that the different adducts might come from incomplete formation of tropinone — i.e., tra-11,
tra-12, tra-I13 —, from the reaction of 3-oxoglutaric acid 3 with a primary amine — tra-acid — or
from the cross-linking of trastuzumab with succinaldehyde — cross-linked tra. The obtained
spectra presented too much heterogeneity for correct attribution of the observed adducts
however presence of tra-11 resulting from mono-dehydration of succinaldehyde (M1 = 69 Da,
M, = 65 Da, M3 = 67 Da, M4 =70 Da) seemed to be present in the two analysed samples.
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Surprisingly, the analysis of tra-trop conjugate, obtained prior to TMPP functionalization, led to
the observation of only one tropinone adduct — between peak h and peak g —in comparison
with the distribution obtained in the case of tra-TMPP which might indicate a stabilization of
the tropinone adduct upon oxime formation. The other observed adducts could not be
attributed to any of the reaction intermediate which might come from protein degradation or
instability of the tropinone adduct.
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Figure 43: Analysis of tra-TMPP and tra-trop on the EMR spectrometer. Structure and masses of
potential adducts are presented.

Because incomplete adducts were observed, we tried to vary the different reaction’s parameter
in order to favour exclusively tropinone formation and prevent degradation (Table 2). Our first
observation was that any increased amount of reagent led to complete degradation of the mAb.
Total removal of HCl and NaOAc from the reaction medium resulted in unconjugated mAb
containing various adducts, each presenting a different mass and thus indicating the probable
degradation of the mAb. Sole removal of HCl led to a distribution, similar to that obtained under
the first conditions presented above, suggesting that its presence is not required for the
reaction to happen. Removal of NaOAc from the reaction mixture led to a larger distribution
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(up to D5), implying higher conversion to the desired adduct in this condition. Even though the
broad peaks observed might be a sign of degradation.

Finally, reduction of the reaction temperature — a key parameter of the Robinson Schopf
reaction —led to the formation of even broader peaks (that might contain carboxylated adducts)
and “poor” TMPP functionalization was observed. Finally, control experiments showed that 3-
oxoglutaric acid alone does not react with the mAb, contrary to succinaldehyde, which probably
leads to cross-linked adducts (56 Da).

Table 2: Optimization of the conditions for the tropinone functionalization of trastuzumab.

Equiv.
pH T ! “Do” AT Aspect
CHO, o
L | COOH,3 | HCl | NaOAc °C) | (h) | % (Da)
20 24 28 80 5 37 3 Degradation of the mAb
10 0 14 40 5 37 3 100 56 Broad peak
0 12 14 40 5 37 3 100 / Native mAb
10 12 0 0 5 37 3 100 / Broad peak
Distribution
10 12 0 40 5 37 3 26 684
Max: D3
distribution
10 12 14 0 5 37 3 16 681
Max: D5
Distribution
10 12 14 40 75 | 37 3 48 672
Max: D3
Distribution
10 12 14 40 5 25 3 42 680
Max: D1
10 12 14 40 5 37 1 100 51 Broad peak
5 50 0 0 5 37 0.5 100 51 4 adducts
5 0 0 0 5 37 0.5 100 50 4 adducts

Considering this conserved heterogeneity, we decided to use simpler model before pursuing
this optimization, first by using smaller proteins. In the case of ubiquitin, myoglobin and
cytochrome-c, very low amount of unmodified protein was recovered, probably linked to
stability issues under the used conditions, while BSA led to the exclusive formation of + 50 Da
adducts, suggesting cross-linking of the protein’s surface by succinaldehyde.

At this point we were still unable to validate that the observed conjugation resulted from the

formation of tropinone on the protein or from another, yet unidentified, side reaction. In order
to validate that lysine could indeed replace methyl amine in Robinson-Schopf reactions we
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incubated Ac-Lys-NHMe 5 in mQ H,0 with 1 equiv. of succinaldehyde 1, 1 equiv. of 3-oxoglutaric
acid 3, 1.4 equiv. HCI and 40 equiv. NaOAc and at 40 °C for 1 hour, according to Burks’s
procedure (Figure 44).17° 'H and 13C NMR analyses of the solid obtained after work-up allowed
the identification of two products in a 9:1 ratio. The main product was identified to be the
desired lysine-tropinone adduct (Lys-trop) and we attributed the side product to a pyrrole-
functionalized lysine. This hypothesis is supported by the chemical shifts observed — two
triplets at 6.70 and 5.95 ppm (predicted 7.31 ppm and 6.14 ppm) with same coupling constants
(2.1 Hz) linked to two 3C signals around 120.9 and 107.8 ppm (predicted 120.9 ppm and 108.7
ppm) — indicating an aromatic ring.

MeO. Lysine functionalization, NMR and LC-MS analysis
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Figure 44: Ac-Lys-NHMe and small lysine containing peptide labeling using Robinson-Schépf
conditions. Masses were obtained by LC-MS analysis and structure of Lys-trop and Lys-pyr adducts
were determined by NMR analysis.

More interestingly, variation of the reaction conditions showed that the integration of those
two signals — and thus the amount of aromatic compound — was inversely correlated with that
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of the signals of the tropinone but not with the ones of lysine, validating the presence of
different lysine products in the mixture. Dillution of the reaction medium led to increased
amounts of pyrrole signals.

Moreover, LC-MS analysis of the crude mixture led to the identification of the Lys-trop adduct
(M =310 Da) and of 252 Da adduct that fits with the lysine-pyrrole (Lys-pyr) adduct. The
separation of the two products by column chromatography could not be performed due to poor
separation in normal phase and degradation of the products after isolation by reverse phase,
probably due to the used acidic conditions. Functionalization of small lysine-containing peptides
was then considered, as separation of the different adducts might be facilitated. Using the same
conditions as the ones used for the reaction with of Ac-Lys-NHMe, functionalization of the
different peptides was found to reach completion in just 15 minutes, based on LC-MS analysis.
Peptide P1, containing a N-ter proline and thus a single modification site was found to be fully
converted to a peptide-tropinone adduct (Figure 44). The other peptides containing two free
primary amines (N-ter and lysine) were found to be labelled with two tropinones (adducts A)
or with one tropinone and one pyrrole (adducts B and B’) with different ratios estimated based
on the area below the curve of the obtained UV chromatogram. We observed that the amount
of pyrrole adducts did increase upon dilution of the reaction medium from 0.1 M to 0.05 M,
which, in addition with the hindrance of the primary amine, might be the key parameter guiding
tropinone formation. Separation of the two adducts was not possible as systematic degradation
of the peptide was observed after preparative HPLC separation. Analysis of the crude reaction
mixture could not be performed due to the use of NaOAc buffer, leading to interferences in the
obtained complex spectra.

Based on those observations, we hypothesized that the + 50 Da adducts observed upon
protein’s functionalization might not result from cross-linking but more likely from pyrrole
functionalization of the protein. Hence the observed tra-11 adduct (Figure 43) might
preferentially undergo a dehydration leading to its aromatization rather than the addition of 3-

oxoglutaric acid. We thus evaluated
if the addition of a 10-fold excess of
3-oxoglutaric acid in comparison

] A~ tra-pyr
D Meaic = 50 Da

NaOAC (1M, pH 5.0)
37 °C, 30 min.

with succinaldehyde might lead to
a favoured formation of tropinone, Native SEC-MS analysis (BioAccord spectrometer)
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NaOAc buffer pH 5.0 for 30 minutes led to homogeneous pyrrole distribution. The formation of
such pyrrole lysine adducts in presence of succinaldehyde was reported in 2014 as a naturally
occurring modification involved in the production of DNA mimic proteins triggering an

autoimmune response, making them interesting for therapeutic application.!”2

In summary, we evaluated whether the Robinson-Schépf reaction could be used for the labelling
of proteins. We found that, in the tested conditions, many adducts were formed on the protein
without clear understanding of their formation mechanism. In an optimization attempt we
found that, even on simpler models such as isolated amino acids or small peptide the reaction
is in competition with the formation of a pyrrole adduct. Deeper mechanistic study might allow
better comprehension and thus the development of conditions allowing to favour the MCR
conjugation. As Ugi 4-CR were largely described for the conjugation of proteins we decided to
turn back to this reaction and more precisely to the Ugi-4C-3CR variant of the reaction.
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[ll.  Ugi 4C-3CR for site-selective conjugation of native proteins

.1. Preliminary results

Our team proposed in 2020 that the Ugi reaction could be used to modify trastuzumab.?® The
idea was to use trastuzumab as the source of both the carboxylic acid and the amine
components, in the form of its constitutive aspartate/glutamate and lysine residues,
respectively. It was thus hypothesized that the addition of an aldehyde and an isocyanide to the
antibody solution would lead to an “inter-residue” conjugation through a U-4C-3CR, whose
mechanism is described in Figure 34. As solvent accessibility and close spatial proximity
between the two reactive residues should be key parameters for a successful reaction, the
number of potential reactive sites should be limited, thus maximizing our chances of developing
a site-selective reaction.

Over the course of the optimization procedure spearheaded by Dr Charlotte Sornay, our team
determined some key parameters influencing the modification of trastuzumab using the Ugi
reaction. For instance, optimal results were obtained with 45 equivalents of reagents and
equimolar quantities of isocyanide and aldehyde — the latter being the preferred source of
carbonyls over ketones. The reagents’ structure also had a great impact on both the conversion
and the observed av. DoC, especially the aldehyde, with conversions ranging from 0 to 97% (av.
DoC =4.0). Slight influence of the temperature was also observed, as heating up to 37 °C largely
increased the conversion, whereas little or no reaction was observed at 4 °C. On the other hand,
pH and buffer composition seemed to have no impact on the protein’s conjugation. Overall, the
resulting conjugates were found to be stable to pH variations in PBS and in human plasma,
underlining the potential of the method.

Based on those results, optimal conditions — 45 equivalents of carbonyl 6 and isocyanide a in
PBS (1x, pH 7.5) at 25 °C for 16 hours — leading to an average degree of conjugation (av. DoC)
around 0.9 with a medium conversion of 57 % were developed following a “plug-and-play”
strategy. The Ugi reaction (the “plug” step) would be used to label the antibody with an azide
group — borne by the carbonyl component 6 (Figure 46) — that could be selectively modified in
a second step (the “play” step) with virtually any payload bearing a strained alkyne, via a
reaction coined strain-promoted azide-alkyne cycloaddition (SPAAC). Fluorophores (sulfo-
cyanine-5 (Cy5) and TAMRA), affinity tags (iminobiotin), other biomolecules (oligonucleotides)
and a cytotoxic agent (MMAE) were thus successfully introduced on the mAb following this
strategy. In the latter case, the ICso of the resulting ADC was found to be comparable to that of
the benchmark Kadcyla.
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NA/\/O};/%o 6, 45 equiv.
1. QNC a, 45 equiv.

PBS (1X, pH 7.5)
25°C, 16 h.

LC-MS analysis
av. DoC =0.9
Conv. =57 %

BCN-sulfocy5 (10 equiv.)
PBS (1X, pH 7.5)
25°C, 20 h.
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Figure 46: Conditions and structures of the different adducts observed on trastuzumab when using the
“optimal” Ugi conditions published in 2020. Conv. and av. DoC were determined by LC-MS analysis and
modification sites as well as the modification mechanism were determined by LC-MS/MS.

To gain further insights into the mechanism responsible for the observed conjugation, a handful
of conjugates were analysed by LC-MS/MS in order to determine the identity of the modification
sites. They found that only one site had been modified via the expected Ugi “inter-residue”
mechanism (K126 and E123), in competition with an “intra-residue” Ugi modification, occurring
on the N-terminal aspartate and glutamate residues (E1 and D1). In this latter case, the amine
source corresponds to the a-amine group instead of the e-amine of a lysine residue, leading to
B- and y-lactams adducts, respectively. These Ugi conjugates were accompanied with the
modification of three glutamate residues — E195, E236, and E348 — via a side Passerini reaction
(Figure 46). Building on these positive results, we next engaged in an in-depth LC/MS-MS
mechanistic study of this transformation, to try to decipher the rules governing the reactivity at
the surface of the protein, with the final intent of developing conditions that would favour a
single multicomponent reaction conjugation over the three detected.
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.2. Variation of the carbonyl electrophile

We first wondered whether a mechanistic control could be possible by playing on the carbonyl
source. We had previously identified that aldehydes were better substrates than ketones, but
we wondered whether pre-formed imines could tame the carbonyl reactivity and diminish the
number of potential reactive sites. However, considering the poor stability of imines in aqueous
media, we decided to investigate instead the use of the more stable a-chlorooximes and
hydrazones.

Ill.2.a. a-Chlorooximes

a-Chlorooximes are known to generate highly electrophilic nitrile N-oxide species in aqueous
media, which are known to react with carboxylic acid and isocyanides via a Passerini-like
mechanism yielding syn-a.-oxiaminoamides adducts R183 (Figure 47).173 Still in the presence of
isocyanides, they were also reported to react with other nucleophilic species, such as primary
and secondary amines — yielding C-oximinoamidines R184 —, phenols — yielding aryloxyimino
amides R185 — and even water in the absence of a more reactive nucleophile — yielding o-
oxiaminoamides R186.1747177

Mercalli, 2013 oH Proposed mechanism
- 3
N-OH DCM R N-OH
H |

R1_</ + R2NC + RSN‘R4 > R1J\K\R4 R184 R1_</

cl rt. N cl
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o
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Figure 47: MICR described involving a chlorooxime reagent and an isocyanide.

Because we had observed the formation of Passerini adducts on trastuzumab, we reasoned that
the use of a-chlorooxime in the presence of an isocyanide and trastuzumab might favour a
similar single-residue conjugation, following the reactivity described by Pirali et al. in 2011
(Figure 47).173

We started this project with the synthesis of a-chlorooxime 8 from aldehyde 6 in two steps,
following reported procedures and we evaluated its reactivity towards trastuzumab under the

III

“optimal” Ugi conditions previously reported in the group (Table 3).119177 This led to a highly

67



heterogeneous profile and poorly resolved peaks by native LC-MS analysis, suggesting multiple
modifications. Interestingly, a control experiment showed that the conjugation did not require
the isocyanide to happen, thus indicating another mechanism than the ones reported in
figure 20. Interestingly, acceptable av. DoC and conversion (av. DoC = 0.9 and conv. = 59%) were
obtained after only 2 hours of reaction, using 5 equivalents of reagent 8 at 4 °C and followed by
a SPAAC reaction with BCN-Cy5 (Table 3). Native LC-MS analysis of the protein suggested that a
simple addition-elimination between 8 and trastuzumab had happened, consistent with the
detected mass of the payload (i.e. 1089 Da), leading to conjugate C1 (table 3).

Table 3: Synthesis of oxime 7 and a-chlorooxime 8. Reaction condition for the labeling of trastuzumab.
Conv. and av. DoC were determined by LC-MS analysis on the LCT spectrometer.

NHon 50 W% in H20

(500 equiv.) . NCS (2 equiv.) Cl
Ng{ > O7\3Ao — - Nskyo%ﬁ"‘ o NK\/O%/L\N'OH
8

MeOH DMF

6 25°C, 2h. 7 25°C, 2 h.
98% 92 %

Cl
Ns»e\/ol;)\\N'OH 8, 5 equiv.
1. { <:>‘NC a, 5 equiv.

PBS (1X, pH 7.5)
5°C, 2 h.

LC-MS analysis
Av. DoC =0.9
conv. =59 %

payload: 1089 Da

BCN-Cy5 (10 equiv.)
2. PBS (1X, pH 7.5)
25 °C, 20 h.
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In order to identify the modified residues, competition experiments were set up with the
addition of different N-terminally and C-terminally protected amino acids—Ac-aa-NHMe — to
the reaction mixture, to evaluate if they might be responsible for the modification of

trastuzumab.
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An excess (50 equiv.) of the chosen amino acids — i.e., lysine (Lys), tyrosine (Tyr), histidine (His),
glycine (Gly), aspartate (Asp) and glutamate (Glu) — was introduced in the reaction medium at
the same time as the a-chlorooxime 8, and the reaction was carried out under the same
conditions as mentioned before (Table 3). The av. DoC was then estimated by absorbance
measurement after introduction of the Cy5 dye and compared to the ones obtained without
competitor (Figure 48). It was expected that if the added amino acid’s side chain reacted with
the a-chlorooxime reagent, the fluorescent DoC post purification would be lower than that of
the control experiment; on the contrary, if the added amino acid was unreactive toward the a-
chlorooxime, the fluorescent DoC should not be impaired. The results presented in Figure 48
indicate that among the tested amino acids, Asp, Glu and His seemed to react preferentially
with the a-chlorooxime but not Lys or Tyr. This suggests that, in our conjugation conditions, the
modified residues are mostly Asp, Glu or His residues. In order to confirm this reactivity profile,
a UV-visible analogue of a-chlorooxime 8 was synthesized using CuAAC reaction with

ethynylbenzene and the resulting a.- Competition experiment

chlorooxime 9 was reacted with the 8, 5 equiv.
= #5  Ac-aa-NHMe (50 equiv.)
PBS (1X, pH 7.5)
5°C, 2h.

BCN-sulfocy5 (10 equiv.)
PBS (1X, pH 7.5)
25°C, 20 h.

same protected amino acids in water
(Figure 49). LC/MS analysis led to
systematic observation of nitril oxide

2.

10, and absence of chlorooxime 9
suggesting it is form very quickly. The
results were analysed by LC/MS and 09
we were surprised to see that only

Ac-Lys-NHMe and Ac-His-NHMe —
yielding structure 11 and 12,
respectively — reacted and neither
Ac-Asp-NHMe nor Ac-Glu-NHMe,
even after a 24-hour incubation at
25 °C, in apparent contradiction with
what had been observed previously

on trastuzumab. Given the absence

Fluorescent DoC

. . . R R R S

of buffering salt in the reaction \s\ «‘\Y\ \\s\ ;“Q\ Q,@ e\* <
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medium, this result might however A S vc"s’ ©

be due to an acidification of the
Figure 48: Competition experiment for identification of 8

mixture preventing the carboxylic : S :
preferential modification residue.

acid to behave as nucleophiles. The
reactivity observed with His fits with the results of the competition experiment (Figure 48). The
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observed Lysine reactivity might come from the high concentration in amino acid used for this
experiment which is differs from the diluted conditions used for the competition experiment.

Exact Mass: N*OH Exact Mass:
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£ O £
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Figure 49: LC-MS analysis of chlorooxime 8 reactivity with different N-ter/C-ter protected amino acids.

Given this disparity in reactivity between isolated amino acids and protein, we conducted the
same experiment in the presence of cyclohexyl isocyanide a to evaluate if the reactivity
presented Figure 47 could happen with isolated amino acids (Figure 49). The same adducts 11
and 12 resulting from nucleophilic addition of Ac-Lys-NHMe and Ac-His-NHMe on 10 were
observed as the sole products by LC-MS analysis suggesting full conversions. For all the other
amino acids — i.e., Asp, Glu, Tyr, and Gly —, isocyanide a addition to nitrile oxide 10 leading
exclusively to the adduct 13 was observed, as reported by Wennemers.'”” This suggests that
the nucleophilic addition of Ac-Lys-NHMe and Ac-His-NHMe on a-chlorooxime 9 is faster than
the addition of the isocyanide at 25 °C (k> 0.74 Ms1), but also that the reaction between
isocyanides and a-chlorooximes is technically not bioorthogonal.

To conclude, we evaluated the use of a-chlorooxime as potential Passerini partners for the
labelling of aspartate and glutamates of trastuzumab. We found that another faster reaction —
which does not necessitate the presence of an isocyanide to happen — was happening stably,
leading to good conv. of 59 % and av. DoC of 0.9. The mass of the obtained products suggests
the nucleophilic addition of a residues directly on the chlorooxime (vide supra). Competition
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experiment showed that this amino acid might be either a histidine residue or an aspartate or
glutamate residue. Reactivity on isolated amino acids was evaluated and we found that the
nucleophilic addition of His and Lys on 9 was faster than the previously reported addition of
isocyanide and water (vide supra). Considering the acidity of the media, no conclusion could
made concerning the reactivity of Asp and Glu in those conditions. In depth mechanistic study
will be conducted in order to validate thus assumption.

Considering the high reactivity observed for a-chlorooxime, we decided to turn toward less
reactive species for the labelling of trastuzumab through Passerini-like mechanism.

We thus replaced the aldehyde 6 by the oxime 7 (Table 3) in the Ugi “optimal” conditions but
no labelling of the mAb could be observed suggesting a lack of reactivity of 7. Hence, we turned
our attention to structurally related hydrazone derivatives.
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I11.2.b. Hydrazones

We decided to generate a different imine-like compound by reacting aldehyde 6 with methyl
hydrazine, yielding hydrazone 14 (Scheme 7). Given that no MCR reports the use of hydrazones,
we wondered through which mechanism the reaction could proceed — if ever it did. Among the
possibilities, an Ugi-like mechanism was considered with one of the two nitrogens of the
hydrazone being involved in the irreversible Mumm rearrangement step, leading to
compound C1 (M =1213,6 Da).

Hydrazone 14 formation:
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3
6

MeOH
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Calculated mass of adducts C1, C2 and C3 after SPAAC reaction with BCN-sulfocy-5

C1
Mcalc = 1213.6 Da

c2
Mcaic = 1167.5 Da

C3
M =1185.5 Da

Scheme 7: Formation of hydrazone 14 and postulated reactivity in Ugi-like mehanisms.
A second potential mechanism could be the transamination of hydrazone 14 with either a- or
g-amines from trastuzumab, followed by a Ugi mechanism leading to payload C2
(M =1167.5 Da) or a hydrolysis, liberating the parent aldehyde in the medium. A third and final
hypothesis implied the hydrolysis of the hydrazine and the in-situ formation of the parent
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aldehyde prior to its conjugation leading to Ugi/Passerini reactions with a mixture of compound
C2 and €3 (M =1167,5 Da and M = 1185,5 Da respectively) (Scheme 7).

Surprisingly, considering the structural similarities with oxime 7, partial labelling of trastuzumab
was obtained using hydrazone 14 instead of aldehyde 6 under our classical Ugi conditions
(43% conv., av. DoC 0.5) (Table 4). More importantly, we validated that the isocyanide was
essential for the reaction to happen, thus confirming the multicomponent character of the
reaction. Considering the limited efficiency of the transformation, a small optimization was
conducted. We found that by increasing the quantity of used reagent (from 45 to
100 equivalents) and prolonging the reaction time from 16 h to 20 h, similar av. DoC as the ones
observed with our classical Ugi conditions were obtained (i.e., av. DoC 0.9); those conditions,
coined ‘hydrazone conditions’ were then used for the rest of the study (Table 4). The mass of
the obtained payloads seems to validate the transamination mechanism; however, considering
the resolution of the used spectrometer and the low difference in molecular weights between
payloads, deeper mechanistic study was performed.

Table 4: Hydrazone conditions developed for the labeling of native trastuzumab. Conv. and av. DoC
were measured by LC-MS analysis. Zoom on z = 24 spectra are presented.
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We continued the investigation by exploring the influence of the isocyanide and hydrazone side
chains. First hydrazones 15, 16 and 17 were synthesized and their reactivity in our hydrazone
conditions was evaluated (Table 5). In the case of 15, similar reactivity as 14 was observed —
conv. = 69 %, av. DoC = 1, Mpayioad = 1 175 Da). The use of 16 and 17 led to an absence of
conjugation, supporting the transamination hypothesis. Indeed, the hydrophobic substituent of
16 and 17 might prevent spatial proximity between the hydrazone and the surface of the protein
but should not prevent hydrolysis.
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Influence of the isocyanide’s side chain was also evaluated using isocyanides b, ¢ and d
(Table 5). Those isocyanides were already screened during the development of the Ugi optimal
conditions and low to no variations in the reactions’ conv. and av. DoC were observed in this
case. In our case, replacement of a by b and c led to low obtained conversions and av. DoC
suggesting this lack of reactivity is strongly linked to the replacement of aldehyde 6 with
hydrazone 14. This result shows that the transamination mechanism must be the main
conjugation mechanism as, in the case of hydrazone’s hydrolysis similar results as the one
obtained using aldehyde 6 should be reached. The low observed reactivity might come from
the presence of a small portion of hydrolysed hydrazone in the reaction medium but it also
points out that maybe, those two isocyanides favour a Passerini mechanism over an Ugi one.
Indeed, if they had no influence the transamination mechanism should not impact their
conjugation.

Table 5: Influence of the variation of the hydrazone's and isocyanide's side chain on the conjugation
efficiency.

. . Conv. Mobs | Mcaic
Hydrazone isocyanide (%) Av. DoC (Da) | (Da)
O X, .NHMe
N Z\AN 69 0.9 |1165|1167.5
14
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N O / / I |1167.5
17

}NC 19 0.2 |1131[1127.5
b
NS{/VO);A\NNHMQ chNC 20 02 (1143|1415
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On a different note, considering the yields obtained after the SPAAC reaction (60% on average)
due to the precipitation of high DoC species functionalized with the highly hydrophobic BCN-
Cy5, we analyzed an unclicked sample and a clicked one from the same batch. In the case of the
unclicked sample, conversion was found to be 72% with an av. DoC of 1.3 versus 57% and 0.8
for the clicked sample.

In summary, we showed that hydrazones can be used as carbonyl source for the labelling of
trastuzumab through a Ugi 4C-3CR reaction. The introduced hydrazone seems to undergo a
transamination step with available &- or ai-amines from the protein leading to the formation of
desired Ugi adducts however this reaction might be in competition with hydrolysis of the
hydrazone. Overall, peptide mapping experiment should be performed in order to validate the
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exact structure of the adducts as well as precise determination of the modification sites. This
should be performed using 45 and 100 equivalents of reagent to validate if the observed
decrease in conversion and av. DoC is due to a gain in selectivity and if this selectivity is
conserved upon “stronger” reaction conditions. The reaction displayed low observed DoCs and
conv. upon variation of the side chain of the used isocyanide in comparison with the Ugi
conditions developed in the preliminary results. This might also be related to a favoured
Passerini mechanism influenced by the isocyanide’s side chain in the case of isocyanide b and
c. Such influence of the side chain of the used reagent on the modification mechanism was not
studied in the preliminary results as it requires nontrivial peptide mapping analysis. We thus
decided to conduct an in-depth mechanistic study of the Ugi 4C-3CR for the labelling of
trastuzumab, because of all the knowledge accumulated during the development of the Ugi
‘optimal’ conditions we first decided to go back to those original conditions, using an aldehyde
as carbonyl source.

I11.3.  Variation of the reagents’ side chains

The two Ugi mechanisms — i.e., intra- and inter- residue — result in the same mass of the
payload and only differ in the modification site, and because the Passerini mechanism only leads
to a difference of +18 Da in the mass of the final payload, native LC-MS analysis of the
conjugated proteins often gives a mass in between the two theorical masses, due to a
coexistence of the two modifications, combined to a lack of sensitivity of the used spectrometer
thus preventing us to distinguish between the three mechanisms. In order to differentiate them,
peptide mapping analysis of the conjugates was performed. This technique relies on the
digestion of the protein into small peptides using trypsin and their subsequent analysis by LC-
MS/MS. Masses of the fragmented peptides are then compared to those obtained after
digestion of the unconjugated protein allowing to identify the localization and structure of the
modification.

I11.3.a. Mechanistic comprehension of the “optimal” Ugi conditions

First, we decided to switch the SPAAC reagent from BCN-Cy5 to BCN-iminobiotin to minimize
precipitation, as observed in the case of hydrazones (vide supra). We thus incubated 45
equivalents of aldehyde 6 and isocyanide a in the Ugi optimal conditions — i.e., 16 hours at
25°C in PBS (1X, pH 7.5) — the resulting azido-labelled trastuzumab (tra-Ns3) was then
functionalized by SPAAC using 30 equiv. of BCN-imminibiotin to yield tra-biot. Moreover, we
seized the opportunity of this large peptide mapping campaign to evaluate the reproducibility
and repeatability of the method. In order to do so, three experimenters — Dr. Charlotte Sornay
(CS), llias Koutsopetras (IK) and Valentine Vaur (VV) — conducted the same experiments (N =
number of analysed samples) and the obtained results were compared.
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Results, summed up in table 6, showed indeed a variation in observed conv. and DoCs
depending on the used strained alkyne — 59% and av. DoC 0.9 for BCN-Cy5 (CS, N = 1) versus
72% and av. DoC 1.3 for BCN-iminobiotin (CS: N =1, IK: N = 3 and VV: N = 2). Among the six
samples, one (CS) really stood out from the others, presenting higher conv. and av. DoC — 86%
and 1.8 — while the others (IK and VV) presented low variations in obtained conv. and av. DoC
with standard deviation (o) of 5.3 and 0.2, respectively. If those results tend to indicate good
reproducibility of the reaction, we really wanted to evaluate the regio-selectivity of the method,
hence focus was made on the modification sites.

Table 6: Peptide mapping analysis of the Ugi “optimal” conditions used for the labeling of trastuzumab.
Conv. and av. DoC were determined by LC-MS analysis and modification sites and mechanism were
determined by LC-MS/MS.

NASChNo (6,45 equiv.)

Ne  (a, 45 equiv.)

1 165-K169
PBS (1X, pH 7.5)
25°C, 16 h. LC-MS and
LC-MS/MS
BCN-iminobiotin (30 equiv.) analysis
2. PBS (1X, pH 7.5)

10 mg/mL 25°C, 20 h.
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The intra-residue Ugi modification C4 of E1 and D1 residues — i.e., N-terminal modifications —
was observed in all samples (N = 6), along with the inter-residue Ugi modification C5 between
D62-K65 (N = 4), E275-K277 (N =4) and E165-K169 (N = 2) among the different batches (Table 6).
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The Passerini modification C6 of E1 was observed in all analysed samples (N = 6), along with D1
modification (N =5). This indicates that the preferred modification sites, observed in all the
samples, are E1 and D1 residues — modified through intra-residue Ugi and Passerini
mechanisms — and that inter-residue modifications are less represented, with an apparent
preference for D62-K65 and E275-K277 over E165-K169 .

In order to understand if those preferred sites could be selected based on kinetic control of the
reaction — or if they are just less abundant, resulting in low detection during LC-MS/MS analysis
—, a time course study was conducted (Table 7). ! Variation of the reaction time from 1 h to
16 h indicated rapid progression of the reaction during the first 4 hours (with variations of conv.
and av. DoC) and slower progression afterwards, with a plateau observed after 8 hours.
Interestingly, during the fast progression phase, exclusive N-terminal modification is observed
and it is only after the plateau is reached — that can be correlated with an observed av. DoC >
1 — that other modification sites are detected, in good agreement with the previously
presented results. Regarding the modification mechanism, both intra-residue Ugi and Passerini
mechanisms seems to happen at the same time, thus preventing a kinetic control of the reaction
mechanism.

Table 7: Time course study of the Ugi reaction in the optimal conditions.

Time

(h.) 1 2 4 8 16
conv.
%) 1 28 62 78 86
av. DoC 0.1 0.3 0.9 1.4 1.8
o @ E1/D1
Mo Gios | @ END1| @ E1ID1| @ E1D1 | @ E1D1 @ E1/D1/E236
® E1 ®E1 | @E1D1| ®@E275-K277 | @ oo e
E165-K169

a (45 equiv.), 6 (45 equiv.), PBS (1X, pH 7.5), 25 °C
Because the pK; of e-amines differs from that of a-amines — i.e., 10.5 and 7.7,18 respectively —
we expected that varying the pH could orient the selectivity toward N-termini conjugation or
inter-residue conjugation (Table 8).2 No influence of the pH variation — from 5.5 to 8.5 — was

Table 8: Influence of the variation of the pH for the
labelling of trastuzumab in the Ugi optimal

PBS
oH 55 6.5 75 8.5
conv.
(%) 65 58 65 66
av. DoC 1.0 0.9 1.0 1.0
Modification | @ E1/D1| @ E1/D1| @ E1/D1 | @ E1/D1
sites ® E1 ® E1 ® E1 ® E1

a (45 equiv.), 6 (45 equiv.), PBS (1X), 25 °C, 16 h.

! Conducted by Dr Charlotte Sornay
2 Conducted by llias Koutsopetras
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observed on either the conversion or the av. DoC, with only N-terminal conjugation being
detected. However, those results tend to confirm our assumption that N-terminal selectivity is
observed when av. DoC []1 are obtained. While site-selective in essence, this modification was
still the consequence of two competing MCRs, the Ugi and the Passerini reactions, and we
decided to explore the mechanism further by an in-depth study of the influence of the reagent’s
structure on the mechanism of the reaction.

111.3.b. Reagents variation
Based on the initial results reported in 2020, we knew that the greatest variations in conv. and

av. DoC were observed upon variation of the aldehyde and isocyanide reagents and assumed
these could be directly linked to variations in conjugation sites and mechanisms. Hence, we
evaluated the influence of several aldehydes and isocyanides’ side chains on the modification
site (Table 9).

Table 9: Peptide mapping analysis of the influence of the variation of the aldehyde and

of the isocyanide side chains on the labeling of trastuzumab. Conv. and av. DoC were
determined by LC-MS analysis and modification sites and mechanism were determined

D62-K6

R'-CHO, 45 equiv.
R2-NC, 45 equiv.

PBS (1X, pH 7.5) g E165-K169
25°C, 16 h. o9-
BCN-iminobiotin (30 equiv.) IL%“I\I:ISSI?V’I?
2. PBS (1X, pH 7.5) WS/
25°C, 20 h. analysis
10 mg/mL
Structures and theorical mass of the observed adducts: i BCN-iminobiotin + N3 :

@ Ugiintra-residue @ Ugi Inter-residue @ Passerini
Cc1 Cc2 C3

S ° 3
n (0] !
Ny \Hk %)K ) : NH
RWJ\WN\RP R H (0] " H
o : H H
: . N
n=1for D1 pos /ﬁ\n/ ~
0

S L. R R
Na/{\/o\}ac"'o >—CH0 { Hne >7NC <~»NC
6 18 a b c
o (0]
(0] N
/CN% RN NBA/O\ANJQNC Ng/vo\/\N)kO/XNC
2 H ) H
e f g
R'-CHO 6 15
R2-NC a b c d e f g
conv. 72.5 64.7
(%) (0=8.1) 81 52 (0=45) a4 %9 o4
av. 1.3 1.0
s (0=023) 13 0.8 (0=012) 0.5 0.9 0.8
@ E1/D1 @ E1/D1
LC-MS/MS :IE;Z-KGS ®E1 | @E1D1 | : 21101] ocip1| ® B | @EtD1
E275.k277 | @ E1/D1 | @ E1/D1 s | @E1 ® D185- ®E1
E165-K169 K188
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When choosing the reagents, we took special care to keep not only the plug and play approach
possible, meaning that either the aldehyde or the isocyanide had to bear an azide group, but
also a facile access to the reagents, either purchased or obtained after few synthetic steps. LC-
MS/MS analysis of the different obtained conjugates, summarized in table 9, confirmed the
trend observed earlier with E1 and D1 being the most detected modification sites through both
intra-residue Ugi and Passerini mechanisms. Interestingly, in the case of aldehyde 18 and
isocyanide f, unprecedented inter-residue Ugi sites were detected, confirming that modification
sites can indeed be affected by the reagents’ structures.

The combination of aldehyde 6 and ethyl-isocyanoacetate d under our optimal conditions
— 45 equiv., PBS (1X, pH 5.0), 25 °C, 16 h. — held our attention, as single residue (E1)
modification was reached in half of the samples analysed by LC-MS/MS, thus narrowing down
the number of reactive sites to only two (Table 10). Even more remarkably those samples
presented an absence of Passerini modification allowing to coin the method ‘mechanism
selective’. We noted that such degree of selectivity seemed linkd to av. DoC < 1 suggesting
similar behaviour as the one observed for the couple 6+a. In the other samples (IK1 and IK2),
the modification of E1 and D1 through Passerini mechanism was also detected suggesting that,
even when the plateau is reached, N-ter selectivity is conserved.

Table 10: Peptide mapping analysis of the influence of the variation of the concentration, time and

temperature on the labeling trastuzumab using “El-selective” conditions. Conv. and av. DoC were
determined by LC-MS analysis and modification sites and mechanism were determined by LC-MS/MS.

D62-K6

N /{VOQGCHO 6

o)
1.
Etok/NC d
PBS (1X, pH 7.5)

D275-

,  BCN-minobiotin (30 equiv) K277 t%“&i,i,’.‘é’
. PBS (1X, pH 7.5) analysis
25°C, 20 h. y

LC-MS analysis of the « E1 selective conditions »

_ ! Variation of the reaction conditions using the couple 6/d
6 (45 equiv.), d (45 equiv.), PBS (1X, pH 7.5), 25 °C, 16 h.

DO [mADb] equiv. T t | conwv. J
2= 6079.78 (mg/mL) | CHO:NG | (C) | (h) | (%) |2V DoC| LC-MSMS
B%
1% | m/z=6111.41 @ E1
| mj/z= o .
| % 10 45:45 | 25 | 16 | 60 09 || @ Et/D1] oo
I \
A I\ : E1
\ A D2 _ E1/E6/DA
e ‘ \75% I\ j2etaa6r 10 75:75 | 25 | 16 | 91 25 | @ Dorres
® | al |
2R % E275-K277
\ @ E1/D1
\ YA 10 [100:100| 37 | 2 | 79 16
N @ E1/E6/D1
e i 15 45:45 | 25 | 16 | 83 18 :51’01
6020 6040 60‘60 60‘80 ‘ 6100 61‘20 6140 6160 6180 6200 6220

The reproducibility and repeatability of those E1l-selective conditions were then evaluated by
four experimenters (N = 14, CS, IK, VV and Léa Rochet - LR) and narrow variations were obtained
leading to an average conv. 60% and av. DoC = 0.9. In most cases (N = 11), av. DoC < 1 were
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observed suggesting a major El-selectivity for those conditions. While the reaction never
reached full conversion under these conditions, any attempt at pushing it further (e.g.,
increasing concentration in reagents, temperature, reaction time) resulted in an erosion in site-
selectivity (Table 10). Interestingly, increasing the concentration in trastuzumab to 15 mg/mL
instead of 10 mg/mL led to the expected increase in conversion and av. DoC whilst maintaining
a certain degree of selectivity — only N-terminal modifications of E1 and D1 were detected,
through both Ugi and Passerini reactions.

While the complementary determining regions (CDR) of trastuzumab, responsible for HER-2
recognition, does not contain the highly conserved E1/D1 residues,'’® we still wanted to validate
that their conjugation did not impair the protein’s affinity for its target. In order to do so, we
selected the HER-2 positive cell line, SKBR-3, as positive control and the HER-2-negative cell line,
MDA-MB-231, as negative control. We evaluated the binding of a FITC-labelled trastuzumab on
both cell lines by real-time affinity measurement using a Ligand Tracer Green apparatus
(Ridgeview instruments) and compared it with a FITC-labelled Ugi sample. The similar kon, Koff
and Kp obtained — 2 10* M1.s,1.37 10 s, 0.65 nM for trastuzumab and 2.4 10* M1.s?, 1 10
> s 0.45 pM for the Ugi-modified trastuzumab, respectively — allowed us to conclude that the
Ugi modification did not impair trastuzumab HER-2 recognition ability (Figure 50).

H N

¢} N

o~
N S gh !

(O

N
H

Ugi-tra-FITC tra-FITC

Generated via
random FITC
labelling

generated via the
Ugi reaction
followed by SPAAC
with BCN-FITC

Kon = 2.0x10* M".s-1

Kon = 2.4x10* M1.s-1
kot = 1.0x105 81
Kp = 0. 45 nM

Normalized signals (1) fluo %

Koff = 1.4x105 s71
Kp = 0. 65 nM

1400 1600 0 2 4 3 8 10

Time (Hours)

Fluorescent signal from SKBR-3 (spots 1, 2 and 3) corrected by substracting the fluoresecent signal detected for MDA-MB-231 cells.

Figure 50: Procedure for affinity measurement using ligand tracer.

Considering the excellent level of regioselectivity observed, we next decided to evaluate these
conditions on other mAbs and proteins (Table 11). We selected the humanised antibody
bevacizumab and the human antibody ramucirumab to assess the applicability of our method
to other immunoglobulins G (IgGs) containing N-terminal D1 and E1. We were glad to observe
that, when subjected to our E1-selective conditions, selectivity for this residue was maintained,
even though side Passerini reaction competed for the conjugation of this residue with
ramucirumab. In both cases, slightly lower conv. and av. DoC — 52 % and av. DoC 0.8 for
ramucirumab and 44 % and av. DoC 0.6 for bevacizumab — were observed in comparison with
trastuzumab. We then decided to extend the scope of the reaction to IgGs deprived of N-
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terminal aspartate and glutamate residues, by using the chimeric murine/human mAb
rituximab, which bears N1 and Q1 residues instead. When subjected to the El-selective Ugi
conditions, native LC-MS analysis of rituximab showed similar behaviour as the other mAbs with
conv. 55% and av. Doc 0.8. However, no labelling site could be detected by LC-MS/MS analysis,
probably due to an incomplete sequence coverage or low abundance of modified peptides
which could suggest the presence of several reactive sites.

Table 11: mAb transferability of the E1 selective conditions.

N3/$/O\%CHO 6 (45 equiv.)
3
o)

Eto)ywc d (45 equiv.)

PBS (1X, pH 7.5)
25°C, 16 h.

i

1.

LC-MS and
LC-MS/MS
analysis

BCN-iminobiotin (30 equiv.)
2. PBS (1X, pH 7.5)
25 °C, 20 h.

[mAb] equiv. T | t |conw
mAb (mg/mL) | cHO:NC | (°C) | (h) | (%) | 2% P°C| Lc-msims
rituximab 10 45 : 45 25 | 16 45 1.5 /
i . @ E1
ramucirumab 10 45 :45 25 | 16 52 0.8 ® E1/D1
bevacizumab 10 45:45 | 25 | 16 44 0.6 ®E1

While partially inconclusive, this result still underlines the protein dependence of the selectivity
of our method. However, the presence of several reactive sites on rituximab that are “ignored”
in the presence of N-ter E1 and D1 showcases the applicability of MCRs to the conjugation of
different families of 1gGs.

l1l.4.  Conclusion on the Ugi MCR

In conclusion to this methodology work, we varied all conjugation parameters of our previously
developed Ugi conjugation reaction in order to study their impact on the selectivity of our
approach. We proved that mAbs responded well to this approach, with a handful of key reactive
sites being systematically detected. Importantly, we managed to refine some conditions to
allow the selective N-terminal conjugation of aspartate and glutamate, culminating in the
precise modification of a single site through an intra-residue U-4C-3CR when commercial ethyl
isocyanoacetate was used. This selectivity seems to be driven by matters of accessibility of the
targeted site by the reagents and spatial proximities between the two reactive functions
provided from the protein, but more elaborated studies might be necessary to evaluate the
panel of Ugi-reactive proteins — the “Ugiome”.
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IV.  Conclusion and perspectives

MCRs are powerful reactions for organic synthesis with few to no side reactivity that can lead
to the formation of complex structure with good tolerance for various side chains among the
components of the reaction. With the aim of exploring their use for the site-selective labeling
of native proteins, we conducted mechanistic studies on three main strategies.

Because good selectivity was observed by other teams using Mannich-like MCRs we evaluated
if the Robinson-Schopf 3-CR could lead to selective labelling of primary amines. However, a side
reaction, presumably leading to the formation of a pyrrole adduct, was observed, seemingly
triggered by concentration effects. If we failed to develop conditions selective only for the
Robinson-Schopf reaction, we were able to favour only the side reaction by reducing the
reaction time. Further investigation for the functionalization of those pyrrole adduct would be
highly interesting, using Diels-Alder reaction for example.

Based on our previously published results concerning the investigation of the Ugi/Passerini MCR
for the site-selective labelling of native trastuzumab, we engaged in a large campaign to
understand better the factors governing its efficiency and selectivity, with the intent to develop
conditions favouring one mechanism over the other. We first hypothesized that replacing the
aldehyde with carbonyl surrogates could promote modification of aspartate / glutamate
residues, following a Passerini-like reaction. As imines are poorly stable in aqueous media, the
use of the more robust oximes, chlorooximes and hydrazones was evaluated. This study
highlighted the difficult balance between stability and reactivity one has to address when
developing a new bioconjugation reaction, oximes being unreactive whilst chlorooximes and
hydrazones being too sensitive to nucleophilic substitution leading to heterogenous labelling in
the case of the chlorooxime and to transamination in the case of the hydrazone.

Turning to classical Ugi conditions, an in-depth mechanistic study based on LC-MS/MS analysis
was conducted. We observed that the variation of the isocyanide’s and aldehyde’s side chains
was key to favouring certain modification sites on the protein, with one notable case where
single-residue — E1 — labelling of trastuzumab was observed through a Ugi intra-residue
mechanism. Even more interestingly, we were able to evaluate the parameters influencing the
selectivity of this method — increasing the concentration for instance led to retained selectivity
for N-terminal residues, while any temperature increase led to complete loss of selectivity.
Finally, our method was shown to be transferable to other human and humanized IgGs with a
conserved N-ter selectivity, however in the chimeric mAb rituximab, which does not present E1
and D1, loss of selectivity was observed. We highlighted in this study that their adaptation in
complex biological environment — implying among other constraints diluted aqueous reaction
media and short temperature range — can result in side-reactions, resulting in heterogeneous
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mixture of labelled proteins, but that fine tuning of the reaction’s conditions can lead to
selective labeling of proteins.

The high tolerance of the Ugi reaction for variations in the side chains of the used reagents
allowed to maintain a plug and play approach while developing site-selective condition thus
allowing us to explore various applications of the obtained conjugate from the classical
formation of an ADC to the more challenging formation of proteins dimers.
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Formation of bsAb based on the N-ter selective U-4C-3CR
conditions

|. Introduction

[.1. Presentation of bsAbs

The term bispecific antibody (bsAb) describes a large family of molecules designed to recognize
two different epitopes or antigens. The global idea of combining two antibody-based molecules
— through mild cysteine re-oxidation of two different rabbit Fab fragments — was proposed by
Nisonoff and co-workers in 1960.%%° In this context, specificity consists in the ability of the
antibody to discriminate between various antigens. Demonstration of the dual specificity —
hence the ability to discriminate two antigens among many others — of such construct was
demonstrated four years later through observation of the agglutination of two different cell
types mediated by the construct.8!

The linkage of the two mAbs specificities in a single compound can be used as a surrogate to
the combination of two therapeutic mAbs in so-called combinatorial bsAbs. In that case, they
can lead to the simultaneous inhibition of two cell surface receptors, two ligands, or to the
cross-linking of two receptors (Figure 51).182183 Sych combinatorial therapies are used in the
treatment of multifactorial disorders such as tumours, inflammatory disorders and diabetes.

Effector cell

O @) 2. \T-cell

Activation

3.
cytotoxic
cytokines
release

Effect 1

: 4. Cellular death

Target cell
Obligate mechanism: development of a new function Combinatorial mechanism: no new effect
Figure 51: Chosen example for the illustration of obligate bsAbs (left) and combinatorial bsAb (right).
For obligate bsAbs, bispecific T-cell engager example was chosen, target cell death is triggered by
cytokines produced by a nearby T-cell brought to spatial proximity of the target by binding of the bsAb.
The example for combinatorial bsAb is the case where the bsAb can recognize two surface receptors of
the target cell.
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However such bispecific construct can display a new functionality, not present by simple
combination of the two parent mAbs, resulting in obligate bsAbs. The best example of obligate
bsAbs is bispecific T-cell engager (BIiTE), which combines the specificity of a mAb that can
recognize an undesirable cell in the host and a specificity that can trigger immune response
from the host.18*186 The linkage of the two specificities results in liberation of cytotoxic
cytokines in the direct environment of the undesirable cell resulting in its death (Figure 51).18’
Other mechanisms of action for obligate bsAbs is co-factor mimicry for the precise orientation
of an enzyme with its cofactor.

Among the nine bsAbs approved by the EMA presented in table 12, seven of them follow an
obligate mechanism and six target the T lymphocyte antigen CD3 and a cancer antigen well
exemplifying the trend in bsAb’s application. While the classification of bsAbs into obligate and
combinatorial provides interesting insights into their mode of action, it does not reflect the
diversity in formats bsAbs can take on.

Table 12: List of the different bsAbs approved by the EMA and their associated characteristics.

bsAb Target 1 Target 2 Indication Format Year of approval
catumaxomab CD3 EpCAM lung cancer IgG like 2009
blinatumomab CD3 CD19 leukemia Tandem scFv 2015
tebentafusp CD3 gppL%%cELA melanoma scFv-TCR 2022
mosunetuzumab CD3 CD20 lymphoma IgG like 2022
. B-cell maturation .
teclistamab CD3 antigen myeloma IgG like 2022
glofitamab CD3 CD20 lymphoma IgG+Fab 2023
- coagulation coagulation o :
emicizumab factor IXa factor X Haemophilia IgG like 2018
amivantamab MET EGFR lung cancer I9G like 2021
- L Macular degeneration .
faricimab VEGF angiopoietin 2 Macular edema IgG like 2022

Considering that any biomolecule combining two variable fragments (Fv) — usually composed
of a heavy chain variable domain (V4) and a light chain variable domain (V) — can be considered
bispecific, a large panel of structurally diverse bsAbs exists.
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|.2.Genetic engineering for the production of bsAbs

The many formats bsAbs can have are mostly related from their production method.For
instance, bsAbs can be produced by the hybrid hybridoma — or quadroma — technique
developed in 1983,%8>188 derjvatized from the hybridoma technology proposed by Kélher and
Milstein in 1975 (Figure 52).18° The hybridoma technique is based on the fusion of a chosen B
lymphocyte, the cells responsible for the production of mAbs, with immortal myeloma cells,
leading to mAb-producing hybrid cells with high longevity — the two pivotal features of their
individual parent cell lines.’891% The quadroma technique is based on the fusion of two

hybridoma cell lines, resulting in the Hybrid hybridoma (quadroma) and resulting Hybridoma product

chain association issues
random assembly of light chains (LC) ReS % @

and heavy chains (HC) in 16 possible #

combinations and ten different

antibody variants (due to their @

@
symmetrical nature), among which - 2
only one is a bsAb of the size of a ® Y Y

classical mAb  (Figure 52).1% \I’

QA Parent IgG

Quadroma product

Q &

LIRR V"
1

‘I/ Hyblri! IgG

Figure 52: General quadroma technique and resulting
be preferred over whole mAbs ,roqycts.

(Figure 53). Thanks to progresses in

genetic engineering, it eventually became possible to address these pairing issues by “forcing”
correct HC pairing using knobs-into-holes technology (KiH) by introducing for example a bulky
tryptophan residue in one HC and a corresponding cavity on the other fragment that can
accommodate it.2°1719 More recently, alternatives to this steric approach were developed such
as charge interaction-based pairing techniques.®* As mispairing of Fab were also encountered

Depending on the origin of the ®

combined B-cells, mixing 2 HC from
. - _ Q Y \II/

different  origins can  trigger

unwanted toxicity or affect pairing, in Q ' VAKVY
which cases F(ab’); fragments, S Y Y

obtained from pepsin digestion, can

<|=<|<=|*

ormats o%%ercomey}mlspilxrmg @ a%%cmlsp;ng
AVAVIAAV S
\# i i

Flab), " i "

KiH KiH ' CrossMabCH1-CL
(steric) (electronic) i KiH + CH;-CL exchange !

Figure 53: Different formats developed to prevent Fc or Fab mispairing.
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for the reconstitution of bsAbs, CrossMab technologies was developed by Roche. This approach
consists in the exchange of domains between light and heavy chains by directed mutagenesis
— for example CH1 and CL, (Figure 53) —and was found to be highly efficient.}%> While the
formats described here present a 1+1 valency — i.e., one binding site for each targeting
molecule —, the emergence of genetic and protein engineering allowed the formation of more
diverse formats, with various sizes and valences.

For instance, fragment-based formats, consisting in two Fvs, can be expressed in lower
eukaryotic and prokaryotic expression systems such as Chinese hamster ovary (CHO) cells
resulting in high yield and low production costs (Figure 54).1°® Those recombinant formats are
highly customisable in terms of valency (1+1, 1+2, 2+2), but their fully artificial nature and
reduced size were shown to result sometimes in stability issues as well as impaired
pharmacokinetics and physicochemical properties.’®” Among the different strategies evaluated
to overcome this issue, the development of Fc fusion proteins ((scFV)as-Fc, Figure 54) helped to
prevent protein’s catabolism — i.e. prevent enzymatic degradation of the construct. Building on
those models, the fusion of Vi and V. sequences of interest on the N-termini of existing mAbs
was widely explored, resulting in higher molecular-weight species with 2+2 (DVD iG) or 2+1
(CrossMab F@*')3) valences (Figure 54).

Fv 1 gene
— I — .
Fv-2 gene — d —>  engineered
—_— bsAb formats
Llnklng gene

Expression in

Fusion in a supervector lower eukariotic
cells
Fragment based formats IgG like formats y

s v Q e ¢y
w o= N NS

(scFv),-Fab 2 % (scFv), @ DVD iG CrossMabF(@0)3

(1+2) (2+2) (2+2) (2+1)

Figure 54: General method for the production of recombinant proteins and some examples of different
resulting formats.

Genetic engineering also allows the introduction of unnatural amino acids in the sequence of
mAbs or mAbs fragments which can later be assemble by chemical coupling. Those techniques
emerged with the recent advances in bioorthogonal chemistry.
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For instance in 2012, Schultz and co-workers developed a bsAbs based on the incorporation of
p-acetylphenylalanine residue in defined sites of Fab fragments.'®® Using bifunctional
aminooxy-azide linker R187 on one Fab and aminooxy-BCN R188 on the other they were able
to stably form bispecific construct through SPAAC reaction (Figure 55).

% HN wa\o/ﬁv’\‘ﬂ N_o/’/ * UU
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N TR 0

Figure 55: Chemical formation of bsAbs using engineered Fab fragments.

Similar technique using a CHO-tag instead of an engineered mAb was proposed by Rabuka and
co-workers the same vyear allowing to rupurpose existing antibodies with known
pharmacokinetic and pharmacodynamic profiles.192%° However, the production of bsAbs by
genetic engineering and expression in lower eukariotic cell is the most widely used method
nowadays, the advances in bioorthogonal chemistry along with the development of site-
selective conjugation methods, renewed the interest for chemical formation of bsAbs.

[.3.Chemical formation of bsAbs

The first chemical method described by Nisonnof in 1960 consists in the digestion of the Fc
fragment of an intact Rabbit IgG using pepsin to yield a F(ab’), fragment, followed by mild
reduction using 2-mercaptiethylamine (R189) — according to them allowing the exclusive
reduction of the hinge disulfides — in order to obtain two reduced Fab’ fragments (Figure 56).

27 .\ oo\
\ W A R \ fasm

s R190 —sis <TNB ;
PB (0.1 M, pH 6.8) SH Ellman’s reagent _gmg
EDTA 1 mM Fab
Rabbit 25°C, 18 h.
F(ab’) ﬁj’f @
Nisonnof, 1960 HS Brennan, 1985 HS{

(VA V2 V4
\“# \n# \“#

- Nisonnof - Bispecific F(ab’),

Figure 56: Chemical reagents used for the lysine-selective cross-coupling of mAbs with the aim of
producing bispecific constructs.
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Fab’ fragments from two different rabbit IgGs were then mixed, allowing reoxidation of the
previously reduced disulfide bonds in open air, yielding a statistical mixture of three products
among which one is a bispecific F(ab’),.*%9 Brennan et al. proposed an improved version of this
method in 1985, in which they stabilized one of the obtained Fab’ fragment from murine IgG
using Ellman’s reagent R190, reducing the number of products formed to just two (Figure 56).
It was not before 2011 that this approach was successfully applied to full mAbs, necessitating
the use of acidic conditions that were shown to favour the separation of the half mAbs thus
increasing the yields of the obtained bsAb.201,202

As an alternative platform, the formation of covalently bonded antibody heteroaggregates using
dimethyl suberimidate (DMS, R191) or N-succinimidyle 3-(2-pyridyldithio)propionate (SPDP,
R192) cross linkers was reported as early as 1984 (Figure 57). However, while the activity of the
bispecific hetero-aggregate was demonstrated, no indication concerning the valency of the
formed complexes was mentioned besides the loose “heavy and lighter fractions” mentioned
by Karpovsky et al. in 1984 and the “heterodimer, trimer and tetramer” mentioned by Ring et
al. in 1994 (Figure 57).203720> Other cross-linking techniques were developed in order to increase
the yield in bsAb and reduce the amount of inactive side products.
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Figure 57: Chemical methods for mild reduction and reoxidation of F(ab’); used for the production of
bsAbs.
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For instance, Anderson et al. proposed the functionalization of one mAb with

Traut’s reagent

R193 thus generating thiol-functionalized mAb (formation of dimers at this step was not

discussed), which was then chemoselectively assembled to a second sulfo-SMCC R194
functionalized mAb. This method developed in 1992, was still applied in 2006 by Reusch et

q/.206,207

While lysine-selective crosslinkers allowed the formation of functional bsAbs, the heterogeneity

of the products can lead to variable efficacy, pharmacodynamics and toxicity.

Along with the

progress in site selective conjugation of native proteins, the development of more precise cross-

linking reagent, mostly based on cysteine selectivity, were developed.

Glennie et al. developed in 1987 a di-maleimide reagent R195, setting bases for rebridging
reagents, that allowed artificial reconstruction of disulfide bridges by sequential reaction on

two reduced Fab’ fragments (Figure 58).28
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Figure 58: Chemical formation of bsAb using site selective conjugation reagents.
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Chudasama and co-workers used their own developed family of rebridging reagents,
dibromopyridazinediones (PDs), allowing the mono-functionalization of IgG-Fab fragment and
bi-functionalization of IgG-Fc fragments using two bioorthogonal handles — i.e., a BCN R196
and a tetrazine R197.1021094 The functionalized protein fragments were then reacted together in
order to perform strain-promoted inverse electron demand Diels-Alder cycloaddition (SPIEDAC)
allowing the formation of various bsAbs formats. In addition, the use of PD reagents facilitated
the further functionalization of the constructs, depending on the derivatization of the second
nitrogen borne by the reagent (R, Figure 58). Those results show the key advantages of the
chemical formation of bsAbs in comparison with other production methods, as it allows fast
generation of molecularly defined bsAbs libraries with great flexibility and few side products.

l.4.Conclusion

BsAbs exists since 1960 and, if such constructs seem promising in comparison with therapeutic
mAbs, it took 50 years of development before some eventually reached the market. This can be
explained by the wide variety of formats they can have, each presenting different
pharmacodynamic and pharmacokinetic properties. In addition to the choice of the adequate
format, the production method can also be challenging, often resulting in low yields and hard
separation from side products. Of the three main methods developed to produce bsAbs —i.e.,
the hybrid hybridoma technology, the production of recombinant or fusion proteins, and the
chemical conjugation of mAbs —, protein engineering is the most widely used to date because
it is the most cost- and time-effective. However, new artificial proteins might present stability
issues or even systemic toxicity, urging to focus on strategies using proteins with known
properties. This is one of the reasons behind the success of chemical methods, employing site-
selectively conjugated mAbs, whose reactivity was already described and analysed. Having this
in mind and our site-selective Ugi conjugation reactions in hands, we thus decided to take
advantage of its ‘plug-and-play’ character to functionalize the resulting azide-containing
conjugates with a BCN-functionalized protein allowing fast and easy access to protein dimers
using SPAAC reaction.
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II.  Chemical formation of bsAbs using the Ugi 4C-3CR reaction

[.1. Design of linkers for bsAb formation

I.2.a. Azido-functionalized IgG

We showed in part | of this manuscript that the Ugi reaction can be used for the selective
labelling of human and humanized IgGs with an azido-moiety. Because chemical formation of
protein dimers can be accompanied with low yields and hard separation of the different formed
species, we decided to exploit our trastuzumab E1-selective conditions — i.e., trastuzumab 10
mg/mL using 45 equiv. of aldehyde 6 and isocyanide d — that were shown to retain a certain
degree of site-selectivity when applied to the human or humanized IgGs ramucirumab and
bevacizumab. As these conjugates were shown to partake efficiently in a further SPAAC
functionalization step using various BCN derivatives — e.g., BCN-TAMRA, BCN-Cy5, BCN-FITC,
BCN-iminobiotin, BCN-DM1 —, we hypothesized that using BCN-functionalized protein or
fragment of protein should lead to molecularly defined protein dimers. More interestingly, the
addition of such large species onto the I1gG should allow the separation by SEC of the obtained
regioisomers — i.e., 43 % DO, 37 % D1 and 20 % D2 —, leading to the formation of pure and
homogeneous constructs. Moreover, having shown that the affinity of the Ugi-modified
trastuzumab was not impaired in comparison with native 1gG, we were confident that our
strategy should lead to the formation of active bispecific antibodies (bsAbs) with (2+1) and/or
(2+2) valences upon coupling with appropriate BCN-functionalized Fv.

I.2.b. BCN-functionalization reagent

In order to generate those BCN-Fv, we chose to modify Fab fragments. These are accessible
from full mAbs through pepsin and/or papain digestion and they have the advantage of
presenting a single inter-chain disulfide bond, easily accessible for reduction and thus, site-
selective functionalization. This characteristic is essential because the Ugi-reaction permits the
introduction of a single azido motif per modification site, hence the introduction of a single BCN
motif per Fv — in our case, per Fab — is necessary in order to obtain molecularly defined bsAbs.
Our attention turned to dibromomaleimides (DBM, R199) reagents — also coined next
generation maleimides (NGM) — as, in comparison with classical maleimides, those reagents
lead to a rapid and complete rebridging of disulfide moieties.?? The formed thioalkenyl bonds
were described to be sensitive to thiol exchange in presence of free thiol groups — as in
glutathione (GSH), for example — suggesting plasmatic stability issues.?!® Hydrolysis of the
maleimide ring R200 into maleamic acid R201 under slightly alkaline conditions (pH 8.5) was
shown to prevent this thiol-exchange side reaction, yielding highly stable conjugates
(Figure 59).211 Lyon et al. showed that such hydrolysis was accelerated when electron-
withdrawing groups were added to the maleimide ring’s nitrogen and Morais et al. showed that,
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on full mAb, DBM-C; (R202) and DBM-ph (R203)reagents displayed higher hydrolysis rates than
DBM-Cgs (R204)— t1/2 = 19.3 min, 16.3 min and 48.1 h, respectively (Figure 59).212
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Figure 59: Structure of the adducts formed upon rebridging with DBMs. Example of different reagents
studied by Morais et al.

Having this in mind, we opted for a strategy inspired by the work of Castafieda et al., activating
dibromomaleimides 19 into N-methoxycarbonyldibromomaleide 20 that can be functionalized
through formal trans-carbamatation in presence of a primary amine-containing reagent
(Scheme 8).23 Two different BCN-NH; were synthesized, starting with the endo isomer of BCN
alcohol 21 according to reported literature.?!* First, the alcohol derivative 21 was activated as
an electrophilic p-nitrophenol (PNP) carbonate 22. Nucleophilic addition of 1,3-propylene-
diamine on 22 under diluted controlled conditions led to the formation of DBM-NH 23. Finally,
the addition of 23 onto DBM 20 led to DBM-1 with 70% yield (Scheme 8).

As protein dimer formation might be prone to steric hindrance between the two proteins, we
synthesized an analogous DBM functionalized with a PEG4 spacer allowing greater flexibility
between the DBM core and BCN moiety of the reagent. BCN-PNP 22 was thus functionalized via
the nucleophilic addition of amino-PEGs-tert-butyl ester 24, yielding compound 25. The latter
was saponified into the corresponding carboxylic acid 26 using LiOH and further activated as a
PNP-ester 27 to yield BCN-NH; 28 upon addition of 1,3-propylenediamine under carefully
controlled conditions. Coupling between BCN-NH; 28 and our previously synthesized DBM 20
led to the formation of DBM-2 with good yield of 71%. (Scheme 8).
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Scheme 8: Synthetic route to DBM-1 and 2.

DBM-1 and 2 contain a carbamate linkage that can present some in-cellulo instability hence we
turn toward the use of bicyclo[6.1.0]nonyne carboxylic acid 29 as a way to produce more stable
BCN derivatives.?’> Home-made 29 was activated as PNP ester 30 and functionalized with
propylene diamine to yield BCN-NH; 31, with good yield. The addition of 31 on DBM 20 allowed

the formation of DBM-3 with excellent yield of 95% (Scheme 9).

If 20 is structurally related to DBM-C, developed by Morais et al., we still wanted to make sure
the reactivity of those two DBMs was comparable. Thus, we synthesized DBM-C2 34 from
dribromomaleic acid 32 and glycine 33.2%° Coupling between 34 and 31 was performed through
classical amide bond formation conditions, using 2-ethoxy-1l-ethoxycarbonyl-1,2-
dihydroquinoline (EEDQ) as the coupling reagent. However, surprisingly low yields of DBM-4
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were observed, systematically below 30%, probably due to the low reactivity of the coupling
agent (Scheme 9).2%
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Scheme 9: Synthetic path to DBM-3 and 4.

With those reagents in hands, we next turned our attention toward the rebridging and
functionalization of disulfide-containing proteins, such as Fab fragments.

1.2. Fab-BCN generation

I.2.a. Fab production

Having produced our heterobifunctional reagents, we then turned to the production of the Fab
fragments, selected from various mAbs classically used in oncology, following an appropriate
combination of immobilized pepsin and papain. Pepsin digestion, under controlled conditions,
leads to the proteolysis of the mAb’s Fc portion, yielding a F(ab’). fragment as the sole product
(Figure 60). F(ab’); can also be further trimmed using papain, a non-selective sulfhydryl
protease cleaving IgGs between an histidine and a threonine residue in the highly conserved
motif CDKTH/TC above the hinge region but below the HC-LC interchain disulfide, resulting in
two identical Fab fragments.?!®?7 We then selected different 1gGs — i.e., trastuzumab,
rituximab, avelumab, durvalumab and muromonab — whose characteristics are summed up
inErreur ! Source du renvoi introuvable. 13.

\ W4
\ W4
‘# Pepsin ‘II# Papain II +2XHH

“ - —_—
Il I

Fc Fab

Papain

Figure 60: The different fragments obtained upon IgG digestion with pepsin
and/or papain.
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With the precious help from Ms Léa Rochet, a PhD student working under the supervision of
Professor Vijay Chudasama at University College London, bespoke conditions were developed
for the digestion of each IgG, using analytical SEC to follow its progress.

Avelumab, durvalumab and muromonab were digested with papain under optimised conditions
— i.e., using cysteine hydrochloride as reducing agent in order to reduce all accessible disulfide
bonds of the IgG and the active sulfhydryl of the papain in PB (pH 7.0, 10 mM EDTA) at 37 °C for
3 h — yielding the desired solutions of Fab and Fc fragments. In the case of durvalumab, the
separation of these two fragments could be performed by SEC with high yields and purity.

For avelumab and muromonab, the size difference was too small to allow efficient separation
of the two fragments by SEC, and affinity chromatography was performed instead, using protein
A. Protein A presents a high affinity for the Fc region of various IgGs (i.e., K, around 10 M) at
neutral pH, allowing the isolation of pure Fab fragment, while Fc fragments can be recovered
after acidic treatment of the protein A column if needed.?!® As over-digestion of rituximab was
observed under those conditions, leading to protein species with lower molecular weights,
papain was pre-activated using dithiothreitol (DTT) in order to free its active sulfhydryl group
before the reducing agent was removed by gel filtration prior to digestion of the whole,
unreduced mAb in PB (pH 6.8, 1 mM EDTA) for 16 hours at 37 °C. Under those conditions, a
mixture of Fc and Fab was obtained, easily separated by affinity chromatography.

For trastuzumab, effective digestion was observed using papain under our optimal conditions
but separation by affinity chromatography could not be performed, due to the binding of both
Fab and Fc to the protein A column. Instead, trastuzumab’s Fc was digested using pepsin,
generating F(ab’), trastuzumab, whose hinge region was further digested using pre-activated
papain in PB (pH 6.8, 1 mM EDTA) for 24 hours at 37 °C.

Table 13: Characteristics and methods used for the digestion of different mAbs into Fab fragments. The
given molecular weights were observed by native SEC-MS analysis.

. . e .. Fab MW
mAb type Target digestion Purification (Da)
avelumab Human IgG1A PD-L1 papain Protein A 46 855
muromonab Murine IgG2a CD3 papain Protein A 47 446
durvalumab Human IgGlk PD-L1 papain SEC 48 047
o murine/human . . .
rituximab CD20 Mild Papain Protein A 47 180
IgGlk
Pepsin then
trastuzumab Humanized IgG1k HER-2 . . SEC 47 637
mild papain
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We thus developed custom digestion conditions for the production of five Fab originating from
diverse 1gGs with acceptable to good yields (54 to 85%). With those Fab fragments in hands,
rebridging conditions using the previously synthesized DBM-BCN were finally explored.

I.2.b. Fab rebridging

In order to evaluate the rebridging efficacy of our DBM-BCN reagents, and more importantly
their hydrolysis into maleamic acid, rituximab Fab (Frit) was chosen as model Fab for the study.
The disulfide bridge of Frit was reduced using two equivalents of tris(2-carboxyethyl)phosphine
(TCEP) in PBS (pH 7.5, 5 mM EDTA) after incubation at 37 °C for 60 minutes, to free the two
sulfhydryl groups (Figure 61).213:209 93 Reduced Fgit was then incubated with 2 equiv. of DBM in
PBS (pH 7.5) at 25 °C for 20 minutes. The resulting Fri-BCN conjugates were then incubated
with 5 equiv. of Cy5-azide in PBS (pH 7.5) at 25 °C for 16 h. This last step has two purposes: to
evaluate the SPAAC efficacy of the used reagent and promote the hydrolysis of the maleimide
into its maleamic acid form. Resulting conjugates were analysed by native SEC-MS. The results
summed up in figure 61 show that Frit was rebridged efficiently with all the tested DBM;
however, slightly lower conversions were observed using carbamate-based DBM-1 and 2. With
single modification being observed in all cases and hydrolysis to maleamic acid for the four
tested DBM thus validating they are all suitable for Fab-rebridging.

DBM (2 equiv.)
TCEP (2 equiv.) 1. PBS (1X, pH 7.5)
_— 25 °C, 20 min.
PBS (1X, pH 7.5 .
ED(TA 5pmM ) SH N3-cy5 (5 equiv.)
37 °C. 60 min Reduced F; 2. PBS (1X, pH 7.5)
’ ’ 25°C, 16 h.
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Figure 61: Rebridging of F.i: using DBM-1,2,3 and 4. Systematic hydrolysis of the maleimide ring is
observed after 16 hours incubation at 25 °C in PBS (pH 7.5).

Because Morais et al. reported the optimal maleimide to be the DBM-C2, we pursued this
optimization study with DBM-4. Control experiments showed that incubation of Fgi: with DBM-
4 without prior reduction of the inter-chain disulfide bonds led to an absence of fluorescence,
thus validating the chemo-selectivity of the method. Since simultaneous reduction and
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rebridging of Fab fragments using PDs was reported to be efficient in some cases, we evaluated
whether DBM-4 could be used under similar conditions. However, any attempt at conducting
these two steps simultaneously led to decreased conversion, and we therefore decided to
pursue with our two-step process.

Finally, the same reaction conditions were applied to the other Fab fragments — i.e., Fab
avelumab (Fave), Fab muromonab (Fmuro), Fab durvalumab (Fgurva) and Fab trastuzumab (Fia) —
and the resulting conjugates were analysed by native SEC-MS. Excellent results were obtained
with these other Fabs, except for Fmuro for which low rebridging (40%) was observed.

Muromonab being an IgG2a, it presents an exceptional disulfide geometry with the heavy chain
sulfhydryl implicated in the Fab interchain disulfide bridge being located not in the hinge region
but at the fusion of the V4 and CH1 domains making the disulfide bridge more prone to post-
translational modification (Figure 62).21%220 Post-translational trisulfide bond formation
between the two cysteine residues that normally form the inter light chain-heavy chain disulfide
bond and dissolved cysteine or hydrogen sulfide (H2S) under its nucleophilic sulfhydryl (HS)
form was considered.??! Analysis by native SEC-MS of the unmodified Fab disproved the
presence of such adducts with single peak being observed, leading us to suspect that reduction
with TCEP might be more difficult for this disulfide geometry. Thus, we evaluated the influence
of an increased amount of reducing agent on the overall rebridging conversion and were
pleased to observe that using a large excess of TCEP (50 equiv.) led to complete reduction of
Fmuro, allowing its complete rebridging with good yield.

N
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Figure 62: Optimal conditions used for the rebridging of different Fabs using DBM-1.

The efficacy of the rebridging was controlled and confirmed by SDS-PAGE under reducing
conditions. If the rebridging is efficient, reductive conditions associated with denaturing
conditions will lead to the formation of LC and a Fd fragment of heavy chain of around 25 kDa
each, easily observable by SDS-PAGE. The gel presented in figure 62 shows that the rebridging
is efficient with very low amount of species at 25 kDa. With those results in hands, we finally
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evaluated the SPAAC between our rebridged Fab / BCN fragment and our site-selectively Ugi-
conjugated mAb / azide fragment.
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1.3. BsAb production

In order to first assess the formation of bsAbs, we used a model system composed of Ugi-
modified trastuzumab (Tra-Ns3) and Fri:rebridged with DBM-4 (Fi+-BCN). The SPAAC reaction was
monitored by SEC and SDS-PAGE, focusing on the formation of high-molecular weight species.
In order to limit the amount of side products such as IgG aggregates, Tra-N3 was purified by SEC
prior to SPAAC and mixed with Fyt-BCN in a 1:1 molar ratio in order to obtain a 67 [ 1M final
concentration of tra-Ns in PBS (1X, pH 7.5). The solution was then incubated at 25 °C for
24 hours but low amounts of high molecular weight species was observed in this case
(Figure 63). Because the production of Fab by enzymatic digestion is time and cost-consuming,
we decided to use another model protein instead, and elected bovine serum albumin (BSA) as
our Fab surrogate to optimize SPAAC conditions between two proteins.

S N 250kDa
H / N 150kDa
N

100 kDa
75 kDa

F.i+-BCN
1:1 molar

50 kDa
37 kDa

25 kDa
20 kDa

15 kDa
10 kDa

PBS (1X, pH 7.5)
25°C, 24 h.

F.i-BCN tra-Ns

(40 % DO, 38 % D1, 22 % D2) tra-F

Figure 63: Analysis of the first attempted formation of tra-Frit.

II.3.q. BSA-BCN formation

Albumins are 65-kDa proteins that are highly abundant in blood plasma and play important
roles in the maintenance of osmotic pressure as well as carriers of nutrients — fatty acids,
mineral — or hormones to cells.??? Serum albumins present great stability from pH 4.0 to 9.0
and can be heated up to 60 °C for 40 hours without deleterious effect on their structure and
physicochemical properties.??> Moreover, because of their great biocompatibility and easy
preparation, they have been extensively used as drug vehicles for therapeutic applications.?4~
228 Interestingly, albumins possess one unpaired cysteine residue, poised for chemo- and regio-
selective reaction with our previously developed DBMs through single bromine substitution.

BSA was purchased from ACROS scientific, and it was found to be only 79% pure after analysis
by SEC, 16% of those impurities being a BSA-dimer. Moreover, native MS analysis of a pre-
purified BSA sample — using preparative SEC — showed some intrinsic heterogeneity: if a main
peak at 66 429 Da corresponding to native BSA could be observed, it was accompanied by three
other small peaks (Figure 64). The first one, with a mass of 66 549 Da, corresponds to a
cysteinylation adduct, with the free cysteine of native BSA forming a disulfide bond with a
cysteine amino acid (M =121.15 Da).??° The second peak, with a mass of 66 597 Da, was

100



Native BSA analysis by SEC-MS
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Figure 65: Structure of the different adducts
identified after native MS analysis of BSA.

assigned as a fructoselysine glycosylation adduct
(M = 163.00 Da), resulting from the Amadori
rearrangement of an imine adduct between
glucose and a BSA’s lysine residue, resulting from
the production mode of BSA.2% Finally, the third
peak presents a mass of 66 763 Da, matching that
of a doubly cysteinylated/glycosylated adduct.

In addition, we also observed a fourth side species
upon reacting BSA with a DBM reagent, with an
increment in mass of 30 Da, probably hidden in
the shoulder peak of the main BSA peak in native
BSA This s S-
nitrosocysteine adduct, the
reaction of the cysteine’s free thiol with nitric

analysis. presumably a

resulting from

oxide.?3! As none of these cysteine adducts could

partake in reactions with DBM, this must be taken into account when calculating the yields and

conversion of the reaction. Based on the
fragments (vide supra), BSA was incubated

conditions developed for the rebridging of Fab
in PBS (1X, pH 7.5) with 2 equiv. of DBM-1 for

20 minutes at 25 °C (Figure 65). Interestingly, good conversion (> 90%) of thiol-free BSA — that
is, native BSA and glycosylated BSA — was easily obtained. Unexpectedly, we observed the
systematic loss of the second bromide of the DBM reagent as well as addition of a second
equivalent of DBM on BSA (D2 species), albeit to a lesser extent. While this points toward a lack
of chemo-selectivity of the DBM reagent, we have not been able to identify the competing

residues yet.

DBM-1 (1 equiv.)
1. PBS (1X, pH 6.5)
25 °C, 10 min.
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Figure 64: Structure and native SEC-MS spectra of BSA-BCN produced from using DBM-4.

101



Nevertheless, we managed to minimize this second addition to limit it to < 5% by using only 1
equiv. of DBM-1 in PBS (1X, pH 6.5) and reducing the incubation time to 10 minutes. Any
increase in reaction time, temperature or number of DBM equivalent was found to lead to an
increase of the D2 species; surprisingly, varying the pH (from 6.5 to 8.5), usually crucial to prove
competition between lysine and cysteine, did not seem to have a significant influence on the
formation of the D2. SPAAC of the resulting BSA conjugates with Cy5-azide was found to reach
completion under standard conditions — small excess in reagent (5 equiv.) in PBS (1X, pH 7.5)
for 20 hours at 25 °C —; however, no hydrolysis of the maleimide ring was observed. Similar
reactivity was observed when using other DBMs, with systematic loss of the two bromides on
D1, small D2 species and no hydrolysis of the maleimide ring. Having developed conditions for
the production of BCN-functionalized BSA, we decided to evaluate the feasibility of its SPAAC
with tra-Ns produced by our Ugi E1-selective conditions.

I1.3.b. Tra-BSA dimers
As previously discussed, the chemical formation of protein dimers is a non-trivial process as it
can result in complex mixture of compounds that can be hard to separate. Having our selective
Ugi-E1 conditions in hands for the generation of tra-N3 and a selective BSA-BCN production
method, we assumed that the generation of homogeneous antibody-BSA dimers should be
readily possible.

The structures of the different adducts that might be formed by such reaction are summed up
in figure 66. Even if our E1 conditions are highly selective, the produced tra-Ns contains a
mixture of three compounds, namely unmodified trastuzumab (tra D0), trastuzumab modified
with one Ugi reaction (tra-N3 D1) and trastuzumab modified with two Ugi reactions (tra-N3 D2).
The respective amount of each species is given by the native SEC-MS spectrum of the Ugi-E1
presented in figure 66, indicating that only 60% of all antibody species present in the medium
bear an azide group and are thus able to react with a strained alkyne. Among these 60%, around
65% of the azido-functionalized trastuzumab possess a single azido handle (tra-N3 D1) free to
react with BSA-BCN to form tra-BSA (M = 212 940 Da), while the remaining 35% bear two azide
groups (tra-N3 D2) and can then lead to the formation of a trimer species composed of a
trastuzumab functionalized with two BSA (tra-BSA2, M =280 007 Da). However, it is also
possible that the tra-N3 D2 species reacts only once with BSA-BCN, leading to Tra-Ns3-BSA
(M =213 252 Da), due to the steric hindrance caused by the first addition.
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Figure 66: Structures and masses of the theoretical adducts resulting from the reaction of tra-N3 and
BSA-BCN.
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In a first attempt to develop effective SPAAC conditions, we incubated 2 nmol of a 67 [IM tra-Ns
solution with 3 equivalents of BSA-BCN produced using DBM-1. This mixture was incubated at
37 °C for 24 hours before it was analysed by native SEC-MS (Figure 67). Four species, which
could be quantified based on their absorbance at 280 nm, were separated by SEC (peak 1 to 4)
and analysed by MS, allowing us to determine the composition of the reaction mixture. Peak 1
(24% of the formed species, elution time = 9.12 min.) was found to contain the excess of BSA-
BCN introduced in the reaction mixture (Mobs = 66 758 Da; Mcaic = 66 755 Da). The second peak
(33% of the formed species, elution time = 8.68 min.) was found to contain a mixture of BSA-
BCN — probably resulting from a poor separation from peak 1 by SEC — and of tra-D0 (Mops =
145 872 Da; Mcaic = 145 873 Da). This indicates that the SPAAC reaction is complete under those
conditions, as azido-functionalized trastuzumab species are no longer detected in the mixture.
The third peak (29% of the formed species, elution time = 7.10 min.) was found to contain a
mixture of two compounds: the first one — M1 = 133 596 Da — was assigned as a BSA-BCN
dimer, an artefact resulting from the analysis (Mcic = 133 510 Da), while the second one —
M; =213 052 Da — could be attributed either to the expected tra-BSA — with a shift in mass
(A) of 112 Da in comparison with the expected 212 940 Da. Such shift can be linked to the
presence of fructoselysine modification of BSA or to the co-elution of tra-BSA and tra-N3-BSA
resulting in average observed molecular weights. Peak 4 (14% of the formed species, elution

[tra-Na] = 70 uM
[BSA-BCN =210 uM
PBS (1X, pH 7.5)
BSA-BCN (DBM-1) 37°C, 24 h.
tra-N3
(40 % DO, 38 % D1, 22 % D2) Tra-BSA
native SEC-MS
UV chromatogram and associated M (Da)
8.68
peak 3
29 %
M, = 133 596 Da p;:'.f/oz
3.0e-1- B b e M, = 145 872 Da
_ 7.10
2.0e-1
- 6.07
peak 4 peak 1
| o 24%
1.0e-1- M, = 213 252 Da Mobs = 66 758 Da
! M, = 280 588 Da
0.0 time
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Figure 67: SDS-PAGE and native SEC-MS analysis of the reaction of tra-Ns (70 M) with 3 equiv. of BSA-
BCN (from DBM-1) incubated a 37 °C for 24 hours.
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time = 6.07 min) was found to contain a mixture of two high molecular-weight species
(M;=213252 Da and 280 588 Da) which do not match the expected D2 species
(Mcaic = 280 007 Da), urging us to hypothesize that those species might come from mAb
aggregation due to the high concentration and temperature used for the reaction.

To validate this hypothesis, tra-N3 was incubated in the presence of native BSA under the same
reaction conditions. If the formation of BSA dimer was still observed (Mcic = 132 858 Da;
Mobs = 132 863 Da), other high molecular weight species were also detected, which could not
be identified (Mobs = 199 613 Da and 285 855 Da). Incubation of native trastuzumab with BSA-
BCN did not lead to the detection of high molecular weight species suggesting the high
molecular weight species are linked to the presence of a free thiol in BSA and that the high
concentration and long incubation do not lead to trastuzumab’s aggregation. Hence, we
hypothesized that peak 4 species might present a mixture of the high molecular weight species
observed upon incubation of tra-N3 and native BSA.

Variations in the reaction conditions was performed in order to minimize the formation of these
aggregates, while conserving a full conversion of the azido species. For instance, we conducted
an optimization campaign relying on analytical SEC quantification of the different formed
species (Figure 68). We found that, in order to reach full conversion, the addition of an excess
of BSA-BCN ( > 2 equiv.) was required as well as 48 hours of incubation time. Variation in the
temperature and concentration of the solution showed low impact on the conversion and
guantity of aggregates. On the other hand, large excess of BSA-BCN (4 equiv.) did lead to higher
conversions, but no increased amounts of D1 species was observed to the profit of the
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Figure 68: Optimization of the SPAAC conditions for the formation of tra-BSA dimer using analytic SEC.
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aggregates peak. However this might come from the formation of D2 species, no separation
from the previously observed aggregates was observed (Figure 68).

Having validated and optimised the formation of the expected protein dimer, we next engaged
in its purification. Isolation of peak 3 by preparative SEC was attempted using an isocratic
0.5 mL/min flow of PBS (1X, pH 7.5) as eluent. The separation between all species was found to
be challenging, as overlapping between peaks 3 and 4 was observed (Figure 68). Gratifyingly,
better resolution was observed when concentrating the injected sample to at least 2 mg/mL.
Our D1 species was isolated (purity > 90%) with a 28% yield, calculated from the amount of tra-
Nz initially used — a corrected 47% vyield is obtained if we consider that only 60% of the
introduced tra-Ns can actually form dimers (Figure 69). The detected mass (M =213 216 Da)
was in good agreement with either tra-BSA or with a mixture of tra-BSA and tra-N3-BSA thus
validating the formation of the desired dimer. Peak 4 was also isolated, albeit in too low
concentration to be analysed by native SEC-MS, suggesting it contains some aggregates that
might precipitate.
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Figure 69: Analysis of the isolated tra-BSA dimer obtained in the optimal SPAAC conditions.
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As a summary, we managed to develop conditions for the SPAAC reaction between tra-Ns,
produced by Ugi reaction, and BSA-BCN, produced using a thiol-selective rebridging agent. We
noticed that concentrated solutions were mandatory for the SPAAC to happen, along with
elevated reaction times; however, the impact of the temperature was shown to be negligible.
Due to the inherent heterogeneity of our BSA sample, presenting several by-species and
adducts, the isolated dimers could not be linked to a precise species and are more likely to
correspond to a mixture of four different compounds, viz. tra-BSA, tra-BSA-fructoselysine, tra-
N3-BSA and tra-Ns3-BSA-fructoselysine (av. M = 213 200 Da, Mobs = 213 216 Da). While we
selected BSA as a model protein to develop our SPAAC conditions, such antibody-BSA dimers
could still be interesting for different applications, notably to generate drug conjugates with less
systemic toxicity, which we will investigate in a near future. Having validated our approach and
developed optimal conditions, we now needed to apply them to the production of our desired
bsAbs.

I1.3.c. bsAb formation
Following our successful production of tra-BSA dimers, we turned back to our previously
developed Fri+-BCN coupling partner and applied our optimised conditions. We thus incubated
100 [IM of tra-N3 with 200 [IM of Fit-BCN at 25 °C (Figure 70) and monitored the progress of
the SPAAC by native SEC-MS after 24, 48 and 120 hours, to evaluate the time needed to reach
completion. SEC allowed the separation of three different peaks (peak 1-3): peak 1 — elution
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Figure 70: Tra-Frit formation and native SEC-MS analysis.
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time = 11.08 min. — was found to contain Fyit-BCN (Mobs = 47 569 Da, Mcaic = 47 551 Da); peak 2
— elution time 7.78 min. — was found to contain tra-Ns3 (DO + D1) after 24 hours
(M;=145870Da, M; 146 173 Da, respectively) but only tra DO after 48 hours
(Mobs = 145 869 Da), suggesting that 48 hours were necessary for complete SPAAC to happen.

Peak 3 — elution time = 7.10 mL— was found to contain a single compound, whose mass
(Mobs = 193 737 Da) matched perfectly that of our expected bsAb (Mcaic = 193 736 Da). Similar
results were obtained after 120 h. and no higher molecular weight species were observed
suggesting selective formation of tra-Fi: with neither aggregation nor formation of D2 species
under those conditions.

Purification and isolation of the bsAb was then performed by preparative SEC. Because of the
lower molecular weight of the Fab in comparison with BSA, the separation was found to be
challenging, with overlapping of peaks 2 and 3 observed by preparative SEC (Figure 71). Any
attempt in varying the eluent to increase the resolution was met with failure, while increasing
the concentration of the loaded sample was found to be beneficial only to a certain extent. We
suspect that the conjugated Fab might stack onto the full mAb resulting in a clear separation of
the species under denaturing conditions, such as SDS-PAGE, but in a poor increase of the
hydrodynamic radius, resulting in mediocre separation under native conditions (Figure 71). For
these reasons, two consecutive purification runs were necessary to fully separate the bsAb from
its parent mAb, delivering pure Tra-Frit with a 48% vyield (tra-Ns based). Analysis by native SEC-
MS confirmed the isolation of the desired product and, in this case, mixture of tra-F
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Figure 71: Formation and isolation of Tra-F using preparative SEC and resulting nativeSEC-MS spectra.




(Mobs = 193 750 Da, Mcalc = 193 736 Da) and tra-Ns-Fit (Mobs = 194 028 Da, Mcaic = 194 048 Da)
was observed. Interestingly, pure unreacted Fit--BCN could also be recovered and be recycled
for bsAb production. A mixture of tra-Fs: and tra-Ns-F«: was obtained which confirms that all
the azido-functionalized forms of the introduced tra-N3 were indeed functionalized however no
more than one Fab was added to the full mAb, probably for steric reasons.

Having validated the formation of the bsAb, we then evaluated if the attachment of Fi: on the
E1 residue of trastuzumab had an impact on its affinity for HER-2. Tra-F.i: was labelled with FITC
and HER-2 affinity was measured using SKBR-3 cells as positive control and MDA-MB-231 cells
as negative control using the LigandTracer technology. Intact affinity for HER-2 (Kp = 0.35 nM)
was observed, comparable to the affinity of native trastuzumab (Kp = 0.65 nM) thus validating
that the attachment of F.i: did not impair the recognition of the mAb (Figure 71).

Any variation in the used rebridging reagent (DBM-1 and DBM-2) led to similar profiles with
complete SPAAC being observed in all the cases. In the case of DBM-2, we hypothesized that
the longer linker — PEGs — would provide greater flexibility and might lead to a bigger
hydrodynamic radius, however no improved separation was observed (see experimental part).

Building on those positive results, other bsAbs were produced by varying the Fab-BCN produced
using DBM-4 — i.e., Fira, Fdurva, Fave and Fmuro — but also by using another Ugi-functionalized mAb
—i.e., ramucirumab (Ram-N3) —, as well as the pepsin-digested fragment of trastuzumab F(ab’)2-
tra-Ns. Pleasingly, our method proved to be well applicable to these other proteins, allowing
access to seven different bsAbs, albeit with lower yields than those observed for Tra.F:it
formation (Table 14). Interestingly, all the bsAbs produced from Ugi-functionalized trastuzumab
showed excellent affinity for HER-2, comparable with that of native trastuzumab, and proving
that the addition of a large biomolecule fragment has no impact on this key biological property
of antibodies. In a similar way, Ram-Fia, built around another whole IgG scaffold —
ramucirumab —, showed only a slightly decreased affinity towards HER-2 receptor compared
to native trastuzumab. As this construct is the only one for which the HER-2 recognition motif
Table 14: Key characteristics of the bsAb formed through SPAAC reaction.

bsAb target1 | target2 | Mgy (Da) | Mcyc (Da) | yield (%) | Kp (nM)
193 750 193 736
tra.F - 0.35
rit HER-2 CD20 194 028 194 048 48 3
194 209 194 193
tra.F - -
ra.Fira HER-2 HER-2 194 491 194 505 22 0.50
tra-Fgurva HER-2 PD-L1 194615 | 194 603 23 0.39
193 410 193 411
tra.F - - 4
ave HER-2 | PD-LT 53700 [ 193723 24 049
194 001 194 002
tra.F - )
ra.Fmuro HER-2 CD3 194 290 194 314 20 0.44
145 408 145 425
F(ab’)otra.Fmyro HER-2 CD3 126 052 126 049 33 0.42
192 565 192 564
Ram.F - - 2.9
tra VEGFR-2 | HER-2 192 861 192 876 20
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comes solely from the added Fab-fragment, it shows that the formation of the bsAb does not
impair the recognition of the Fab fragment either.

Having validated our strategy and demonstrated that the site-selective Ugi reaction is a
powerful conjugation method to access bsAbs, we wanted to engage in an in-depth
pharmacological study of certain of our dimers, namely tra-Fmuro and F(ab’)2tra-Fmuro, as they
possess a CD3-targeting Fab fragment capable of binding and activating T-cells, making them
potential bispecific T-cell engagers (BIiTE, see introduction). For those two BiTE formats, the CD3
and HER-2 occupancy as well as the T-cell-dependent cellular cytotoxicity (TDCC) was evaluated
by the group of Professor Chris Scott, our collaborators at the Queen’s University Belfast.

The binding of the tra-Fmuro and F(ab’)ztra-Fmuro constructs to human breast cancer HER2-
expressing HCC1954 cells and human T lymphocyte CD3-expressing Jurkat cells was evaluated
by flow cytometry. For this purpose, HCC1954 cells (HER2* CD3") and Jurkat cells (CD3* HER2')
were incubated with the bsAb at 4 °C to prevent any premature receptor internalization.
Following incubation, samples were washed to remove any unbound bsAb and stained with
either phycoerythrin (PE)-conjugated anti-human IgG Fc secondary antibody or allophycocyanin
(APC)-conjugated anti-CD3 secondary antibody. The results of the receptor occupancy studies
showed clear binding of both bispecific constructs to CD3, indicated by a significant reduction
in fluorescence of the bsAb-incubated samples in comparison with the untreated, APC-stained
controls in Jurkat cells (Figure 72). This means that less CD3 receptor is available when the bsAb
is added to the Jurkat cells thus validating its occupancy by the bsAb.
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Figure 72: CD3 occupancy of tra-Fmuro and F(ab’)stra-Fmur, evaluated on Jurkat
cells.
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Furthermore, binding of tra-Fmuro to HER-2 was confirmed by a clear increase in fluorescence of
the HCC1954 samples incubated with the bsAb (Figure 73) compared with untreated, PE-stained
control, suggesting that the functionality of trastuzumab and paratopes of tra-Fmuro Was not
hindered. Because of its intrinsic mechanism, validation of the HER-2 occupancy of F(ab’).-tra-
Fmuro could not be evaluated using the same method (PE labelled anti-human IgG Fc secondary
antibody) as this format does not comprise a Fc. However, our LigandTracer experiment showed
that HER-2 recognition was not impaired on this format. The flow cytometry evaluation of the
HER-2 occupancy of the F(ab’)2tra-Fmuro Will still be evaluated in the coming weeks, by using an
appropriate APC-labelled anti human IgG Fab secondary antibody.
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Figure 73: HER-2 occupancy of tra-Fmur, evaluated on HCC1954 cells.

Following the confirmation that bsAbs maintain the antigen-binding properties of their parent
mAb and Fab, their capability to induce TDCC upon tumour cell/T cell antigen engagement was
evaluated via a 72 h dose response study. Briefly, HCC1954 cells were cultured with primary T
cells isolated from buffy coats of healthy donors at an effector to target (E:T) ratio of 10:1 and
treated with increasing concentrations of tra-Fmuro or F(ab’)atra-Fmuro (9.9 pM — 2.53 nM and
13.7 pM - 3.5 nM, respectively). Following 72 h treatment, tumour cell viability was measured
using CellTiter-Glo® assay (Promega) following the manufacturer’s instructions. Both bsAbs
showed to induce T cell-mediated cancer cell death in a dose-dependent manner, with the 1Cs
of tra-Fmuro falling at 77 pM, and the ICso of F(ab’)2tra-Fmuro equating 83 pM (Figure 74). Control
experiment showed that the addition of 500 [Jg/mL of pure trastuzumab in the co-culture did
not lead to any toxicity thus validating the observed toxicity is only linked to the T-cell activation
mediated by the used bsAb.
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Figure 74: 72 hours dose response study in T cell - HCC1954 coculture (E:T,
10:1). Treating concentration of bsAbs: 500 /§/mL (tra-Fuuro = 2.53 nM
and F(ab’);tra-Fmuro = 3.5 nM). Each graph presents datas representative
of three independent experiments performed using three different donors.

Those result show that our Ugi-based bsAbs indeed combine the affinities of the two parent
mAbs for their respective targets. Moreover, in the case of HER-2xCD3 recognition, we were
also able to show that our bsAbs did present good toxicity toward HCC1954 cells in presence of
T-cells from three different donors.

If our format presents an asymmetric structure, resulting in a 2+1 valency, which is not common
for the bsAbs produced by chemical conjugation, we showed that it does not impair neither the
affinity nor the activity of the formed construct. Moreover, smaller and more compact formats
were efficiently produced, showing similar properties.

V. Conclusion

Bispecific antibodies (bsAbs) are widely used for the treatment of complex multifactorial
diseases such as cancer. The most widely described application of such construct is the
combination of an anti-cancer specificity with an anti-T cell specificity leading to a construct,
called bispecific T-cell engager (BIiTE), that can trigger cancer cell death through re-orientation
of the immune system. Nowadays, most of the bsAb are produced via genetic engineering but,
this production method comes with necessity of new development for each desired
combination of specificity resulting in high production costs and time. For this reason,
employing site-selectively conjugated mAbs, whose reactivity was already described and
analysed, as started to emerge as promising strategy for bsAb production allowing to simplify
and thus accelerate the process.

We decided to evaluate the efficacy of our N-terminal selective Ugi 4C-3CR conditions,
generating homogeneously azido-functionalized human mAbs, to produce bsAbs. We chose to
introduce the second specificity by SPAAC reaction with a Fab fragment of a different mAb,
through bioorthogonal chemistry, and developed efficient digestion methods for the generation
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of Fab from five different off-the-shelf mAbs. Using the widely described DBM reagents,
functionalized with a strained alkyne, we were able to site-selectively label them. However, the
reaction between two proteins being impaired by steric hindrance between the two proteins,
48 hours of incubation at 25 °C, using two equivalents of BCN-functionalized Fab, were needed
to lead to the full consumption of the azido functionalized mAb. Addition of a single Fab was
observed in all cases, allowing the isolation and characterization of six different bsAbs
presenting a 2+1 valency with yields varying from 20 to 48%.

Using the LigandTracer technology, we were able to validate that their affinity was not impaired
whether the paratope came from the mAb or from the Fab. Among the formed bsAbs, two were
T-cell engager formats — through recognition of CD3 from T cells and HER-2 from breast cancer
— and, thanks to collaborators from the Queen’s University of Belfast, we were able to validate
both their CD3 and HER-2 occupancy as well as good T-cell dependent cellular cytotoxicity with
ICs0 around 80 pM in both cases.

In addition, this method could also be applied to the formation and isolation of other protein
dimers such as trastuzumab-BSA dimers. As our protein dimers present intact disulfide bonds,
they could allow their further homogeneous functionalization using widely described rebdirging
methods and pave the way toward the formation of bsAb-drug conjugates.
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General conclusion and perspectives

During this thesis, different aspects of the site-selective chemical conjugation of native proteins
were studied. The first aspect concerned the development of site-selective methods, based on
the use of multicomponent reactions for the labelling of either a single chemical function of the
protein or two spatially close chemical functions of the protein borne by a single residue or two
different residues. The second aspect concerned the exploration of the applications of such
selective method, in our case for the formation of protein dimers and more precisely bispecific
antibodies.

In a first part, we evaluated the use of the Robinson-Schopf 3-CR for the selective labelling of
lysine residues of native trastuzumab — a therapeutic monoclonal antibody used in the
treatment of HER-2 positive breast cancer. This reaction between a primary amine,
succinaldehyde 1 and 3-oxoglutaric acid 3 was described to lead to the formation of tropinone
under acidic conditions (pH 5.0) and medium heating to 40 °C. On proteins, the reaction was
found to compete with many other side reactions that could not be all identified resulting in
highly heterogeneous labelling (Figure 75). Any variation in the reaction conditions did not lead
to the desired, full tropinone functionalization, suggesting this reaction is not yet suitable for
the labelling of proteins. However, during the investigation, we managed to develop conditions
which seemed to lead to selective pyrrole functionalization of trastuzumab with good
conversion (> 60%) and av. DoC > 1.3 (Figure 75). Because pyrroles can react as diene in Diels-
Alder reactions, we can imagine further functionalization of such functionalized mAb using the
appropriate dienophile.

HCI
NaOAc

PBS (1X, pH 5.0)
37°C,3h.

O ~0 1 T

NaOAC (1M, pH 5.0)
37 °C, 30 min.

Figure 75: Outcome of the investigation of the Robinson-Schépf reaction for the labelling of
trastuzumab.

Parallel to this study, we explored the Ugi-4C-3CR for the labelling of trastuzumab. This four-
component reaction between a primary amine, a carboxylic acid, an isocyanide and a carbonyl
was reported by our team to efficiently label trastuzumab through both Ugi and Passerini
mechanism. In this case, trastuzumab is either source of both amine and carboxylic acid, in the
case of an Ugi mechanism, or source of only carboxylic acid in the case of a Passerini reaction.
First, we evaluated if the variation of the used carbonyl from aldehyde 6 to a preformed imine
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— under the form of a-chlorooxime 8 or hydrazone 14 — might lead, in presence of
isocyanide a, to selective labelling of Asp and Glu of the protein through an Ugi-like mechanism.

The highly electrophilic a-chlorooxime 8 was found to react in a very fast manner with
trastuzumab, as good conversions and av. DoC — i.e., 59 % and 0.9 — were observed after only
2 hiincubation at 4 °C. However, a control experiment showed that the reaction does not follow
the expected Ugi-like mechanism, as the isocyanide had no influence on the reaction. A
competition experiment suggested that the nucleophilic amino acids responsible for the
conjugation are either Asp, Glu or His residues (Figure 76). This peculiar reactivity contrasts with
previously reported chlorooxime-isocyanide based MCR, necessitating deeper mechanistic
studies to be conducted in order to better understand it. However the great observed
homogeneity of the conjugation makes it interesting for further investigation.

b1

Do

41%
o 3%
o125

LC-MS analysis

cl -

Av. DoC =0.9

) NA/VO}SJ\\N’OH 8, 5 equiv. conv. =59 %
PBS (1X, pH 7.5) o
5°C,2h. s

BCN-Cy5 (10 equiv.)
PBS (1X, pH 7.5)
25°C, 20 h. X = Asp, Glu or His

1091 Da 1089 Da 1090Da o
—_— —_— %
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Figure 76: Outcome of the investigation of trastuzumab’s labelling using chlorooxime 8.

Reaction of hydrazone 14, in presence of isocyanide a led to the labelling of trastuzumab with
medium conv. and av. DoC — i.e., 43% and 0.5. Because no MCR involving a hydrazone was
reported, we engaged in a study to understand the mechanism of the modification (Figure 77).
It appeared that the hydrazone is likely to undergo a transamination step with a primary amine
borne by the protein, before it reacts with an isocyanide and a carboxylic acid following the
classical Ugi mechanism. It is also possible that a small fraction of the introduced hydrazone is
hydrolyzed, albeit to a lesser extent. Such reactivity is of great interest because, if the
transamination process is validated then we will have selected a Ugi mechanism as, in this case
no Passerini reaction should happen. Interestingly, those conditions showed poor tolerance for
isocyanide’s side chain variation which raised our attention toward the influence of the
reagent’s side chain on the selectivity of the reaction. Considering the low obtained conv. and
DoC values, we decided to go back to the use of an aldehyde 6 as carbonyl electrophile to study
deeper the influence of the isocyanide’s side chain variation on the selectivity of the reaction.
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(o) X\ -NHMe 14 4 m/2 = 6081.02
NgE O : o LC-MS analysis
j S\ : | Av.DoC = 0.5
1. _/ NC @ ““ b1 conv. =42 %
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PBS (1X, pH 7.5) I 3?%
25°C, 16 h | ‘
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Figure 77: Outcome of the functionalization of trastuzumab with hydrazone 14 and isocyanide a.
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We found that the association of isocyanide d and aldehyde 6 led to the selective Ugi 4C-3CR
labelling of N-terminal glutamic acid (E1) residue via an intra-residue mechanism with good
conv. and av. DoC — i.e., 60% and 0.9 (Figure 78). We were able to show N-terminal selectivity
was conserved when increasing the protein concentration or using a different human or
humanized mAb, even though this was at the expense of selectivity. The high tolerance of the
Ugi reaction for variations in the side chains of the used reagents allowed us to maintain a plug
and play approach while developing our N-terminal selective condition. This means that
virtually any payload can be introduced on the azido functionalized mAb.

25°C,16 h

BCN-iminobiotin (30 equiv.)
PBS (1X, pH 7.5)
25°C, 20 h.

2.

LC-MS/MS: E1

o S . vy T e e
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=6143.67

20%

miz

Figure 78: N-ter selective U-4C-3CR using aldehyde 6 and isocyanide d.

With the aim of developing a highly tuneable method for the formation of bsAbs via SPAAC
reaction, we turned toward the introduction of Fab fragments functionalized with strained
alkyne in order to add them to our Ugi-modified mAb. Hence, we developed conditions for the
digestion of various off the shelf mAbs into Fab fragments — through either pepsin and/or
papain digestion — and we used the widely described DBM reagents for their site-selective
functionalization with a BCN strained alkyne, yielding Fab-BCN compounds with good yields.
After a quick optimization monitored by analytic SEC, we found that incubation of azido
functionalized protein (100 [IM) with 2 equiv. of BCN-functionalized protein in PBS (1X, pH 7.5)
at 25 °C for 48 hours led to complete SPAAC and to the formation of the desired bsAb
(Figure 79). Isolation of the obtained bsAb was performed by SEC with yields varying from 20 to
48% and we were able to show that their affinity toward HER-2 receptors was retained in all of
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Figure 79: Example of the formation of a bispecific T-cell engager based on the use of the U-4C-3CR.
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the formed bsAbs using the LigandTracer technology. We even managed to produce two
bispecific T-cell engager formats, targeting both CD3 and HER-2, which showed excellent CD3
and HER-2 occupancy as well as T-cell dependant cellular cytotoxicity with 1Cso around 80 pM
(Figure 79).

We have shown that the selectivity provided by our N-ter selective Ugi 4C-3CR conditions allows
the formation of virtually any human and humanized mAb-based bsAb with conserved affinity
from both the parent mAbs and even good activity in the case of bispecific T cell engager.
Because our bsAb production method is based on N-terminal selectivity, the further
functionalization of the formed bsAb through rebridging of the full mAbs’s disulfide bridge can
be considered thus leading to the homogeneous formation of bsAb drug conjugate.
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Experimental part

|. Materials and methods

|.1.Synthetic chemistry

All reagents were obtained from commercial sources and used without any further
purifications. Dry solvents were obtained from Sigma-Aldrich. Column chromatography was
carried out using silica gel G-25 (40-63 um) from Macherey-Nagel. Thin layer chromatography
(TLC) was performed using plates cut in aluminum sheets (ALUGRAM Xtra SIL G/UV254)
purchased from Macherey-Nagel. Visualization was achieved under a 254 or 365 nm UV light
and by using an appropriate TLC stain.

|.2.Spectroscopy and spectrometry

1H and 3C NMR: NMR spectra were recorded at 23 °C on Bruker Avance Il - 400 MHz / 500
MHz spectrometers. Recorded shifts (8) are reported in parts per million (ppm) and calibrated
using residual non-deuterated solvent. Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad, app =

apparent), coupling constant (J, Hz), integration and assignment in case of 'H NMR data.

High-resolution mass spectra (HRMS): HRMS spectra were obtained using an Agilent Q-TOF
6520.

IR spectra: Spectra were recorded in a Thermo-Nicolet FT/IR-380 spectrometer. Spectra were
interpreted with OMNIC 9 software and are reported in cm™. The abbreviations used are: w
(weak), m (medium), s (strong) and br (broad).

Melting points: Melting points were determined on a melting point apparatus SMP3 from
Stuart Scientific.

LC/MS of native proteins: The spectrometer was coupled to an automated chip-based nanoESl
infusion source (Triversa Nanomate, Advion, Ithaca, NY) both operating in positive ion mode.
Electrospray ionization was conducted at a capillary voltage of 1.75 kV and nitrogen nanoflow
of 0.75 psi. Samples were directly infused after manual desalting step at a concentration of
10 uM. Average DoC values were calculated using the following equation:

¥8_ok x intensity DoC k
DoC = o i
Ye_ointensity DoC k
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These results were derived from the relative peak intensities measured from deconvoluted
mass spectra, following a method developed and validated by the Sarah Cianférani group.

LCT spectrometer (Waters, Manchester, UK): The extraction cone value was setto 5V or 50 V

and the cone voltage was set to 120 V or 180 V for cysteine-conjugates and lysine-conjugates,
respectively. The pressure in the interface region was fixed at 6 mbar. Acquisitions were
performed in the m/z range 1,000-10,000 with a 4 s. scan time. External calibration was
performed using singly charged ions produced by a 2 g/L solution of cesium iodide in 2-
propanol/water (50/50 v/v). MS data interpretations were performed using Mass Lynx V4.1
(Waters, Manchester, UK).

Exactive Plus EMR (Thermo Fisher, Bremen, Germany): The spectrometer was coupled to an

automated chip-based nanoESI infusion source (Triversa Nanomate, Advion, Ithaca, NY) both
operating in positive ion mode. Electrospray ionization was conducted at a capillary voltage of
1.75 kV and nitrogen nanoflow of 0.75 psi. Samples were directly infused after manual desalting
step at a concentration of 10 uM. The in-source collision- induced dissociation (CID) was set to
75 eV for cysteine-conjugates and optimized between 75 - 150 eV for lysine-conjugates. The
higher-energy collisional dissociation (HCD) cell was set to 10 eV for each analysis to improve
the desolvation. The trapping gas pressure was set to 7 a.u. (which corresponds to an Ultra High

Vacuum of 1.10°9 mbar). To improve the transmission of the high mass species, the voltages on
the injection-, inter-, and bent-flatapoles were fixed to 8, 7, and 6 V, respectively. Acquisitions
were performed in the m/z range 1,000— 10,000 with a 3 s scan time and a resolution of 17,500
at 200 m/z with an automatic gain control (AGC target) fixed to 1.10° and a maximum injection
time set to 100 ms. External calibration was performed using singly charged ions produced by a
2 g/L solution of cesium iodide in 2-propanol/water (50/50 v/v). Orbitrap MS data
interpretation was performed using BioPharmaFinder 2.0 (Thermo Fisher Scientific, Bremen,
Germany).

Native SEC- MS of native proteins:

Synapt G2 HDMS (Waters, Manchester, UK): An ACQUITY UPLC H-class system (Waters,
Manchester, UK) comprising a quaternary solvent manager, a sample manager cooled at 10 °C,

a column oven maintained at room temperature and an UV detector operating at 280 nm and
214 nm hyphenated to a Synapt G2 HDMS mass spectrometer (Waters, Manchester, UK) was
used for the online native SEC-MS instrumentation. Forty micrograms of mAb were loaded on
the ACQUITY UPLC Protein BEH SEC column (4.6 x 150 mm, 1.7 um particle size, 200 A pore size)
from Waters (Manchester, UK) using an isocratic elution of 100 mM ammonium acetate
(NH4OAC) at pH 6.9 with the following flow rate gradient: 0.250 mL/min over 3.0 min, then 0.100
mL/min from 3.1 to 15.0 min, and finally 0.250 mL/min from 15.1 to 18.0 min. The Synapt G2
HDMS was operated in positive mode with a capillary voltage of 3.0 kV while sample cone and
pressure in the interface region were set to 180 V and 6 mbar, respectively. Acquisitions were
performed in 1,000-10,000 m/z range with a 1.5 s scan time. The mass spectrometer was
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calibrated using singly charged ions produced by a 2 g/L solution of cesium iodide (Acros
organics, Thermo Fisher Scientific, Waltham, MA USA) in 2-propanol/water (50/50 v/v). Native
MS data interpretations were performed using Mass Lynx V4.1 (Waters, Manchester, UK).

BioAccord system (Waters, Manchester, UK): Comprising a binary solvent manager, a sample

manager cooled at 8 °C, a column oven maintained at room temperature and an UV detector
operating at 280 nm and 214 nm hyphenated to the ACQUITY RDa detector was used for the
online SEC-native MS instrumentation. Around twenty micrograms of antibody were loaded on
the ACQUITY UPLC Protein BEH SEC column (2.1 x 150 mm, 1.7 um particle size, 200 A pore size)
from Waters (Manchester, UK) using 0.100 mL/min flow rate and isocratic elution of 100 mM
ammonium  acetate (NH40Ac) at pH 69 for a 6 min total run.
The ACQUITY RDa detector (TOF analyzer) was operated in positive mode with a capillary
voltage of 1.5 kV while sample cone and desolvation temperature were set to 120 or 160 V
(cystein or lysine conjugate) and 250 °C, respectively. Acquisitions were performed under full
scan mode and high mass range (400-7,000 m/z) with 2 Hz scan rate. The mass spectrometer
was calibrated using the ACQUITY RDa Detector Calibrant and Wash Kit (Waters, Manchester,
UK, ref. 186009013). The ACQUITY RDa Waters connect LockMass Kit (Waters, Manchester, UK,
ref. 186009298) was used before and after each injection in order to compensate for mass
variations due to temperature changes in the laboratory. UNIFI Scientific Information System
(Waters, Manchester, UK) was used as a single solution to encompass data acquisition and
processing.

Peptide mapping analysis:

Trypsin digestion

20 pg of sample were solubilized in 150 mM NH4HCOs3, 0.1% RapiGest (Waters) at pH 7.8, to
obtain a final volume of 24 puL. Disulfide reduction was performed by incubating the solution
with 5 mM DTT for 30 min at 57 °C. Alkylation of cysteines was performed in 10 mM IAM in the
dark at room temperature for 40 min The enzyme was prepared by suspending 20 g of trypsin
in 100 uL of H,0. Digestion was performed by adding 1 pL of trypsin (Promega, V5111), which
corresponds to a 1:100 enzyme:substrate ratio. Samples were incubated overnight at 37°C. The

reaction was stopped by 1% of TFA. RapiGest was eliminated by incubation at 37°C for 30 min
and centrifugation at 10,000 g for 5 min.

nanolLC-MS/MS

The analysis were performed using a nanoACQUITY Ultra-Performance-LC (Waters) coupled to
a Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher). A volume
equivalent to 140 ng of digest were trapped on a Symmetry C18 pre-column (180 um x 20 mm,
5 um particle size, Waters) and the peptides were separated on an ACQUITY UPLC® BEH130 C18
separation column (75 um x 250 mm, 1.7 um particle size, Waters). The solvent system
consisted of 0.1% FA in water (solvent A) and 0.1% FA in acetonitrile (solvent B). Peptide
trapping was performed during 3 min at a flow rate of 5 uL/min with 99% A and 1% B and elution
was performed at 60 °C at a flow rate of 350 nL/min from 6% to 40% of B in 43 min. MS and
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MS/MS acquisition were performed in positive mode, with the following settings: spray voltage
1800 V and capillary temperature 250°C. The MS scan had a resolution of 70000, the AGC target
was 3x10° and the maximum IT was 50 ms on m/z [300-1800] range. The MS/MS scans were
acquired at a resolution of 17500, the AGC target was 1x10° and the maximum IT was 100 ms
with fixed first mass of 100 m/z and Isolation window of 2 m/z. Top 10 HCD was selected with
intensity threshold of 5x10* and dynamic exclusion of 3 s. The normalized collision energy was
fixed at 27 V. The complete system was fully controlled by Thermo Scientific™ Xcalibur™
software. Raw data collected were processed and converted with MSConvert into .mgf peak list
format.

Peptide identification

Identification of peptides was performed by using the search engine MASCOT 2.6.2 algorithm

(Matrix Science). The search was performed against the amino acid sequence of the protein.
Spectra were searched with a mass tolerance of 10 ppm for MS and 0.05 Da for MS/MS data.
The search was made without enzyme specified, in order to allow the identification of any non-
specific peptide cleavage. Variable modifications were specified: carbamidomethylation of
cysteine residues, oxidation of methionine residues and adduct of Ugi (see table) payload on
lysine, aspartate and glutamate residues. Peptide identifications were validated with a minimal
Mascot ion score of 25. Peptides containing Ugi or Passerini payload were validated with the
following criteria: be a tryptic peptide (without unspecific cleavage), the retention time higher
than that of the unmodified peptide, identification of signature fragment ions (characteristic of
payload fragmentation in the spectrum).

Couple Mass of Passerini | m/z of signature
aldehyde Mass of Ugi adduct )

. . adduct fragment ions
/isocyanide
6/a 769.4309 787.4415 286.172 - 637.343
6/d 773.3894 791.4000 286.172 - 637.343
6/c 743.4153 761.4258 286.172 - 637.343
18/g 770.4262 788.7257 286.172 - 637.343
18/f 712.3843 730.3949 292.187
18/e 1058.5583 1076.5688 286.172 - 637.343
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Il. General procedures

Protein concentration: 1 L of sample was used for concentration measurement by
absorbance spectrometry at 280 nm using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, lllkirch, France). In case of impaired absorbance at 280 nm or unknown extinction
coefficient of a protein or conjugate, BCA assay was performed.

SDS-PAGE: Gel electrophoresis was performed on 4 — 15% Mini-PROTEAN® TGXTM gel (Bio-
Rad, Hercules, U.S.A) following standard lab procedures. To the samples containing protein
conjugates (24 uL, 0.1 mg/mL solution in H20) was added 8 pL of loading buffer 120 (Laemmli
SDS sample buffer, reducing or not) and heated at 95 °C for 3 min. The gel was run at constant
voltage (200 V) for 35 min using TRIS 0.25 M — Glycine 1.92 M —SDS 1% as a running buffer. The
fluorescence was visualized on GeneGenius bio-imaging system prior to staining with
Coomassie blue.

BCA assay: In certain cases, protein concentration was assessed using BCA Protein Assay kit
(Ref. 23224, Thermo Fisher Scientific, llikirch, France) using BSA diluted in PBS (1X, pH 7.5) as
ladder concentration.

Deglycosylation: Prior to native MS analysis the mAb’s glycans were removed using 10 nL/ug
mADb of Remove-iT® Endo S (New England Biolabs, Ipswich, U.S.A)

Manual desalting: The deglycosylated mAb were then desalted against 150 mM ammonium
acetate solution buffered at pH 7.5 using ten cycles of concentration/dilution on Vivaspin
centrifugal concentrators (500 uL, 50 kDa).

Preparative size exclusion chromatography: The volume of the protein’s containing sample
was adjusted to 100 [IL using PBS (1X, pH 7.5). It was then directly injected in a 500-[IL loop
plugged on an AKTA pure system, loaded on a Superdex™ 200 Increase 10/300 GL column and
eluted using an isocratic 0.5 mL/min flow of PBS (1X, pH 7.5) for two column volumes. Fractions
were collected according to their absorption at 280 nm (collection started Abs > 0.5 UA).

Analytical size exclusion chromatography: Protein containing solution (20 [Jg) was diluted to
100 L using PBS (1X, pH 7.5) before it was injected in a 500 [IL loop plugged on an AKTA pure
system. It was then loaded on a Superdex™ 200 Increase 10/300 GL column and eluted using
an isocratic 0.5 mL/min flow of PBS (1X, pH 7.5) for 1.5 column volum.
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lll. Organic synthesis and characterization

2-Acetamido-N-methyl-6-(3-oxo-8-azabicyclo[3.2.1]octan-8-yl)hexanamide (Lys-trop):

H o) NaOAc 2 o) 2 0
o HCI, H,0 2 M, pH 5.0 1 H 5 1 H 5
MGOUOMe 2 OMO . \H/N N ( P ), N_3 N+ \H/N 3 N
pH 1.0 1 o H 45°C, 1h. 6 H4 o 6 H4
, 70 °C, 30 min. 5 Y 7 7
+ (o) 8\ 9 8.9
Hooc. _J_cooH  y, 14145 N
13 10 13 10
3 \ /
12 11 12 M

Lys-trop Lys-pyr

To 1 Lof mQH:0, 164 g of NaOAc were added. Once all the salt was solubilized pH was adjusted
to 5 using a 1 M HCl aqueous solution to give a 2 M NaOAc buffer (stored at room
temperature(r.t.) in a glass bottle). In a 1.5 mL Eppendorf, 2,5-dimethoxytetrahydrofuran 2 (100
uL, 0.76 mmol, 1 equiv.) was added to 254 uL of mQ H,0 and HCI, (10 uL from a 38% solution
in H,0, 0.12 mmol, 0.16 equiv.) was added. pH was measured using pH paper and adjusted to 1
if required. Eppendorf was then shaken at 600 rpm and heated at 70 °C using a bioshaker for 30
min leading to a solution of 1,4-butanedial 1. In a microwave tube, Ac-Lys-NHMe 5 (168 mg,
0.84 mmol, 1.1 equiv.) and 3-oxoglutaric acid 3 (123 mg, 0.84 mmol, 1.1 equiv.) were solved in
3 mL of NaOAc buffer (2 M, pH 5) and the mixture was cooled to 0 °C using an ice bath. The
butanedial solution was also cooled to 0 °C before it was added to the amino acid containing
solution. The microwave tube was then heated to 45 °C for 1 h using a sand bath before it was
cooled to room temperature and alkalanized to pH 10 using a 1 M NaOH aqueous solution and
excess of NaCl was added. Resulting aqueous layer was extracted with five times with DCM (10
mL) and combined organic layers were dried over Na;SOs, filtered and concentrated under
reduced pressure to give desired compound as a white solid in a mixture of lysine-pyrrole (9:1)
(106 mg).

Lysine-tropinone adduct:

'H NMR (400 MHz, DMSO-ds) 6 7.96 (d, J = 8.2 Hz, 1H, H2), 7.84 (q, J = 4.5 Hz, 1H, H4), 4.15 (td, J = 8.4,
5.5 Hz, 1H, H3), 3.81 (m, 2H, H13, H10), 2.64 — 2.41 (m, 7H, H5, H9, H11’-12’ ), 2.05 — 1.95 (m, 2H, H11"-
H12”), 1.89 (m, 2H, H14’-15’), 1.83 (s, 3H, H1), 1.68 — 1.20 (m, 8H, H14"’-15"”, H6-8)

13C NMR (101 MHz, DMSO-ds) § 209.9, 172.8, 169.8, 58.3 (2C), 52.9, 49.3, 47.1 (2C), 32.5 (2C),
28.5, 28.1, 26.0, 23.8, 23.0.

BRMS (ESI+) calcd for Ci16H28N3O03* [M+H]*310.2125, found: 310.1775.

Lysine-pyrrole adduct:

'H NMR (400 MHz, DMSO-ds) 6 7.96 (d, J = 8.2 Hz, 1H, H2), 7.84 (q, J = 4.5 Hz, 1H, H4), 6.69 (t, J = 2.1 Hz,
2H, H10,H13), 5.94 (t, J = 2.1 Hz, 2H, H11-12), 4.15 (td, J = 8.4, 5.5 Hz, 1H, H3), 2.64 — 2.41 (m, 5H, H5,
H9), 1.83 (s, 3H, H1), 1.68 — 1.20 (m, 6H, H6-8).

13C NMR (101 MHz, DMSO-ds) § 172.8, 169.8, 120.9 (2C), 107.8 (2C), 52.9, 49.3, 32.5 (2C), 26.0,
23.8, 23.0.

BRMS (ESI+) calcd for Ci3H22N30:" [M+H]* 252.1707, found: 252. 1712.
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Tropinone functionalization with aminoxy-TMPP:
OMe

MeO
OMe

MeO
\H
H P Aminoxy-TMPP 4 (1 equiv.) oj/ /JN\O/\/\W\QOMG
HN
o]

MeOH Msfde

o MeO
25°C, ON ): Lys-TMPP

The white solid containing a mixture of Lys-trop and Lys-pyrrole (1 mg, approx. 3 mmol) was
dissolved in MeOH (10 mL) to obtain a 0.1 mg/mL solution of functionalized lysine. To 500 [ L of
this solution, 1.0 equiv. of aminoxy-TMPP (3 [IL from a 0.05 M stock solution in DMSO) were
added. Mixture was stirred at 25 °C overnight before it was analysed by HRMS.

HRMS (ESI+) calcd for CasHssN4O12P* [M]* 897.4409, found: 897.4417.

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)acetaldehyde (6):

(COCI),, DMSO, NEtg 1 4 5 8
N /\/O\/\o/\/o\/§
THF I S 6 7 O
-78°C, 1.5 h. 6
66 %

N3/\/o\/\0/\/o\/\OH

Oxalyl chloride (80 uL, 0.92 mmol, 2.0 equiv.) was added dropwise to a solution of DMSO
(2100 pL, 1.37 mmol, 3.0 equiv.) in dry THF (3 mL) at -78 °C under inert atmosphere. The mixture
was stirred for 15 min before N3-PEG4-OH (100 mg, 0.46 mmol, 1.0 equiv.) in dry THF (3 mL) was
added dropwise to the reaction mixture which was stirred for 30 min at -78 °C. Triethylamine
(0.40 mL, 2.74 mmol, 6.0 equiv.) was then added dropwise, and the reaction mixture was stirred
for 15 min at -78 °C before being warmed to room temperature. The formed precipitate was
removed by filtration and the filtrate was concentrated under reduced pressure. Crude yellow
solid was dissolved in DCM (5 mL) and washed three times with water (5 mL). The aqueous layer
was finally extracted three times with DCM (10 mL). The organic layer was dried over Na;SOa,
filtered and concentrated under reduced pressure. The crude product was purified by column
chromatography (eluent: cyclohexane (cHex) 3/7 ethyl acetate (EtOAc)) and the desired
compound was obtained as a yellowish oil with 66% yield (65 mg, 0.30 mmol).

Rf: 0.20 (eluent: cHex 30/70 EtOAc; stained with phosphomolybdic acid (PMA))

'H NMR (400 MHz, CDCl3) 6 9.73 (brs, 1H, H8), 4.16 (d, J = 0.9 Hz, 2H, H7), 3.76 — 3.65 (m, 10H,
H2-6), 3.39 (t, /= 5.1 Hz, 2H, H1).

13C NMR (100 MHz, CDCl5) 6 201.1, 77.0, 71.4, 71.0, 70.9, 70.8, 70.2, 50.8.

HRMS (ESI+) calcd for CsH1sN3OsNa* [M+Na]* 240.0955; found 240.0956.

124



(E)/(Z2)-N-(2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethylidene)hydroxylamine (7):

NH,OH (50 w%)

/1\/0\/4\ /5\/0\/8§ -OH
NaOAc, MeOH NOS 9 % 7N
25°C,2h.

6 >95% 7
2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}acetaldehyde 6 (170 mg, 0.78 mmol, 1.0 equiv.) was
dissolved in MeOH (5 mL). A solution of hydroxylamine (0.06 mL, 0.79 mmol, 1.1 equiv.; 50 wt%

in water) and sodium acetate (128.4 mg, 1.57 mmol, 2.0 equiv.) was then added to the mixture,

N 3/\/0\/\0/\/0\/%0

which was stirred at room temperature for 2 h The crude mixture was diluted in EtOAc (5 mL)
and water (5 mL). The aqueous layer was extracted three times with EtOAc (10 mL) and the
combined organic layers were dried over Na;SOs, filtered and concentrated under reduced
pressure to give the desired compound as a light yellow oil with 95% yield (181 mg, 0.78 mmol).
Rf: 0.20 (eluent: cHex 60/40 EtOAc; stained with PMA)

1H NMR (400 MHz, CDCls) & 9.53 (brs, 1H, H8), 4.22 (d, J = 0.9 Hz, 2H, H7), 3.76 — 3.65 (m, 10H,
H2-6), 3.39 (t, J = 5.1 Hz, 2H, H1).

13C NMR (100 MHz, CDCl5) 6 152, 77.0, 71.4, 71.0, 70.9, 70.8, 70.2, 50.8.

(2)-2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}-N-hydroxyethanecarbonimidoyl chloride (8):

NCS 5 cl
Ny OOy OH - Na)\/ov“\o/\/oy\\N,oHs
25°C, 16 h. 23 6 7
7 74 % 8

2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethylidene)hydroxylamine 7 (170 mg, 0.73 mmol,
1.0 equiv.) was dissolved in DMF (5 mL). N-Chlorosuccinimide (352 mg, 2.64 mmol, 3.6 equiv.)
was added portion wise to the reaction mixture which was stirred at room temperature 16 h.
Then, the mixture was diluted with Et,O (5 mL) and washed 5 times with a saturated NaCl
aqueous solution (30 mL). The organic layer was dried over Na;SO,, filtered and concentrated
under reduced pressure to give the desired compound as a white oil with 74% yield (145 mg,
0.54 mmol) that was used without further purification.

Rf: not stable on silica

'H NMR (400 MHz, CDCl3) 6 9.31 (s, 1H, H8), 4.28 (s, 2H, H7), 3.70 — 3.64 (m, 10H, H2-6), 3.41 —
3.37 (m, 2H, H1).

13C NMR (101 MHz, CDCl5) 6 138.0, 72.0, 70.8, 70.7, 70.6, 70.1, 69.9, 50.8.

vmax (thin film) /cm-1 3285 (br), 2915 (m), 20998 (s), 1631 (w), 1441 (m), 1347 (w), 1284 (m),
1081 (s), 950 (m), 848 (w), 688 (w).

HRMS (ESI+) calcd for CsH1sCIN4O4K* [M+K]* 305.0413; found 305.0431.
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2-(2-{2-[2-(4-Phenyl-1H-1,2,3-triazol-1-yl)ethoxy]ethoxy}ethoxy)acetaldehyde (6’):

o=

3 4 5 8 9 12
CuS0,.5H,0 o o
o o) Na Ascorbate 1 SN N0 NN
Ns/\/ \/\O/\/ \/§O ”\‘l 6 7 10 e
MeOH/H,0 (1:1) 2 3 N
6 100 °C, 3 h. 6

75 %
2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}acetaldehyde 6 (100 mg, 0.46 mmol, 1.0 equiv.) was
dissolved in a previously degassed MeOH/H,0 (1:1) mixture (20 mL). Phenylacetylene (0.1 mL,
0.91 mmol, 2.0 equiv.) was slowly added to the mixture followed by sodium ascorbate (36.3 mg,
0.18 mmol, 0.4 equiv.) and CuS04.5H,0 (7.3 mg, 0.05 mmol, 0.1 equiv.) and the mixture was
heated to reflux (100 °C) for 3 h. The reaction was quenched using a saturated aqueous solution
of NH4Cl (30 mL) and the aqueous layer was extracted four times with DCM (20 mL). The
combined organic layers were dried over Na;SOs, filtered and concentrated under reduced
pressure. The crude was purified by column chromatography using a slow gradient from
DCM/MeOH (99:1) to DCM/MeOH (98:2) as eluent mixture. 2-(2-{2-[2-(4-phenyl-1H-1,2,3-
triazol-1-yl)ethoxylethoxy}ethoxy)acetaldehyde was obtained as a yellow oil with 75% yield
(112 mg, 0.35 mmol).
Rf: 0.34 (eluent: DCM 98/2 MeOQOH)
'H NMR (400 MHz, CDCl3) § 9.65 (s, 1H, H12), 8.16 —8.01 (m, 1H, H4), 7.89 — 7.82 (m, 2H, H3-3"), 7.42 (t,
J=6.9 Hz, 2H,H2-2’), 7.32 (t, J = 7.4 Hz, 1H, H1), 4.60 (t, J = 4.9 Hz, 2H, H5), 4.07 (s, 2H), 3.91 (t, J = 4.9
Hz, 2H, H6), 3.80 — 3.19 (m, 8H, H7-10).
13C NMR (101 MHz, CDCl3) § 200.4, 130.7, 128.6, 127.9, 125.5, 76.6, 71.0, 70.5, 70.4, 70.3, 69.3, 50.3.
HRMS (ESI+) calcd for Ci6H22NsO4* [M+H]*320.1610 ; found : 320.1613.

2-(2-(2-(2-(4-Phenyl-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)acetaldehyde oxime (6"):

o o NHoO0H (50 w%) 2 3 4 5 o 8 9 o 12
WNN ~ o \/%o NaOAc. MeOH 1 Q\{/\n\l/\/ ~ N0 WNOH
N=N 25°C, 2 h, NN 67 0o
6 52% 23 6”

2-(2-{2-[2-(4-Phenyl-1H-1,2,3-triazol-1-yl)ethoxy]ethoxy}ethoxy)acetaldehyde 6’ (25 mg,
0.08 mmol, 1.0 equiv.) was dissolved in MeOH (5 mL). A solution of hydroxylamine 50 w% in
water (0.1 mL, 3.28 mmol, 39 equiv.) and sodium acetate (25.7 mg, 0.31 mmol, 4.0 equiv.) were
then added to the mixture which was stirred at room temperature for 4 h. The mixture was then
diluted with EtOAc (5 mL) and water (5 mL). The aqueous layer was extracted three times with
EtOAc (5 mL) and the combined organic layers were dried over Na;SOs, filtered and
concentrated under reduced pressure to give N-[2-(2-{2-[2-(4-phenyl-1H-1,2,3-triazol-1-
yl)ethoxy]ethoxy}ethoxy)ethylidene]hydroxylamine 6’ as yellow oil with 52% vyield (13.6 mg,
0.04 mmol).

Rf: 0.28 (eluent: DCM 98/2 MeOH)

IH NMR (400 MHz, CDCls) § 7.99 (s, 1H, H4), 7.96 (t, J = 5.6 Hz, 1H, H12), 7.85 — 7.78 (m, 2H, H3-
3’), 7.40 (dd, J = 8.4, 6.9 Hz, 2H, H2-2’), 7.35 — 7.28 (m, 1H, H1), 4.57 (t, J = 5.0 Hz, 2H, H5), 4.07
(d, J = 5.6 Hz, 2H, H11), 3.89 (t, J = 5.0 Hz, 2H, H6), 3.64 — 3.54 (m, 8H, H7-10).

126



13C NMR (101 MHz, CDCl3) 6 128.9, 128.2, 125.8 (d), 121.2, 70.6 — 68.9 (m), 68.0, 50.5.
HRMS (ESI*) calcd for C16H23N404 [M+H]* 335.1719, found 335.1727
(Z)-N-Hydroxy-2-(2-(2-(2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)acetimidoyl
chloride (9):

2 3 8 9 Cl
~. .OH 4 5
@\fw/\/o\/\o/\/o\/\N o NCS 1 p N/\/o\/\o/\/o\)\\N,OH
=N Y6 7 0 11
N DMF )
" 25°C, 2 h. 2 3 N
6 44 % 9

2-(2-(2-(2-(4-Phenyl-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)acetaldehyde oxime 6”
(25.6 mg, 0.08 mmol, 1.0 equiv.) was dissolved in DMF (2 mL). N-chlorosuccinimide (21 mg,
0.15 mmol, 2.0 equiv.) was added portion wise to the mixture which was stirred at room
temperature for 2 h. The mixture was diluted in Et;O (5 mL) and washed five times with a
saturated NaCl aqueous solution (25 mL), the organic layer was then dried over Na,SO, filtered
and concentrated under reduced pressure to give the desired compound as a transparent oil
with 44% yield that was used without further purification (12.5 mg, 0.03 mmol).

Rf: not stable on silica

'H NMR (400 MHz, CDCl3) 6 7.99 (s, 1H, H4), 7.85 - 7.80 (m, 2H, H3-3’), 7.45 - 7.39 (m, 2H, H2-
2’),7.36 —7.30 (m, 1H, H1), 4.62 — 4.55 (m, 2H, H5), 4.23 (s, 2H, H11), 3.95 - 3.90 (m, 2H, H6),
3.67 -3.60 (m, 8H, H9-10).

13C NMR (101 MHz, CDCl5) 6 129.1, 126.0, 74.2 - 67.8 (m), 50.9, 29.8.

HRMS (ESI*) calcd for C16H21N4O4* [M-CI]* 333.1557, found 333.1522.

14-Azido-6,9,12-trioxa-2,3-diazatetradec-3-ene (14):

H

HaN o A % o % J,H
N /\/O\/\o/\/o\/§o Ns/\/ R M % VN 9
8 MeOH 2 3 6 7
20°C, 1 h.
6 >95% 14

2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}acetaldehyde (53 mg, 0.24 mmol, 1.0 equiv.) was
dissolved in MeOH (5 mL). Methylhydrazine (0.5 mL, 9.15 mmol, 37 equiv.) was added to the
mixture which was stirred at room temperature for 2 h. The solution was diluted with DCM (10
mL) and poured on mQ water (10 mL). The organic layer was washed three times with water
(10 mL) and once with a saturated NaCl solution (10 mL), dried over Na;SQa, filtered and
concentrated under reduced pressure to give to give the title compound as a mixture of isomers
(Z/E 6:4) as a brown oil (59 mg, 0.24 mmol) which was used without further purification.

Rf: 0.20 (eluent: cHex 20/80 EtOAc; stained by PMA)

'H NMR (400 MHz, CDCl3) 6 6.85 (t, J = 5.2 Hz, 1H, H8), 4.10 (t, J = 5.2 Hz, 2H, H2), 3.69 — 3.57
(m, 8H, H3-6), 3.40 —3.35 (m, 2H, H1), 2.80 (s, 3H, H9).

13C NMR (101 MHz, CDCl3) 6 134.2, 72.3 - 68.3 (m), 51.1, 34.8.

HRMS (ESI*) calcd for ¢ ;H,;N,0," [transaminated dimer]* 445.2518, found: 445.2504.
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13-Azido-5,8,11-trioxa-1,2-diazatridec-2-ene (15):

HN N /1\/0\/4\ /5\/0\/8§ NH
o (o} ’
Na/\/ NN MeOH Ng > 3 (0] 6 7 N 9
20°C, 1 h.
6 >95% 15

2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}acetaldehyde 6 (40 mg, 0.18 mmol, 1.0 equiv.) was
dissolved in MeOH (5 mL). Hydrazine as a 1 M solution in THF (0.5 mL, 0.50 mmol, 2.8 equiv.)
was added to the mixture which was stirred at room temperature for 2 h. The solution was
diluted with DCM (10 mL) and poured on distilled water (10 mL). The organic layer was washed
three times with water (10 mL) and once with a saturated NaCl solution (10 mL), dried over
Na,S0s, filtered and concentrated under reduced pressure to give the title compound as a
mixture of isomers (Z/E 8:2) as a brown oil (43 mg, 0.18 mmol) which was used without further
purification.

Rf: 0.19 (eluent: cHex 20/80 EtOAc, stained by PMA)

Z isomer:

1H NMR (400 MHz, CDCls) & 7.09 (t, J = 5.3 Hz, 1H, H8), 4.08 — 3.98 (m, 2H, H1), 3.71 —3.51 (m,
10H, H2-6), 3.34 (m, 2H, H7).

E isomer:

'H NMR (400 MHz, CDCl3) § 6.60 (t, J = 4.0 Hz, 1H, H8), 4.13 (d, J = 4.0 Hz, 2H, H1), 3.71 - 3.51
(m, 10H, H2-6), 3.34 (m, 2H, H7).

13C NMR (101 MHz, CDCls) & 141.6, 71.7 — 68.9 (m), 50.7.

HRMS (ESI+) calcd for C NgNaO, [transaminated dimer+Na]* 453.2186, found 453.2163.

16H3O

14-Azido-2-phenyl-6,9,12-trioxa-2,3-diazatetradec-3-ene (16):

L w

9
8 | 10
| 1 (0} 4 5 O X, N
N /\/O\/\O/\/OWO Ny O PN 1
s NaOA(z::, MeOH 2 3 6 7
20 °C, 16 h. 14 12
6 90 % 16 13

2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}acetaldehyde 6 (25 mg, 0.12 mmol, 1.0 equiv.) was
dissolved in MeOH (2 mL). NaOAc (10.39 mg, 0.13 mmol, 1.1 equiv.) and 1-methyl-1-
phenylhydrazine (0.014 mL, 0.12 mmol, 1.0 equiv.) were successively added to the flask and the
mixture was stirred at room temperature overnight. The solution was then concentrated under
reduced pressure and the salts were removed by filtration (washed with DCM). The filtrate was
concentrated under reduced pressure to give 14-azido-2-phenyl-6,9,12-trioxa-2,3-
diazatetradec-3-ene as a brown oil with 90% vyield (33 mg, 0.10 mmol).

Rf: 0.32 (eluent cHex 70/30 EtOAc)

'H NMR (400 MHz, CDCls) § 7.31 — 7.18 (m, 4H, H10-11, H13-14), 6.88 (tt, J = 6.8, 1.6 Hz, 1H, H12), 6.82
(t,J = 5.3 Hz, 1H, H2), 4.29 (d, J = 5.3 Hz, 2H, H7), 3.72 — 3.60 (m, 8H, H3-6), 3.36 (t, J = 5.1 Hz, 2H, H1),
3.24(d, J = 0.8 Hz, 3H, H9).
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13C NMR (101 MHz, CDCls) & 147.5, 130.4, 128.7 (d), 120.3, 115.0 (d), 71.4 — 69.2 (m), 70.5, 70.4, 69.8,
69.2, 50.5, 32.9.

HRMS (ESI+) calcd for CisH23NsNaOs* [M+Na]* 344.1693, found : 344.1695.
13-Azido-1-(naphthalen-2-yl)-5,8,11-trioxa-1,2-diazatridec-2-ene (17):

NH 2
N2 1 4 5 8. R w0
/\/o\/\ /\/OW H N /\/O\/\O/\/o\/\,\r 11
Ng 0o (0] S 2 3 6 7
NaOAc, MeOH 16
20°C, 16 h. 12
15

6 90 % 17

13
14

2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}acetaldehyde 6 (25 mg, 0.12 mmol, 1.0 equiv.) was
dissolved in MeOH (2 mL). NaOAc (10.39 mg, 0.13 mmol, 1.1 equiv.) and (naphtalen-2-
yl)hydrazine (22.40 mg, 0.12 mmol, 1.0 equiv.) were successively added to the flask. The
mixture was stirred at room temperature overnight. The solution was then concentrated under
reduced pressure and the salts were removed by filtration (washed with DCM). The filtrate was
concentrated under reduced pressure to give the title compound as a mixture of isomers (Z/E
86:14) as an orange oil with 90% yield (37 mg, 0.10 mmol) which was used without further
purification.

Rf: 0.22 (eluent: cHex 70/30 EtOAc)

'H NMR (500 MHz, CDCl3) 6 7.62 (t, J = 8.2 Hz, 1H, H8), 7.33 — 7.28 (m, 2H, H10, H12), 7.26-7.07 (m, 5H,
H11, H13-16), 4.17 (d, J = 5.4 Hz, 2H, H1), 3.66 — 3.49 (m, 10H, H3-6), 3.31—3.27 (m, 2H, H2)

13C NMR (126 MHz, CDCl5) § 136.7,129.2, 127.7, 126.5, 123.0, 115.4, 106.9, 71.6 — 68.0, 67.3, 61.8, 50.7.
HRMS (ESI+) calcd for Ci1sH23NsNaOs* [M+Na]* 380.1693, found : 380.1701.

N-(2-(2-azidoethoxy)ethyl)-2-isocyanoacetamide (f):

o
o NEt, 1 4
o) M ne
+ —_— NN
Ny SO N /\OJ\/NC DCM N2 s R e
d 20°C, 24 h. f 5

88 %
2-(2-Azidoethoxy)ethan-1-aminium chloride (40 mg, 0.24 mmol, 1.0 equiv.) was solved in DCM
(2 mL) and triethylamine (48.6 pL, 0.36 mmol, 1.5 equiv.) was added. The mixture was stirred
at room temperature for 30 min before ethyl 2-isocyanoacetate d (39.3 uL, 0.36 mmol,
1.5 equiv.) was added. The mixture was stirred at room temperature for 24 h before it was dried
under reduced pressure. The crude brown oil was solubilized in EtOAc (5 mL) and washed twice
with 1 M NaH2PO. aqueous solution (5 mL) and saturated NaCl agueous solution (10 mL) before
it was dried over Na;SQs, filtered and concentrated under reduced pressure to give a black oil
which was purified by column chromatography (eluent: DCM 98/2 MeOH), the desired
compound was obtained as a black oil with 88% vyield (42 mg, 0.21 mmol)
Rf: 0.31 (eluent: DCM 98/2 MeOH; stained with vaniline)
'H NMR (400 MHz, CDCl3) & 6.74 (s, 1H, H5), 4.17 (s, 2H, H6), 3.73 — 3.52 (m, 6H, H2-4), 3.40 (t, J = 4.9
Hz, 2H, H1).
13C NMR (101 MHz, CDCl3) § 163.9, 114.8, 70.2, 69.2, 60.4, 50.6, 39.7.
HRMS (ESI+) caled for C;H12Ns02" [M+H]* 198.0986; found 198.0987.
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2-Isocyano-2-methylpropyl (2-(2-azidoethoxy)ethyl)carbamate (g):

o o)( o}
Ng O Nkger OZN/©/ I])/ " 20;;%» N3/1\2/O\3/4\H)51\0%<NC
53 % g 7

2-(2-Azidoethoxy)ethan-1-aminium chloride (49.5 mg, 0.30 mmol, 1.5 equiv.) was solved in
DMF (1 mL) and triethylamine (55 pL, 0.38 mmol, 2 equiv.) was added. The mixture was stirred
at room temperature for 30 min before 2-isocyano-2-methylpropyl (4-nitrophenyl) carbonate
(50 mg, 0.19 mmol, 1 equiv.) was added as a solution in DMF (1 mL). The mixture was stirred at
room temperature for 2 h before it was poured on a saturated NH4Cl aqueous solution (12 mL)
the organic layer was washed twice with NH4Cl aqueous solution (12 mL) followed by a
saturated NaCl solution (12 mL) before it was dried over Na,SO,, filtered and concentrated
under reduced pressure. The crude yellow oil was then purified by column chromatography
(eluent: cHex 50/50 EtOAc) and the desired compound was obtained as a yellow oil with 53%
yield (25.8 mg, 0.10 mmol).
Rf: 0.38 (eluent: cHex 50/50 EtOAc stained with ninhydrin)
14 NMR (400 MHz, CDCls) & 5.26 (s, 1H, H5), 4.07 — 4.01 (m, 2H, H6), 3.67 (t, J = 4.9 Hz, 2H, H4), 3.58
(t,J=5.1Hz, 2H, H1), 3.41 (dt, J = 14.6, 5.1 Hz, 4H, H2-3), 1.46 — 1.41 (m, 6H, H7).
13C NMR (101 MHz, CDCls) 6 155.8, 126.1, 115.2, 70.1, 69.9, 56.7, 56.7, 50.6, 41.0, 25.8.
HRMS (ESI+): calcd for C10H18N503 (M+H)* 256.1404; found 256.1412.

Methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (20):2'3
Br 0 0 N-methylmorpholine Br 7 0
ji‘?“” + \OJ\CI THF ﬁ’\'%
Br 25 °C, 20 min. Br 0—1
[e] 65 % (¢]
19 20
Dibromomaleimide 19 (2 g., 7.85 mmol, 1.0 equiv.) and N-methylmorpholine (0.86 mL, 7.85

mmol, 1.0 equiv.) were solved in THF (40 mL). Mixture was cooled to 0 °C using an ice bath and
methylchloroformate (0.61 mL, 7.85 mmol, 1.0 equiv.) was slowly added. Mixture was stirred at
room temperature for 20 min before it was diluted with DCM (100 mL) and washed twice with
mQ H,0 (50 mL) and a saturated NaCl aqueous solution (50 mL). The organic layer was dried
over NaSO0g, filtered and concentrated under reduced pressure to give a black oil. It was then
purified by column chromatography (eluent: cHex 70/30 EtOAc) to afford N-methoxycarbonyl
dibromomaleimide 20 as a white powder with 65% yield (1.6 g, 5.1 mmol).

Rf: 0.24 (eluent: cHex 80/20 EtoAC)

4 NMR (400 MHz, DMSO) & 3.87 (s, 3H, H1).

13C NMR (101 MHz, DMSO) & 160.6 (2C), 147.5, 131.8 (2H), 54.6.

HRMS (ESI+) calcd for CeH4BroNO4* [M+H]* 311.8502 found 311.8504.
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((1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (4-nitrophenyl) carbonate (22):

|C>§ CI—/< Pyrldlne .@ 9 10
T
” 205 12h.

21

66 %
12 11

To a solution of (1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethanol 21 (500 mg, 3.33 mmol,
1.0 equiv.) in dichloromethane (12.5 mL) was added p-nitrophenol chloroformate (805,43 mg,
3.99 mmol, 1.2 equiv.) and pyridine (2.63 g, 2.58 mL, 33.3 mmol, 10 equiv.). The reaction was
stirred at room temperature overnight. After concentration, the mixture was quenched by
saturated NH4Cl aqueous solution (75 mL) and extracted three times with EtOAc (75 mL). The
combined organic layers were washed with a saturated NaCl aqueous solution (75 mL), dried
over NaxSOy, filtered and concentrated under reduced pressure. The obtained yellow solid was
purified by column chromatography (cHex 100% to cHex90/10 EtOAc) to afford the title
compound as a colourless oil with 66% yield (0.697 g, 2.21 mmol).

Rf: 0.32 (eluent: cyclohexane 70/30 EtOAc; stained with vanillin)

'H NMR (400 MHz, CDCls) § 8.31 — 8.25 (m, 2H, H10-11), 7.42 — 7.35 (m, 2H, H9,H12), 4.40 (d, J = 8.2 Hz,
2H, H8), 2.33-2.25 (m, 5H, H1-2, H7), 1.65 — 1.56 (m, 2H, H5-6), 1.60 — 1.45 (m, 2H, H3-4), 1.12 - 1.01
(m, 2H, H3"-4").

13C NMR (101 MHz, Chloroform-d) & 155.6, 152.6, 145.3, 125.3(2C), 121.8(2C), 98.7 (2C), 68.0, 29.1,
21.4(2C), 20.5 (2C), 17.3 (2C).

((1R,8S,95)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (3-aminopropyl)carbamate (23):

5
H
8 10 12
NEt, 1 )J\
‘@ ot NN, T 7 OTN T
L o< DMF N 13
04<i>—No2 20°C, 4h.  \ 6 9
79% 5
23

To a solution of triethylamine (0.66 mL, 4.75 mmol, 10 equiv.) and propane-1,3-diamine
(0.4 mL, 4.75 mmol, 10 equiv.) in DMF (1 mL) was slowly added a solution of (1R,8S,9s)-N-(3-
aminopropyl)bicyclo[6.1.0]non-4-yne-9-carboxamide 22 (150 mg, 0.475 mmol, 1 equiv.) in DMF
(12 mL). The reaction was stirred at room temperature for 4 h. Mixture was poured on mQ H,0O
(30 mL) and the aqueous layer was extracted three times with DCM (10 mL). Combined organic
layers were washed 5 times with a saturated NaCl aqueous solution (30 mL), dried over Na;SO4
filtered and concentrated under reduced pressure to afford the tile compound as a yellow oil
with 79% yield (92 mg, 0.37 mmol).

Rf: 0.33 (eluent: DCM 90/10 MeOH, 1% NEts; stained with vanillin)

'H NMR (500 MHz, MeOD) & 4.14 (d, J = 8.1 Hz, 2H, H8), 3.17 (t, J = 6.7 Hz, 2H, H12), 2.69 (t, J = 7.1 Hz,
2H, H10), 2.30 = 2.13 (m, 5H, H1-2, H7), 1.64-1.54(m, 4H, H11, H5-6), 1.52 — 1.37 (m, 2H, H3’-4’), 1.0 —
0.92 (dt, J=16.3, 8.6 Hz, 2H, H3"’-4").
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13C NMR (126 MHz, MeOD) & 162.2, 98.1 (2C), 62.3, 38.1, 37.5, 31.9, 28.7, 20.5(2C), 20.0 (20C),
17.5 (20).

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (3-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)propyl)carbamate (DBM-1):

5 o) o
(0] H (e} 3 H ? )J\ 10 12
Br. o) .~ /U\ 1 7 \O N/\/\N B
| N + O N \H, — Ho g /
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To a solution of methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (50 mg,
0.16 mmol, 1.0 equiv.) in DCM (5 mL) was slowly added ((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-
yl)methyl (3-aminopropyl)carbamate (60 mg, 0.24 mmol, 1.5 equiv.) solved in DCM (5 mL) and
mixture was stirred at 25 °C for 2 h before it was concentrated under reduced pressure. The
crude mixture was then diluted in EtOAc (5 mL) and poured over a saturated solution of NH4Cl
(5mL). The aqueous layer was extracted twice with EtOAc (5mL) and the combined organic
layers were dried over NaSOg, filtered and concentrated under reduced pressure. Crude
mixture was purified by column chromatography (eluent: cHex 70/30 EtOAc) and the title
compound was isolated as a white solid with 70% yield (54.1 mg, 0.11 mmol).

Rf: 0.26 (eluent cHex 80/20 EtOAc; stained with vanilin)

14 NMR (400 MHz, DMSO) & 4.02 (d, J = 8.0 Hz, 2H, H8), 3.47 (t, J = 7.2 Hz, 2H, H12 ), 2.97 (g, J = 6.5 Hz,
2H, H10), 2.26 — 2.07 (m, 5H, H1-2, H7), 1.67 (p, J = 7.0 Hz, 2H, H11), 1.64-1.54 (m, 2H, H5-6), 1.53 — 1.20
(m, 2H, H3’-4’), 0.95 — 0.85 (m, 2H, H3”-H4").

13C NMR (101 MHz, DMSO) &6 164.7, 129.6, 129.4, 128.7, 125.8, 99.5, 61.8, 38.3, 37.6, 29.1, 28.5, 21.5,
21.3, 20.0, 18.1.

HRMS (ESI+) calcd for C1gH21BraN,04* [M+H]*: 486.9863 found: 486.9850.

Tert-butyl-1-((1R,8S,9S5)-bicyclo[6.1.0]non-4-yn-9-yl)-3-ox0-2,7,10,13,16-pentaoxa-4-
azanonadecan-19-oate (25):
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A solution of (1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate 22 (100
mg, 0.32 mmol, 1.0 equiv.) in DMF (1 mL) was added to a solution of tert-butyl 1-amino-
3,6,9,12,15,18-hexaoxahenicosan-21-oate 24 (112.1 mg, 0.35 mmol, 1.1 equiv.) and
triethylamine (0.13 mL, 3.33 mmol, 3.0 equiv.) in DMF (1 mL). The mixture was stirred overnight
at r.t. before it was diluted with mQ H,O (10 mL) and extracted three times with DCM (30 mL)
combined organic layers were then washed with saturated NaCl aqueous solution (30 mL). The
organic layer was dried over Na,SO,, filtered and concentrated under reduced pressure to
afford the tile compound as a colourless oil with 56% yield (89 mg, 0.18 mmol).

Rf: 0.32 (eluent: cHex 80/20 EtOAc; stained with KMnQ4)
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H NMR (500 MHz, MeOD) & 4.18 (d, J = 8.1 Hz, 2H, H8), 3.74 (t, J = 6.2 Hz, 2H, H18), 3.67 — 3.57 (m,
12H,H12-17), 3.57 (t, J = 5.5 Hz, 2H, H10), 3.34 (d, J = 1.7 Hz, 1H, H7), 3.32 (t, J = 5.5 Hz, 2H, H11), 2.51
(t,J = 6.2 Hz, 2H, H19), 2.34 — 2.17 (m, 4H, H1-2, H7), 1.73 — 1.58 (m, 2H, H5-6), 1.49 (s, 9H, H20), 1.47 -
1.25 (m, 2H, H3’-4’), 1.04 —0.91 (m, 2H, H3"-4").

13C NMR (126 MHz, MeOD) & 171.4, 157.9, 98.1 (2C), 80.3, 70.3 — 70.0 (m,5C), 69.9, 69.6, 66.5, 62.3,
40.3, 35.9, 28.8, 27.0 (3C), 20.5 (2C), 20.0 (2C), 17.6 (2C).

1-((1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-yl)-3-ox0-2,7,10,13,16-pentaoxa-4-azanonadecan-19-
oic acid (26):
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To a solution of tert—butyl—l—((lR,85,9s)—b|cyclo[6.1.0]non—4—yn—9—yl)—3—oxo—2,7,10,13,16—
pentaoxa-4-azanonadecan-19-oate 25 (120 mg, 0.24 mmol, 1.0 equiv.) in MeOH 1/1 H,0 (2 mL)
was added LiOH (57.7 mg, 2.41 mmol, 10 equiv.). The reaction was stirred at 50 °C overnight
under argon atmosphere. MeOH was evaporated under reduced pressure and the resulting
solution was poured on a 1 M NaH;POs aqueous solution (10 mL) which was extracted four
times with DCM (15 mL). The combined organic layers were washed with a saturated NaCl
solution (30 mL), dried over Na,SO, filtered and concentrated under reduced pressure to
afford the title compound as a yellowish oil with 79% yield (84 mg, 0.19 mmol).

Rf: 0.33 (eluent: DCM 90/10 MeOH; stained with vanillin, bromocresol green)

'H NMR (400 MHz, MeOD) 6 4.18 (d, J = 8.1 Hz, 2H, H8), 3.77 (t, J = 6.4 Hz, 2H, H18), 3.68 — 3.64 (m, 12H,
H12-17), 3.58 (t, J = 5.5 Hz, 2H, H10), 3.39 (s, 1H, H7), 3.36 — 3.30 (m, 2H, H11), 2.56 (t, J = 6.4 Hz, 2H,
H19), 2.34-2.15 (m, 4H, H1-2), 1.71 - 1.57 (m, 2H, H5-6), 1.45 - 1.23 (q, / = 8.6 Hz, 2H, H3’-H4’), 1.03 -
0.90 (m, 2H, H3""-4"").

13C NMR (101 MHz, MeOD) 6 174.5, 159.4, 98.1 (2C), 70.2 — 70.0 (m, 5C), 69.9, 69.7, 66.4, 62.4, 40.2,
35.4, 28.8, 20.5 (2C), 20.0 (2C), 17.5 (2C).

4-Nitrophenyl 1-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-3-oxo0-2,7,10,13,16-pentaoxa-4-
azanonadecan-19-oate (27):
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1-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-3-0x0-2,7,10,13,16-pentaoxa-4-azanonadecan-19-

oic acid 26 (84 mg, 0.19 mmol, 1 equiv.) and 4-nitrophenol (31.7 mg, 0.23 mmol, 1.2 equiv.)
were dissolved in DCM (4 mL). Then DCC (47 mg, 0.23 mmol, 1.2 equiv.) was added to the
reaction mixture. The reaction was stirred at room temperature for 4 h under argon
atmosphere before it was filtered. The filtrate was concentrated under reduced pressure.
Crude mixture was diluted in a saturated NH4Cl aqueous solution (15 mL) and DCM, the
aqueous layer was then extracted three times with DCM (30 mL). Combined organic layers were
washed three times with a saturated NaCl aqueous solution (40 mL). The organic layer was
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dried over NaySO,, filtered and concentrated under reduced pressure before mixture was
purified by column chromatography (eluent: cyclohexane 100% to cHex 70/30 EtOAC, then
EtOAc 100%) to afford the title compound as a yellowish oil with 49% yield (52 mg, 0.09 mmol).

Rf: 0.32 (eluent: cHex70/30 EtOAc; stained with vanillin)

'H NMR (400 MHz, MeOD) & 8.35 — 8.26 (m, 2H, H21-22), 7.43 — 7.35 (m, 2H, H20,H23), 4.13 (d, J = 8.1
Hz, 2H, H8), 3.87 (t, J = 6.0 Hz, 2H, H18), 3.68 —3.57 (m, 12H, H12-17), 3.51 (t, J = 5.5 Hz, 2H, H10), 3.31
(s, 1H, H7), 3.26 (t, J = 5.5 Hz, 2H, H11), 2.89 (t, J = 6.0 Hz, 2H, H19), 2.34 — 2.11 (m, 4H, H1-2), 1.89 —
1.80 (m, 2H), 1.71 - 1.60 (m, 2H, H5-6), 1.43 — 1.06 (m, 2H, H3’-4’), 0.92 (t, J = 9.8 Hz, 2H, H3"'-4").

13C NMR (101 MHz, MeOD) & 172.1, 159.3 (2C), 125.9, 124.7, 122.6, 115.2, 106.3, 98.1 (2C), 70.2 —
69.7(m, 7C), 66.4, 62.4, 40.1, 33.4, 29.1, 20.5 (2C), 20.0 (2C), 17.4 (2C).

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (19-amino-15-ox0-3,6,9,12-tetraoxa-16-
azanonadecyl)carbamate (28):
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To a solution of triethylamine (0.12 mL, 0.83 mmol, 10 equiv.) and propane-1,3-diamine (0.07
mL, 0.83 mmol, 10 equiv.) was added a solution of 4-nitrophenyl 1-((1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-yl)-3-ox0-2,7,10,13,16-pentaoxa-4-azanonadecan-19-oate 27 (47 mg,
0.08 mmol, 1 equiv.). The reaction was stirred at room temperature for 4 h. After the reaction
was completed, the product was diluted in H,O (10 mL) and extracted four times with DCM (20
mL). The combined organic layers were washed three times with a saturated NaCl solution (20
mL), dried over Na,SQs, filtered and concentrated under reduced pressure to give the title
compound as a yellow oil with 51% yield (21 mg, 0.04 mmol).

Rf: 0.33 (eluent: 90/10 MeOH, 1% NEts; stained with Ninhydrin, vanillin)

'H NMR (400 MHz, MeOD) & 4.15 (d, J = 8.1 Hz, 2H, H8), 3.65 (t, J = 6.1 Hz, 2H, H18), 3.67 —3.57 (m, 12H,
H12-H17), 3.53 (t, J = 5.5 Hz, 2H, H11), 3.27 (t, J = 5.5 Hz, 2H, H10), 2.75 (t, J = 7.0 Hz, 2H, H21), 2.44 (t,
J=6.0Hz, 2H, ), 2.30 - 2.08 (m, 6H, H1-2, H3’-4’), 1.70 (p, / = 6.8 Hz, 2H, H22), 1.62 — 1.60 (m, 2H, H5-
6), 1.38 (p, J = 8.6 Hz, 1H, H7), 1.01 —0.82 (m, 2H, H3"-H4").

13C NMR (101 MHz, MeOD) 6 182.7, 133.1, 98.1 (2C), 70.1 — 69.9 (m, 7C), 66.9, 62.4, 38.5, 36.3, 28.8,
25.4 (2C), 24.7, 20.5 (2C), 20.0 (2C), 17.5 (2C).

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (19-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)-15-oxo0-3,6,9,12-tetraoxa-16-azanonadecyl)carbamate (DBM-2):
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To a solution of methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate 20
(8.76 mg, 0.03 mmol, 1.0 equiv.) in DCM (2 mL) was added a solution of 28 (21 mg, 0.04 mmol,
1.5 equiv.) in DCM (2 mL). The reaction was stirred at room temperature for 2 h. After the
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reaction was completed, the product was diluted in NH4Cl (10 mL) and the resulting aqueous
layer was extracted four times with DCM (20 mL). The combined organic layers were washed
three times with a saturated NaCl aqueous solution (20 mL), dried over Na,SQ,, filtered and
concentrated under reduced pressure. The crude mixture was purified by column
chromatography (cHex 50/50 EtOAc to DCM 80/20 MeOH) to afford the title compound as a
yellow oil with 71% yield (14 mg, 0.02 mmol).

Rf = 0.31 (eluent: cHex 70/30 EtOAc; stained with vanillin)

'H NMR (500 MHz, MeOD-da4) & 4.14 (d, J = 8.1 Hz, 2H, H8), 3.72 (t, J = 6.1 Hz, 2H, H18), 3.68 — 3.58 (m,
12H, H12-H17), 3.53 (t, J = 5.5 Hz, 2H, H11), 3.27 (d, J = 5.5 Hz, 2H, H10), 3.20 (t, J = 6.9 Hz, 2H, H21),
2.67 (t,J = 7.0 Hz, 2H, H23), 2.44 (t, J = 6.1 Hz, 2H, H19), 2.31 — 2.12 (m, 6H, H1-2, H3’-4’), 1.82 (p, / = 6.9
Hz, 2H, H22), 1.61 (d, J = 11.2 Hz, 3H, H5-H7), 0.94 — 0.73 (m, 2H, H3”-4").

13C NMR (126 MHz MeOD-d4) 6 174.5, 165.9, 159.6 (2C), 130.7 (2C), 99.9 (2C), 72.1 - 71.4 (m, 7C), 68.6,
64.1 (C12), 38.6, 38.1, 29.5, 22.3 (2C), 21.7, 19.8.3 (2C), 19.3 (2C), 17.5 (2C).

HRMS (ESI+) calcd for CagH41BraN3Oo" [M+Na]*: 756.1102 found: 756.1106.

4-Nitrophenyl (1R,8S,9s)-bicyclo[6.1.0]non-4-yne-9-carboxylate (30):
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(1R,8S,9s)-bicyclo[6.1.0]non-4-yne-9-carboxylic acid 29 (406 mg, 2.5 mmol, 1.0 equiv.) —
freshly produced by Michel Mosser —, and 4-nitrophenol (413 mg, 3 mmol, 1.2 equiv.) were
solved in DCM (15 mL) and DCC (619 mg, 3 mmol, 1.2 equiv.) was added. The mixture was
stirred at room temperature for 3 h before it was filtrated. The filtrate was concentrated under
reduced pressure and the resulting yellow oil was diluted in a saturated NH4Cl aqueous solution
(15 mL) and EtOAc (20 mL). The organic layer was washed three times with a saturated NH4Cl
aqueous solution (15 mL) and three times with a saturated NaCl aqueous solution (20 mL)
before it was dried over Na;SOs, filtered and concentrated under reduced pressure. Crude
mixture was then purified by column chromatography (eluent: cyclohexane 90/10 EtOAc) to
afford the title compound as a white solid with 72% yield (504 mg, 1.8 mmol).

Rf: 0.32 (eluent: cHex 70/30 EtOAc; stained with vanillin)

'H NMR (400 MHz, DMSO-ds) & 8.35 — 8.24 (m, 2H, H9-10), 7.52 — 7.32 (m, 2H, H8, H11), 2.38 — 2.03 (m,
7H, H1-2, H5-7), 1.63 — 1.49 (m, 2H, H3-4).

13C NMR (101 MHz, DMSO) & 169.4, 155.3, 144.9, 125.2 (2C), 123.3 (2C), 98.6 (2C), 27.2, 25.8 (2C), 20.9
(2C), 20.2 (2C).

HRMS (ESI+): calcd for Ci6H16NO4* [M+H]* 286.1074; found 286.1080.
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(1R,8S,9S)-N-(3-aminopropyl)bicyclo[6.1.0]non-4-yne-9-carboxamide (31):
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1,3-Propanediamine (1.17 mL, 14 mmol, 10 equiv.) was solved in DMF (3 mL) and triethylamine
(2 mL, 14 mmol, 10 equiv.) was added. The mixture was stirred at room temperature for 5 min
before 4-nitrophenyl (1R,8S,9s)-bicyclo[6.1.0]non-4-yne-9-carboxylate 30 (400 mg, 1.4 mmol,
1 equiv.) solved in DMF (3 mL) was slowly added to the amine containing solution. Reaction
mixture was stirred at room temperature for 4 h before it was diluted in mQ H,O (60 mL) and
extracted four times with DCM (60 mL). Combined organic layers were washed three times with
a saturated NaCl aqueous solution (60 mL), dried over Na;SO,, filtered and concentrated under
reduced pressure to give the desired product as sticky yellow oil with 86% yield (256 mg, 1.2
mmol).

Rf: 0.33 (eluent: DCM 80/20 MeOH, 1% NEts; stained with ninhydrin)

'H NMR (400 MHz, DMSO-de) 6 7.90 (t, J = 5.6 Hz, 1H, H8), 3.32 (m, 2H, H9), 3.07 (td, J = 6.8, 5.6 Hz, 2H,
H11), 2.59 — 2.51 (m, 2H, H10), 2.33 — 2.07 (m, 6H, H1-2, H5-6), 1.95 — 1.85 (m, 2H,H12), 1.69 (t, J = 9.0
Hz, 1H, H7), 1.45 (p, J = 6.8 Hz, 2H, H3’-4’), 1.18 — 1.03 (m, 2H, H3"-4").

13C NMR (101 MHz, DMSO0) & 170.9, 99.3 (2C), 36.5 (2C), 33.6, 27.9, 23.5 (2C), 22.4 (2C), 21.1 (2C).
HRMS (ESI+) calcd for Ci3H21N2O* [M+H]*: 221.1648; found: 221.1657.

(1R,8S,9S)-N-(3-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl)bicyclo[6.1.0]non-
4-yne-9-carboxamide (DBM-3):
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To a solution of methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate 20 (28
mg, 0.09 mmol, 1.0 equiv.) in DCM (2.5 mL) was added a solution of 31 (30 mg, 0.136 mmol,
1.5 equiv.) in DCM (2.5 mL). The reaction was stirred at room temperature for 3 h. After
completion, the product was diluted in NH4Cl (10 mL) and extracted four times with DCM (20
mL). The combined organic layers were washed three times with a saturated NaCl aqueous
solution (20 mL). Combined organic layers were dried over Na,SO, filtered and concentrated
under reduced pressure. Crude mixture was purified by column chromatography (cHex 100%
to cHex 70/30 EtOAc) to afford the title compound as a white solid with 95% yield (39 mg, 0.09
mmol).

Rf = 0.31 (eluent: cHex 70/30 EtOAc ; stained with vanillin)
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H NMR (500 MHz, DMSO) & 3.46 (m, 2H, H11), 3.03 (q, J = 6.6 Hz, 2H, H9), 2.32 — 2.10 (m, 6H, H1-2,
H10), 1.91 (m, 2H, H5-6), 1.72 — 1.61 (m, 3H, H3’-4", H7), 1.09 (m, 2H, H3"-4").

13C NMR (126 MHz, DMSO0) 6 170.7, 164.4 (2C), 129.3 (2C), 99.0 (2C), 37.4, 36.2, 28.2, 27.6, 23.2
(2C), 22.1 (2C), 20.8 (2C).

HRMS (ESI+) calcd for C17H19BraN,03* [M+H]*: 456.9757 ; found: 456.9765.

2-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetic acid (34):2%°
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3,4-dibromomaleic acid (250 mg, 0.91 mmol, 1.0 equiv.) was stirred at refluxed (125 °C) in acetic

acid (5 mL) for 1 h before mixture was cooled down to room temperature. Then glycine (75 mg.,

1 mmol, 1.1 equiv.) was added and mixture was refluxed for another 3 h before acetic acid was
removed under reduced pressure, acetic acid traces were removed by co-evaporation three
times with toluene (10 mL) and crude mixture was purified by column chromatography using
slow gradient from DCM 99/1 AcOH to DCM 80/19 MeOH AcOH 1%) as eluting mixture. Product
was isolated as a white powder with 78% yield (220 mg, 0.71 mmol).

Rf: 0.26 (eluent: CHCI3 90/10 MeOH)

'H NMR (400 MHz, DMSO-ds) 6 13.38 (s, 1H, H2), 4.26 (s, 2H, H1).

13C NMR (101 MHz, DMSO-dg) 6 168.4, 163.7 (2C), 129.6 (2C), 40.1.

HRMS (ESI+) calcd for CeH4BroNO4* [M+H]*: 311.8502 found: 311.8504.

(1R,8S,9S)-N-(3-(2-(3,4-Dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)acetamido)propyl)bicyclo[6.1.0]non-4-yne-9-carboxamide (DBM-4):
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2—(3,4—D|bromo—2,5—d|oxo—2,5—d|hydro—lH—pyrroI—l—yI)acetic acid 34 (31.3 mg, 0.10 nmol,
1.2 equiv.) was solved in MeCN (2 mL) and 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
(EEDQ) (26.7 mg, 0.11 nmol, 1.2 equiv.) was added. The resulting pink mixture was stirred at
room temperature for 1 h before (1R,8S,9s)-N-(3-aminopropyl)bicyclo[6.1.0]non-4-yne-9-
carboxamide 31 (20 mg, 0.09 nmol, 1.0 equiv.) was added as a solution in MeCN (1 mL). Mixture
was stirred at room temperature for an extra hour and MeCN was removed under reduced
pressure. Crude orange solid was purified by column chromatography (eluent cHex 50/50
EtOAc) to afford the title compound as a white foamy solid with 26% yield (12 mg, 0.02 mmol).
Rf = 0.3 in cHex/EtOAc (30:70), UV visible + stained by vaniline.
'H NMR (400 MHz, DMSO-dg) 6 8.15 (t, J = 5.7 Hz, 1H, H8), 7.92 (t, J = 5.7 Hz, 1H, H12), 4.08 (s,
2H, H13), 3.09 — 2.95 (m, 4H, H9-H11), 2.32 — 2.04 (m, 4H, H1-2), 1.94 — 1.85 (m, 2H, H3’-4’),
1.68 (t, J = 9.1 Hz, 1H, H7), 1.49 (q, J = 6.9 Hz, 2H, H10), 1.14 — 1.05 (m, 2H, H3"-4").
13C NMR (101 MHz, DMSO-ds) 6 171.0, 168.4, 163.2 (2C), 130.0 (2C), 99.3 (2C), 62.3, 36.7 (2C),
29.8, 27.9, 23.6 (2C), 22.4 (2C), 21.1 (2C).
HRMS (ESI+) calcd for Ci9H22BraN3O4" [M+H]* 513.9972; found 513.9965.
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IV.Bioconjugation

V.1. Multicomponent reactions for labelling of native proteins

IV.1.a. Robinson-Schépf MCR

Reaction mechanism and calculated masses of the different adducts
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Procedures

Dialdehyde formation: To a 100 pL solution of 2,5-dimethoxytetrahydrofuran 2 (0.1 M in H,0)
was added HCI (as a 0.1 M solution in H20, 16 pL). The reaction mixture was then heated at 70
°C for 30 min after which, the reaction mixture was cooled to room temperature.

Tropinone formation: To a solution of trastuzumab (10 mg/mL in PBS (1X, pH 5.0), 50 pL,
1.0 equiv.) was added 3-oxoglutaric acid 3 (as a 0.01 M solution in H;0, 4.11 uL, 12 equiv.), HCI
(asa0.01 M solution in H,0, 4.38 pL, 12.8 equiv.) and NaOAc (as 0.1 M solution in H;0, 1.37 pL,
40 equiv.). Then, the dialdehyde 1 (as a 0.01 M solution (diluted from the 0.1 M solution with
H,0), 3.42 uL, 10 equiv.) was added and the reaction mixture was incubated at 37 °C for 3 h
before the excess of reagent was removed by gel filtration chromatography using biospins P-30
columns pre-equilibrated with PBS (1X, pH 7.5) to give a solution of tra-trop.

Tropinone functionalization: To the purified solution of tra-trop was added TMPP-ONH; (as
0.05 M solution in H20 (or DMSO), 5 pL, 200 equiv.) and the reaction was incubated for 16 h at
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25 °C before the excess of reagent was removed by gel filtration chromatography using biospins
P-30 columns pre-equilibrated with PBS (1X, pH 7.5) to give a solution of tra-TMPP. Samples
was then deglycosylated and buffer exchanged to NHsOAc (150 mM, pH 7.5) buffer before it
was analysed on the LCT spectrometer and the EMR spectrometer.

Pyrrole formation: To a solution of trastuzumab (5 mg/mL in NaOAc buffer (1M, pH 5), 50 L,
1.0 equiv.) was added succinaldehyde 1 (as a 0.01 M solution in H20, 0.8 uL, 5 equiv.). The
reaction mixture was incubated at 37 °C for 30 min before the excess of reagent was removed
by gel filtration chromatography using biospins P-30 columns pre-equilibrated with PBS (1X, pH
7.5) to give a solution of tra-pyr.

Variation of different reaction’s parameters

Variation of the pH, equivalent of reagent and temperature were evaluated on the conjugation
efficiency, after TMPP functionalization.

e o | T |t | “DO” | Mosyius P—
CHO,1 | COOH, 3 | HCl | NaOAc ¢c) | (h) | % (Da)

20 24 28 80 5 37 3 Degradation of the mAb
10 0 14 40 5 | 37 | 3 | 100 56 Broad peak
0 12 14 40 5 | 37 | 3 | 100 / Native mAb
10 12 0 0 5 37 3 100 / Broad peak
10 12 0 40 5 | 37| 3 26 684 3 adducts
10 12 14 0 5 | 37| 3 16 681 5 adducts
10 12 14 40 | 75| 37 | 3 | 48 672 3 adducts
10 12 14 40 5 | 25 | 3 | 42 630 1 adduct
10 12 14 40 5 |37 | 1 | 100 51 Broad peak
5 50 0 0 5 | 37 | 05| 100 51 4 adducts
5 0 0 0 5 | 37 | 05| 100 50 4 adducts

139



Analysis of tra-TMPP:

LCT analysis:
«D1»
6 129.66
« DO » 36%
100+ 6100.58 Zoom on +24 charge state
32%
AN «D2»
| — | 6157.97
' 698 | 22%
"\D a 's'. —
"-.\.679v‘_w' «D3»
= ‘Da 6184.59
,. 10%
0+ \A‘ U AR T SARLE RRSLN RSN RARAR AR [T e
6060 6080 6100 6120 6140 6160 6180 6200 6220 6240 6260
EMR analysis:
«D1»
36 %
100 b
so- « DO » 1
o2 32%
BD:? a
i c | Zoom on +24 charge state
! c
e a {\ I , « D2 »
) d l l 22%
50E |
ble de
::‘ “‘ \ ‘ } | [ «D3»
aa—é “‘ l\ ‘ ‘ I 10 %
mTE \ “ “ a ‘
i ‘ Wl e |
zog ‘ ‘ || l’lr ‘ M I,,“ ‘ b |
] l Vi M 1o l
'0:; “ M I' [ | ‘I“ ‘1‘ “\ Iw \' l\ .I\\H 1 1A N
s_ | “ H ‘ H | \ l“i‘" ! Nl ! “‘l“l.'l‘,li \Il'\“ ‘IA."I ‘ \ “_u'l‘, voﬁﬁmzz 631703 633154
DO D1 D2
peak | M (Da) peak | M (Da) peak | M (Da)
A A A
a 146 402 a 147 057 a 147 836
91 92 126
b |146 493 b |147 149 b | 147962
69 65 158
c 146 562 c 147 214 c (148120
61 110
d |146623 d |147324
112 169
€ 146 735 € 147 493

A = mass difference between peak n and n+1.
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Analysis of tra-trop:

LCT analysis:
6107. 05
100 e
/ \ Zoom on +24 charge state
\
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/ \
/ \\
c>\° / \\
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/ \
/// \\‘\
1 S ————
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EMR analysis:

Zoom on +24 charge state

b
h
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%] £ peak | M (Da)
855 c A
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é 67
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60 95
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soi | 70
e |146 888 —
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3 108
h 1147185
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Analysis of tra-pyr:
Native SEC-MS analysis on the BioAccord:

145913
20000 -
145867 145967
\ /
15000 DO 146010
":5 /
c
3
&2
2 10000 -
£
5000+
0

144e5  1445e5  145e5 14555  146e5 14655  147e5  1475¢5 1485  1.485e5
Mass [Da)
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IV.1.b. Chlorooxime conjugation for the Ugi 4C-3CR:

Structure of the conjugates:

Carbonyl Isocyanide Conjugate M (Da)
N o o o Y
' { Nene KN% PRI ET
Ns{/VOV\CI / o N S| 1198.53
3 R
N %XY/N‘OH
oy M / R! - 1089.45
NS Cl X: any nucleophilic
° amino acid

Procedure:

Chlorooxime conjugation: To a solution of trastuzumab (1 equiv., 10 mg/mL, 50 pL in PBS (1X,
pH 7.5), 3.33 nmol) was added a.-chlorooxime 8 (5 equiv., 1.71 pL from a 10 mM stock solution
in DMSO). The reaction mixture was incubated for 2 h at 5 °C before the excess of reagent was
removed by gel filtration chromatography using biospins P-30 columns pre-equilibrated with
PBS (1X, pH 7.5) to give a solution of tra-Ns.

SPAAC functionalization: To this solution of tra-N3 was added BCN-Cy5 (10 equiv. from a 10 mM
stock solution in DMSO) and the solution was incubated at 25 °C for 20 h before the excess of
reagent was removed by gel filtration chromatography using biospins P-30 columns pre-
equilibrated with PBS (1X, pH 7.5) to give a solution of mAb-Cy5.

Preparation for analysis: Samples were then deglycosylated and buffer exchanged to NH4sOAc
(150 mM, pH 7.5) buffer before they were analysed on the LCT spectrometer.
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Time course study:

To evaluate the influence of the time on the conjugation of 8, time variation studies were
conducted in the chlorooxime’s conjugation conditions mentioned above. Optimal conditions
are highlighted in green.

time (h) Conv. (%) Av. DoC M payload (Da)

2 59 0.86 1091.09

4 67 0.98 1088.48

2 59 1.00 1088.00
0.25 0 0 /

0.5 5 0.05 1086.32

20 0.20 1097.00

60 0.82 1088.90

72 1.12 1089.00

Competition experiment:

To a solution of trastuzumab (1 equiv., 10 mg/mL, 50 pL in PBS (1X, pH 7.5), 3.33 nmol) was
added a-chlorooxime 8 (5 equiv., 1.71 pL from a 10 mM stock solution in DMSO) and the
appropriate Ac-aa-NHMe (50 equiv., 1.71 [IL from a 0.1 M stock solution in H,0). The reaction
mixture was incubated for 2 h at 5 °C before the excess of reagent was removed by gel filtration

chromatography using biospins P-30 columns pre-equilibrated with PBS (1X, pH 7.5) to give a
solution of mAb-Ns. To this solution of mAb-N3; was added BCN-Cy5 (10 equiv. from a 10 mM
stock solution in DMSO) and the solution was incubated at 25 °C for 20 h before the excess of
reagent was removed by gel filtration chromatography using biospins P-30 columns pre-
equilibrated with PBS (1X, pH 7.5) to give a solution of mAb-Cy5. Concentration in protein and
dye were analysed by absorbance at 280 nm using LigandTracer mode “protein and Label.

Ac-aa-NHMe (DIOC) Ac-GIy-NHOMe Ac-His-gHMe AC-Lys-NgMe
Fluo
NH - NH ~ NH _
Lys 0.9 b oy T o N M
Tyr 0.8 o \
Gly 0.8 NH,
His 0.3 Ac-Asp-NHMe Ac-Glu-NHMe Ac-Tyr-NHMe
Asp 0.4 0 0 0
NH ~ NH _ NH _
Glu 03 D I e e e
© ~COOH o ™ 0
@ 0.9 COOH o
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Analysis on the LCT spectrometer:

Tra-Cy5 produced using 5 equiv. of chlorooxime 8 incubated at 4 °C for 2 h followed by SPAAC
using BCN-Cy5.

DO
m/z = 6079 D1
0,
100 4,11 % m/z = 6125
}‘II 36%
|
I I
| |
| \ | Zoom on +24 charge state
| \
1 i
| |
1 |
| % R
o~ 1 | D2
R ‘1 m/z = 6170
|| || 18%
“ \ |\ I
\w\ i) \a\ | |
! | 1091 Da | 1089Da || 1090 Da
o — > S
N | \a m/z = 6216
| N / \ J 5%
| \\,\ ~ r \‘w\/\_ ~ \\ i "('\‘.‘.
o N ;\‘ o \ NUP A W \—'\M\ N X R
0P L LU B I B 7T UL AR IR SR UNARARRAS AR RS RER SR AR R U 11174
6040 6060 6080 6100 6120 6140 6160 6180 6200 6220 6240 6260 6280
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IV.1.c. Hydrazone conjugation

Structure of the conjugates:

Hydrazone isocyanide | C1 (Da) | C2 (Da) |C3 (Da)
(6] X, .NHMe
N >§AN 1213.6 | 11675 | 1185.5
14
0] X, . NH>
NKV >§/\N 1199.6 | 1167.5 | 1185.5
15
|
(0] X, N
N (O @ QNC /| 11675 | 11855
16 a
oL _~. N
R L] 13256 | 1167.5 | 11855
17
}NC 11735 | 11275 | 11455
b
Na%\/o3 Sy-NHMe +ch 1187.6 | 1141.5 | 1159.5
14 —
Etoog NC ol 11254 | 11715 | 11895

o)
J—NH
0

O R! o
ST S
¢ N R2 N NR
3/NH 0 Rt
C1 C2

BCN-sulfocy5
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Procedures:

Hydrazone conjugation: To a solution of trastuzumab (10 mg/mL, 50 uLin PBS (1X, pH 7.5), 3.33
nmol, 1.0 equiv.) was added isocyanide a (from a 0.3 M stock solution in DMSO) followed by
hydrazone 14 (from a 0.3 M stock solution in DMSQ). The reaction mixture was incubated for
the 20 h at 25 °C before NH,OH (1 v% of a 50 w% solution in water) was added. Sample was
incubated an extra hour at 25 °C before the excess of reagent was removed by gel filtration
chromatography using biospins P-30 columns pre-equilibrated with PBS (1X, pH 7.5) to give a
solution of tra-Ns.

SPAAC functionalization: To this solution of tra-N3 was added BCN-Cy5 (10 equiv. from a 10 mM
stock solution in DMSO), the solution was then incubated at 25 °C for 20 h. The excess of reagent
was removed by gel filtration chromatography using biospins P-30 columns pre-equilibrated
with PBS (1X, pH 7.5) to give a solution of tra-Cy5.

Native MS preparation: Samples were then deglycosylated and buffer exchanged to NH4sOAc
(150 mM, pH 7.5) buffer before it was analysed on the LCT spectrometer.

Optimization of the conditions:

The influence on the variation in the reaction time, temperature and reagents quantity on the
hydrazone conjugation was evaluated using isocyanide a and hydrazone 14. Selected optimal
conditions are highlighted in green.

Equiv. t T M payload
pH Conv. (%) | Av. DoC
hydrazone:NC | (h) (°C) (Da)
45:45 16 25 7.5 47 0.56 1168.75
75:75 16 25 7.5 58 0.83 1172.16
100:100 16 25 7.5 57 0.75 1169.04
100:100 24 25 7.5 84 1.70 1169.13
100:100 24 37 7.5 77 1.43 1244.81
100:0 24 37 7.5 0 0 /
25:25 24 25 7.5 17 0.17 1181.75
50:50 24 25 7.5 42 0.50 1168.75
60:60 24 25 7.5 48 0.50 1167.5
75:75 24 25 7.5 58 0.80 1169
90:90 24 25 7.5 58 0.80 1174.67
100:100 24 25 7.5 66 1.00 1164.33
100:100 24 25 6.5 70 0.98 1172.58
100:100 24 25 7.5 75 1.23 1162.62
100:100 24 25 8.5 75 1.22 1170.66
100:100 24 5 7.5 13 0.13 1165
100:100 24 25 7.5 60 0.90 1191,12
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100:100 24 37 7.5

75 1.22 1170.00

Variation of the hydrazone component:

The influence of the hydrazone’s substituent was then evaluated, using isocyanide a in the

optimal conditions mention above. Results seems to indicate a clear impact of this parameter
on the bioconjugation efficiency.

Conv. M payload
hydrazone Av. DoC
(%) (Da)
15 69 1 1123.84
16 0 0 0
17 0 0 0

Variation of the isocyanide:

The influence of the isocyanide’s side chain was then evaluated, using hydrazone 14 in the

optimal conditions mention above. Results seems to indicate a clear impact of this parameter
on the bioconjugation efficiency.

Used Conv. Av. M payload
NC (%) DoC (Da)

b 19 0.19 1131

c 20 0.20 1143

a 62 0.90 1170

d 47 0.59 1154

Analysis on the LCT spectrometer:

Tra-Cy5 produced using 100 equiv. of isocyanide a, 100 equiv. of hydrazone 14, incubated at 25
°C for 20 h followed by SPAAC using BCN-Cy5.

D1
DO m/z = 6129.88
_ [v)
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Tra-Cy5 produced using 45 equiv. of isocyanide a, 45 equiv. of hydrazone 14, incubated at 25 °C
for 16 h followed by SPAAC using BCN-Cy5.
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IV.1.d. In depth mechanistic study of the Ugi 4C-3CR

Structure of the conjugates:

ini Ugi
R1-CHO 2 Passerini
R™-NC payload (Da) |payload (Da)
<:>—NC a 787 769
>_NC b 747 729
o
N OMH jLNC c 761 743
6 (6]
791
Eto)K/NC d 773
H
<CN></OTN\/\O§ 1077 1059
o*® 2
o
>~ f
H 0
18
NB/\/O\/\NJKO%NC 788 170
g H

‘ b (¢} '
LN ' 0 R %—wﬁo Cf Q !
L ON® NH | H ‘
: b N N .R%
| N—Y WwH H 0 HHN\‘\// v %ONN\Rz H \HLN R 1
L N M A N N N2 Ho
: NN T | o R R R |

H o ini
o b Passerini payload inter-residue intra-residue

N3 + BCN-iminobiotin L Ugi payloads

Procedures:

Ugi reaction: To a solution of trastuzumab (3.3 nmol in PBS (1X, pH 7.5), 1.0 equiv.) was added
the isocyanide (from a 0.1 M stock in DMSO) followed by the aldehyde (from a 0.1 M stock in
DMSO). The solution was incubated at 25 °C for 16 h before NH,OH (1 v% of a 50 w% solution
in water) was added. Sample was incubated an extra hour at 25 °C before the excess of reagent
was removed by gel filtration chromatography using biospins P-30 columns pre-equilibrated
with PBS (1X, pH 7.5) to give a solution of tra-Ns.

SPAAC functionalization: To a solution of tra-Ns solution was added BCN-iminobiotin (30 equiv.
from a 10 mM stock solution in DMSO) and the solution was incubated at 25 °C for 20 h. The
excess of reagent was removed by gel filtration chromatography using biospins P-30 columns
pre-equilibrated with PBS (1X, pH 7.5) to give a solution of tra-biotin.

Native MS preparation: Samples were then deglycosylated and buffer exchanged to NH4OAc

(150 mM, pH 7.5) buffer before it was analysed on the LCT spectrometer. Remaining samples
were then analysed by LC-MS/MS and modification sites and structures were determined.
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Reproducibility of the method:

In order to validate the reproducibility of this bioconjugation method, three operators
conducted the same experiment in the Ugi “optima
in PBS 1X, pH 7.5) incubated with 45 equiv. of isocyanide a and aldehyde 6 at 25 °C for 16 h
followed by SPAAC reaction with BCN-iminobiotin — several times and the resulting samples

III

were analyzed by LC-MS and LC-MS/MS analysis.

conditions — i.e. trastuzumab (10 mg/mL

Conv. Av. Payload . . . ..
exp Chain Peptide AA Ugi Passerini
(%) DoC (Da)
HC 1-19 El X X
LC 1-18 D1 X X
CS 86 1.8 771.63 E165-
LC 150-183 X
K169
HC 1-19 El X X
D62-
HC 60-87 X
K65
LAY 64 1 774.67 E275-
HC 259-291 X
K277
LC 1-18 D1 X X
HC 1-19 El X X
D62-
HC 60-87 X
K65
LAY 74 1.3 772.00 E275-
HC 259-291 X
K277
LC 1-18 D1 X X
HC 1-19 El X X
D62-
HC 60-87 X
K65
IK 70 1.1 765.67 E275-
HC 259-291 X
K277
LC 1-18 D1 X X
HC 1-19 El X X
D62-
HC 60-87 X
K65
E275-
HC 259-291 X
IK 76 1.3 757.33 K277
LC 1-18 D1 X X
D165-
LC 150-183 X
K169
HC 1-19 El X X
IK 65 1.0 770.00
LC 1-18 D1 X
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pH variation (IK):
Influence of the pH on the modification sites and mechanism was evaluated in the “optimal”

reaction conditions i.e. trastuzumab (10 mg/mL in PBS 1X) incubated with 45 equiv. of
isocyanide a and aldehyde 6 at 25 °C for 16 h.

Conv. Av. | Payload . . . .
pH Chain Peptide AA Ugi Passerini
(%) DoC (Da)
HC 1-19 El X X
5.5 67 1.0 760.33
LC 1-18 D1 X
HC 1-19 El X X
6.5 58 0.9 771.33
LC 1-18 D1 X
HC 1-19 El X X
7.5 65 1.0 770.00
LC 1-18 D1 X
HC 1-19 El X X
8.5 66 1.0 775.00
LC 1-18 D1 X

Time course experiment (CS):

Influence of the reaction time on the modification sites and mechanism was evaluated in the
“optimal” conditions i.e. trastuzumab (10 mg/mL in PBS 1X, pH 7.5) incubated with 45 equiv. of
isocyanide a and aldehyde 6 at 25 °C followed by a SPAAC reaction with BCN-iminobiotin.

Conv. Av. | Payload . . . .
t (h) Chain Peptide AA Ugi | Passerini
(%) DoC (Da)
HC 1-19 E1l X X
1 11 0.1 775.00
LC 1-18 D1 X
HC 1-19 E1l X X
2 28 0.3 775.00
LC 1-18 D1 X
HC 1-19 E1l X X
4 62 0.9 775.00
LC 1-18 D1 X
HC 1-19 E1l X X
8 78 1.4 766.67
LC 1-18 D1 X
HC 1-19 E1l X X
16 86 1.8 771.63 LC 1-18 D1 X X
LC 150-183 | E165-K169 X
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Variation of the isocyanide’s side chains:

Influence of the variation of the isocyanide’s side chains on the modification sites and
mechanism was evaluated in the Ugi “optimal” conditions i.e. trastuzumab (10 mg/mL in PBS
1X, pH 7.5) incubated with 45 equiv. of isocyanide and aldehyde 6 at 25 °C for 16 h followed by
a SPAAC reaction with BCN-iminobiotin.

Conv. Av. Payload . . . .
Exp | NC Chain | Peptide | AA Ugi | Passerini
(%) DoC (Da)
HC 1-19 El X X
CS b 81 1.3 725.0
LC 1-18 D1 X
HC 1-19 El X X
IK C 52 0.8 732.0
LC 1-18 D1 X X
CS d 65 1.0 750.0 HC 1-19 El X
HC 1-19 El X
IK d 69 1.2 719.3
LC 1-18 D1 X X
A% d 60 0.5 755.7 HC 1-19 El X
HC 1-19 El X X
A% e 44 0.5 1063.0
LC 1-18 D1 X

Variation of both isocyanide and aldehyde’s side chain:

Influence of the replacement of aldehyde 6 by aldehyde 18 was then studied. In order to
maintain the Plug-and-Play character of the reaction, azido functionalized isocyanides were
used in the optimal Ugi conditions i.e. trastuzumab (10 mg/mL in PBS 1X, pH 7.5) incubated
with 45 equiv. of isocyanide and aldehyde 18 at 25 °C for 16 h followed by a SPAAC reaction with
BCN-iminobiotin.

Conv. | Av. | Payload . . . ..
Exp | NC Chain Peptide AA Ugi | Passerini
(%) DoC (Da)
HC 1-19 El X X
IK g 54 0.8 766
LC 1-18 D1 X X
HC 1-19 El X X
HC 222-251 D224 X
\'AY, f 59 0.9 733 LC 1-18 D1 X X
D185-
LC 184-207 X
K188
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Exploration of the El-selective conditions:

Based on the El-selectivity observed in the Ugi “optimal” conditions — i.e. trastuzumab
(10 mg/mL in PBS 1X, pH 7.5) incubated with 45 equiv. of isocyanide d and aldehyde 6 at 25 °C
for 16 h followed by SPAAC reaction with BCN-iminobiotin —, variation of the conditions of
reaction as well as inter-experimenter reproducibility was studied to evaluate their influence on
the observed selectivity.

C Equiv.
t T Conv. Av. . . . | Passe
(mg | CHO:N . Chain | Peptide AA Ugi L.
(h) | (°C) (%) DoC rini
/mL) C
10 45:45 16 25 60 0.9 HC 1-19 E1l X
10 45:45 16 25 65 1.0 HC 1-19 E1l X
HC 1-19 E1l X
10 45:45 16 25 69 1.2
LC 1-18 D1 X X
HC 1-19 El X
15 45 16 25 83 1.8
LC 1-18 D1 X X
HC 1-19 El X X
D62-
HC 60-87 X
K65
15 100 2 25 61 0.5
E275-
HC 259-291 X
K277
LC 1-18 D1 X
HC 1-19 El X X
HC 4-19 E6 X
D62-
HC 60-87 X
15 100 4 25 73 1.2 K65
E275K-
HC 259-291 X
277
LC 1-18 D1 X
HC 1-19 El X X
HC 4-19 E6 X
D62-
HC 60-87 X
10 75 16 25 91 2.5 K65
E275-
HC 259-291 X
K277
LC 1-18 D1 X
HC 1-19 El X X
10 100 2 37 79 1.6 HC 4-19 E6 X
LC 1-18 D1 X X
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Protein transfer:

We next evaluated the transferability of the both the Ugi “optimal” conditions — i.e. mAb
(10 mg/mL in PBS 1X, pH 7.5) incubated with 45 equiv. of isocyanide a and aldehyde 6 at 25 °C
for 16 h followed by SPAAC with BCN-iminobiotin and the E1-selective conditions — i.e. mAb
(10 mg/mL in PBS 1X, pH 7.5) incubated with 45 equiv. of isocyanide d and aldehyde 6 at 25 °C
for 16 h followed by SPAAC with BCN-iminobiotin — to other IgGs and the influence it might
have on the conjugation efficiency and the modification sites.

Isocyanide a /aldehyde 6:

Conv.
mAb (%) Av. DoC | Chain Peptide AA Ugi | Passerini
(]
o HC 260-292 | E276-K278 X
rituximab 85 1.7
LC 149-182 | E165-K169 X
HC 1-19 El X X
bevacizumab 77 1.4 LC 1-18 D1 X
LC 149-182 | E164-K168 X
) HC 1-19 El X X
ramucirumab 39 0.5
LC 1-18 D1 X
Isocyanide d/aldehyde 6:
Conv. Av. . . . L.
mAb Chain Peptide AA Ugi | Passerini
(%) DoC
rituximab 45 1.5 / / /
bevacizumab 44 0.6 HC 1-19 El X
ramucirumab 52 0.8 HC 1-19 El X X
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Analysis on the LCT spectrometer:

Tra-biotin produced using 45 equiv. of isocyanide a, 45 equiv. of aldehyde a, incubated at 25 °C
for 20 h followed by SPAAC using BCN-iminobiotin.
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Tra-biotin produced using 45 equiv. of isocyanide d, 45 equiv. of aldehyde a, incubated at 25 °C
for 20 h followed by SPAAC using BCN-iminobiotin.
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IV.2.  Chemical formation of protein dimers
IV.2.a. Fab production

Procedures:

Pepsin digestion: Full mAb (1 equiv., 16 mg/mL, 500 pL) was buffer exchanged to pepsin
digestion buffer (20 mM sodium acetate, pH 3.1) using Pierce Protein concentrator MWCO
30 kDa through three concentration/dilution cycles and the final volume of the sample was
adjusted to 500 pL. Immobilized pepsin (350 uL) was charged on Pierce columns and storage
solution was removed by centrifugation before the resin was washed with three times with 500
uL of digestion buffer. Sample was charged on the column and mixture was incubated at 37 °C
under strong agitation (1100 rpm) for 6 h. Resin was then dried and washed with 3 x 500 uL PBS
(21X, pH 7.5). Combined flush and washes were concentrated using Pierce Protein concentrator
MWCO 10 kDa to give a solution of F(ab’);in PBS (1X, pH 7.5) with 60% yield.

Rq: After 6 h, some Fab (10%) and full mAb (16%) are observed by SEC using a Superdex™ 200
Increase 10/300 GL column with 0.5 mL/min flow of PBS 1X, pH 7.5. The F(ab’); is eluted after
13.47 mL.

F(ab’): digestion: Immobilized papain (1 mL/mg mAb, 0.5 pL) was charged on a Pierce column,
storage solution was removed by centrifugation and replaced with 500 pL of papain digest
buffer (26 mM NaH:POas, 77 mM Na;HPO4, 150 mM NaCl, 1 mM EDTA pH 6.8) supplemented
with 10 mM DTT. Resin was incubated at 37 °C under strong agitation (1100 rpm) for 90 min.
The resin was then washed with 6 x 500 pL of papain digestion buffer and the Fab; previously
buffer exchanged to digest buffer was charged on the resin. Mixture was incubated at 37 °C
under strong agitation (1100 rpm) for 24 h before the resin was flushed and washed with 3 x
500 pL of PBS. The digestat and washes were combined and concentrated using Pierce Protein
concentrator MWCO 10 kDa to give a solution of Fab and Fc in PBS (1X, pH 7.5).

Papain digestion, method 1 (M1): Full mAb (5 mg) was buffer exchanged into digest buffer (20
mM NaH;P04, 10 mM EDTA, 80 mM L-cysteine.HCl, pH 7.0) using Pierce Protein concentrator
MWCO 30 kDa through three concentration/dilution cycles and the final volume of the sample
was adjusted to 500 uL. Immobilized papain (0.1 mL/mg mAb, 0.5 mL) was charged on a pierce
column, storage solution was removed and the resin was washed with 3 x 500 uL digest buffer
before the mAb was charged on the column. Mixture was incubated at 37 °C, under strong
agitation (1100 rpm) for 3 h before the digestat was recovered. Dry resin was washed with 3 x
500 upL PBS. Digestat and washes were combined and concentrated using Pierce Protein
concentrator MWCO 10 kDa to give a solution of Faband Fc in PBS( 1X, pH 7.5).
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Papain digestion, method 2 (M2): Immobilized papain (1 mL/mg mAb, 0.5 mL) was charged on
a Pierce column, storage solution was removed by centrifugation and replaced with 500 pL of
papain digest buffer (50 mM sodium phosphate (26 mM NaH,PO4 and 77 mM Na;HPO4), 150
mM NaCl, 1 mM EDTA pH 6.8) supplemented with 10 mM DTT. Resin was incubated at 25 °C
under strong agitation (1100 rpm) for 60 min. The resin was then washed with six times with of
papain digestion buffer (500 pL) and the mAb (5 mg in 500 uL digest buffer) was charged on the
resin. Mixture was incubated at 37 °C under strong agitation (1100 rpm) for 16 h before the
resin was flushed and washed with 3 x 500 pL of PBS. The digestat and washes were combined
and concentrated using Pierce Protein concentrator MWCO 10 kDa to give a solution of Fab and
Fcin PBS (1X, pH 7.5).

Protein A purification: Sample was purified on Protein A Plus Spin Columns 1 mL. Before its use,
the column was left to warm at room temperature. Storage solution was flushed by
centrifugation (1000 g, 1 min) and the resin was washed twice with protein A binding buffer
(Phosphate 100 mM, NaCl 150 mM, pH 7.2). Sample’s volume was adjusted to 1 mL before it
was charged on the column which was gently agitated (end and over movement) for 10 min at
room temperature. The column was then flushed and washed three times using 2 mL of protein
A binding buffer. Flush and washes were collected, and buffer exchanged to PBS (1X, pH 7.5)
using Thermo Scientific™ Pierce™ Protein Concentrators PES 10 K MWCO, 20 mL, 3 dilution-
concentration cycles. Column was regenerated by washing twice with 3 mL of elution buffer
(glycine 0.1 M, pH 2.5), 3 mL of PBS (1X, pH 7.5) and stored in 3 mL of PBS containing 0,01%
NaNg.

mAb dependent methods:

digestion .
- Protein
mAb Pepsi Papain AKTA | Fragment | M (Da)
F(ab’): A
n M1l | M2
F(ab’),-

trastuzumab X / / / / X (tra)z 97 296
trastuzumab X X / / / X Fira 47 637
avelumab X X / / / X Fave 46 855
durvalumab / / X / / X Fdurva 48 047
rituximab / / / X X / Frit 47 180
muromonab / / X / X / Fmuro 47 446
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IV.2.b. Fab-BCN formation

Structure and calculated masses of the different adducts:

SPAAC with N3-cy5
Hydrolysis of the maleimide ring

oo
S " N,
oo lN- | °N
S N
s L H d
Fab-cy5

Maleimide form

Reduction Rebridging

_ >

DBM

COOH
Fab-cy5
Maleamic acid form

M
Reagent | Structure Form payload
(Da)
o W;Q Maleimide 1184
H H
N N \
pEN-4 Brﬁg\\izﬁorw A Maleamic
0 ° . 1202
o acid

Maleimide 1127

o oy
) NN B
DBM-3 | ® ﬁ HJ%O Maleamic
% ) 1145

acid

o o H@ Maleimide | 1405
H
DBM-2 Br\&:/\/\NMOMNYO\“'

N T H Maleamic 1423
g © acid
o i H Maleimide 1157
. NN o B
DBM-1 Bﬁ H :@ Maleamic
o/ o 4 ) 1175
acid

Procedures:

Reduction: To a solution of Fab (105 uM in PBS 1X, pH 7.5) was added 5 mM EDTA (from a 0.5
M solution in H20) and 3,3',3"-phosphanetriyltripropionic acid (TCEP)(2 equiv. from a 0.02 M
stock solution in mQ H20). The reaction mixture was incubated for 60 min at 37 °C before it was
purified over biospins P6 pre-equilibrated with PBS (1X, pH 7.5) to give a solution of reduced
Fab.

Reduction Fmuro: 50 equiv. of TCEP are required for the rebridging to be efficient.
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Rebridging: To a solution of reduced Fab (105 uM in PBS (1X, pH 7.5)) was added the
appropriate DBM (2 equiv. from a 0.01 M stock solution in DMSOQ). The reaction mixture was
incubated for 20 min at 25 °C before it was purified over biospins P6 pre-equilibrated with PBS
(1X, pH 7.5) to give a solution of rebridged Fab-BCN.

SPAAC : To the rebridged Fab-BCN, N3-Cy5 (5 equiv. from a 0.01 M stock solution in DMSO) was

added and sample was incubated at 25 °C for 16 h before it was purified over biospins P6 pre-
equilibrated with PBS (1X, pH 7.5) to give a solution of Fab-Cy5.

Application to the different Fabs:

Fab DBM Conv. Myayload (Da)
(%)
Ftra 100 1206
Frit 100 1206
Fave DBM-4 100 1205
Fdurva 100 1206
Frmuro 100 1207
Frit DBM-3 100 1146
Frit DBM-2 89 1426
Frit DBM-1 74 1176
Native SEC-MS analysis:
Frit-Cy5 rebridged using DBM-4.
4838408
0.5 e
s Zoom on +15 charge state
0.3 . 1206 Da
0.2-
0.1+ .
0 : , './J e — I 47’1'.37080a | '
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SDS-PAGE of different Fabs rebridged with DBM-4, under reducing conditions:

line | compound
1 Ftra-BCN
Frit-BCN
Fdurva-BCN
Fave-BCN
Fmuro-BCN

nuniHAIWN
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IV.2.c. BSA-BCN formation

Structure and calculated masses of the different adducts:

DBM Form Mpayload (Da)
Maleimide 1264
DBM-1 Maleamic acid 1282
Aspecific 1184
Maleimide 1485
DBM-3 Maleamic acid 1503
Aspecific 1405
Maleimide 1237
DBM-4 Maleamic acid 1255
Aspecific 1157

0
2 s H N
VN | N- @ N
E d N
4 (0] L
> s H SPAAC with N3-Cy5 BSA-Cy5
| N- @\ Hydrolysis of the maleimide ring Maleimide form
gBr % H N

BSA-BCN
Expected adduct

BSA-Cy5

BSA-Cy5
Aspecific nucleophilic attack form
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Native BSA analysis:

UV chromatogram: 2 main peaks were separated by SEC. The one with 2.51 min retention time
was found to correspond to BSA-Dimer resulting from the formation of a disulfide bond
between two BSA free cysteines. The peak with retention time of 2.85 (main product) was found
to contain native BSA along with different species (see deconvoluted spectra).

2.85
0.6
=)
<
v 04+
[
L]
.-
(o]
8
=
0.2
2.51
0
I 1 I 1 1 I 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 45 5 5.5 6

Deconvoluted spectrum of native BSA (2.85 min retention time): Native BSA is observed
(M =66 429 Da) as well as + 120 Da, + 167 Da and + 333 Da adducts.

66429

BSA

*+1200a  cysteinylated adduct
payload: 119 Da

** +167 Da

: OH
OH OH

Fructose-lysine adduct
payload: 162 Da

‘ cysteinylated + fructose lysine adduct
! Payload: 281 Da

- nitrosothiol adduct
pg payload: 43 Da
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Procedures:

BCN-functionalization: 2 mg of BSA were diluted in 250 [IL of PBS (1X, pH 7.5). The resulting
solution was purified by SEC on an AKTA pure system (see preparative SEC in general procedure).
The BSA containing fractions were combined and concentrated using vivaspin 30 kDa and buffer
exchanged to PBS (1X, pH 6.5) to yield pure BSA. To a solution of pure BSA (50 [IL from a 150
[JM in PBS (1X, pH 6.5) was added 1 equiv. of DBM-4 (0.75 [IL from a 0.01 M stock solution in
DMSO) and the reaction mixture was incubated at 25 °C for 15 min before it was purified by gel
filtration using biospins P6 pre-equilibrated with PBS (1X, pH 7.5) to afford a solution of BSA-
BCN.

SPAAC reaction with N3-Cy5: To the previously obtained solution of BSA-BCN, 5 equiv. of N3-Cy5
were added (from a 0.01 M stock solution in DMSO) and the mixture was incubated at 25 °C
overnight before it was purified by gel filtration using biospins P6 pre-equilibrated with PBS (1X,
pH 7.5) to afford a solution of BSA-Cy5.

DBM variation:

DEM [BSA] Equiv. | pH T t Conv. % Mpayioad
(OM) (°C) | (min) (%) D2 (Da)
2 7.5 25 20 100 20 D1:1163; D2: 1241
7.5 25 20 100 21 D1:1159; D2: 1241
150 1 6.5 25 20 100 17 D1:1159; D2: 1241
DBM-4 8.5 25 20 100 17 D1:1160; D2: 1241
6.5 37 15 100 10 D1:1163; D2: 1240
100 1 6.5 25 15 100 5 D1:1157; 1240
225 1 6.5 25 15 95 19 D1:1159; D2: 1241
DBM-3 100 1 6.5 25 15 40 0 1423
150 2 6.5 25 15 70 0 1409
DBM-1 100 1 6.5 25 15 100 0 1185
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Native SEC-MS analysis on the BioAccord spectrometer:

BSA-cy5 rebridged with DBM-1 and functionalized with N3-cy5.

67588

50000
45000
peak payload interpretation
40000+ 66 460 | 31 nitrosothiol
66 547 | 118 cysteinylated
=0 67588 | 1158 DBM-4 (aspecific form)
67 753 | 1158 + 165 | DBM-4 + fructose
CH 67913 | 1158 +325 | DBM-4 + 2 fructose
%mw 68 828 | 1158 + 1240 | DBM-4 (aspecific) + DBM-4 (maleimide)
&
20000
68828
67753 67913
150001 66547 {
66460
\
10000
66771
66874 6750
5000
66000 66500 67000 67500 68000 68500 69000 69500 70000 70500 71000
Mass [Da]
SDS-PAGE

BSA rebridged with DBM-1, under reducing conditions:
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IV.2.d. BSA-trastuzumab formation:

Structure and calculated masses of the different formed adducts:

tra-Nl species produced through Ugi-E1 conditions:

| Tapo Tal: Y
| o I L
3 3 1| Tra-N,D1 1
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' : | \ [ 3 1
) | \ |\ 2%
| [ 1 .
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tra-N; D1 tra-N3 D2 J \\| I \ Lol
Mpayload: 312.1433 Da Mpayioad: 2 X 312.1433 Da ; % ! e
Mcaic: 146 185 Da Mcaie: 146 497 Da : )i | |
; 65 % 35% P \ !
[, AR RN AR R LA AR T
Zoom on +24 charge state
BSA-BCN produced using DBM-4 Dimer tra-BSA: structure and n of the different adducts
Q i A ;
NN : :
\ H H ;o traN;
VAR 74 | (D0+D1+D2) |
\ [ ; tra-N; DO
BSABCN | e M: 145 873 Da
Mpayload: 326.1266 Da BSA-BCN
Mcaic: 66 755 Da .
——————————————— 40 % off the mAb species

Tra-BSA D1
Mcaie: 212 940 Da

‘ Tra-N; - BSA D1
P Meaie: 213 252 Da

¥ o tra-BSA D2

Tra-BSA D2
Mecaic: 280 007 Da
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Procedures:

Tra-N3 preparation: To 500 [L of trastuzumab (66 [IM in PBS (1X, pH 7.5)), 45 equiv. of
isocyanide d (15 [IL from a 0.1 M stock solution in DMSO) and 45 equiv. of aldehyde 6 (15 [IL
from a 0.1 M stock solution in DMSO) were added. The solution was incubated at 25 °C for 16 h
before NH,OH (5 [IL from a 50 w% solution in water) was added. After an extra hour incubation
at 25 °C, the sample was purified by preparative SEC (2 x 250 [ L injections). The mAb containing
fractions were combined and concentrated using vivaspin 50 kDa to give concentrated solution
of tra-Ns. Such concentrated solution can be stored up to 2 weeks without significant aggregate
observation (native SEC-MS analysis).

BSA-BCN preparation: see BCN-functionalization procedure (IV.2.c).

SPAAC between tra-N3; and BSA-BCN: To 2 nmol of tra-Nzin PBS (1X, pH 7.5), 2 equiv. of BSA-
BCN were added. PBS (1X, pH 7.5) was added to adjust the final tra concentration to 100 [IM
and the solution was incubated at 37 °C for 48 h before it was diluted to 100 [ L using PBS. The
resulting solution was deglycosylated and analysed by native SEC-MS.

Optimization of the SPAAC conditions:
The influence of the variation of the reaction’s concentration, temperature and time was

evaluated based on the UV chromatogram obtained after SEC analysis on an AKTA pure system
(see analytical SEC in general procedure). The quantity of each species was calculated based on
the area bellow the curve of each peak. Because the introduced quantity of BSA-BCN changed
from an experiment to another we based the study on the amount of mAb species (peak 2, 3
and 4). Conversion was determined from the amount of trastuzumab remaining in the reaction
media: 100 — (% peak 3 +% peak 4).

Tra-Ns | BSA-BCN T(0) t Conv. Peak 4
(OMm) (Om) (h) (%) (%)
100 100 25 24 29 6
100 100 25 48 40 11
100 100 37 24 48 13
100 100 37 48 51 18
100 200 25 24 51 13
100 200 25 48 63 26
100 200 37 24 53 13
100 200 37 48 62 24
50 100 37 24 46 12
50 100 37 48 55 18
100 400 37 24 71 32
100 400 37 48 78 42
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Example of UV chromatogram on the AKTA:

100% | 10.88
10.04 13.66
12.24

)

b

0 5 \ 10 ) 15 20

Y
mAb species

Isolation of tra-BSA:

Formation of tra-BSA, optimal conditons: To 2 nmol of AKTA purified tra-Nzin PBS (1X, pH 7.5)
was added 4 nmol of BSA-BCN (DBM-4). PBS (1X, pH 7.5) was added so a final concentration of
100 [ 1M in tra-N3 was reached and the resulting mixture was incubated at 25 °C for 48 h 100 [ L
of PBS (1X, pH 7.5) were added to the reaction mixture and the diluted solution was purified by

preparative SEC. The middle fractions of peak 3 (elution volume: 10.88 mL) were combined and
set aside. The border fractions (containing aggregate and D1 and D1 and tra-Ns3) were combined
and concentrated to a final volume 100 [ L before they were purified again in the same
conditions. The middle fractions of the D1 peak were combined with the previously obtained
D1 fractions and concentrated using vivaspin 50 kDa. Pure tra-BSA was obtained with a 28%
yield (C=2.3 mg/mL, V=52[IL, 0.56 nmol). Sample was deglycosylated and analyzed by native
SEC-MS.

Analysis by native SEC-MS on the G2 spectrometer:

Analysis of the crude mixture resulting from the incubation of tra-N3 (70 /M), BSA-BCN-1 (210
[IM) in PBS (1X, pH 7.5) at 37 °C for 24 h.

SEC UV chromatogram (abs at 280 nm):

8.68
3.0e-1
7.10

D

2.0e-1
< 6.07

1.0e-1

0.0 time
2.50 5.00 7.50 10.00 1250 1500  17.50
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Peak 1 deconvoluted spectra: The first peak was found to contain BSA-BCN introduced in

excess.
z=17
100
Mps (Da) Attribution M. (Da)
;3 z=16 66 758.5 BSA-BCN 66 755
z=18
L B e ** S e AN, * e R B R R — mlz
1000 2000 3000 4000 5000 6000 7000 8000 9000

Peak 2 deconvoluted spectra: The second peak was found to contain a mixture of native
trastuzumab, remaining from the mixture of tra-Nsz introduced as well as some BSA-BCN as
observed in the first peak. This might come from a poor separation of the two species by SEC.

100/ 2=28
[ z2=27
[ - z=29
! 2=17 Mgs (Da) Attribution Meq (Da)
2 66 758 BSA-BCN 66 755
‘ 2=26 145872 Tra DO 145 873
2=18 | ;=16 L
1 | L \ \ | L
1) AP NSV IV WERIPI \ W A S ) GHIPASD W W ASFA®Z ANV NPV S PSR S VY W —" e mlz
1000 2000 3000 4000 5000 6000 7000 8000 9000

Peak 3 deconvoluted spectra: The third peak was found to contain a mixture of three different
compounds. BSA-dimer (BSAz) showing that BSA-BCN should be pre-purified before being used
for the formation of the dimer. It was also found to contain a mixture of the desired dimer under
two forms (tra-BSA and tra-N3-BSA).

2=25 z=33
100+ z2=24 z2=32
l z=34
M,ps (Da) Attribution Mc,q (Da)
dOUTT e e 2726 2=31
EN 213 052 e [ ‘ z=35 ) ‘
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I z=30
iR LT
’ ﬂ?‘];‘M‘\ |“fw|1 l.Jl,Jlx ”\ "1_1‘.
e T N e
1000 2000 3000 4000 5000 6000 7000 8000 9000

Peak 4 deconvoluted spectra: The fourth peak was found to contain high molecular weight
species that might fit to tra-N3-BSA and tra-BSA, however high mass shifts were observed so no
real conclusion could be taken based on this analysis.

169



z=38
100 z2=37
z= 39
Mgps (Da) Attribution Mg (Da) z2=36
. 213439 Tra-N3-BSA 213 252 z= 33
R 280 588 Tra-BSA, 280 007 7= 34 | |}
| !‘ i
L U\ L '; , \
ol e s - ~ \J'v W - “ ‘ vJ\,m\.\,_ m/z
1000 2000 3000 4000 5000 6000 7000 8000 9000

Analysis of the isolated tra-BSA resulting from the incubation of tra-N3; (100 (M), BSA-BCN-1
(200 [!M) in PBS (1X, pH 7.5) at 25 °C for 48 h.

UV-chromatogram:
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) [
< /
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deconvoluted MS-spectra:
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IV.2.e. BsAb formation:

Structures and masses of the formed products:

mAb-N; species produced through Ugi-E1 conditions:
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Procedures:

Tra-N3 preparation: To 500 [IL of trastuzumab (66 [IM in PBS (1X, pH 7.5)), 45 equiv. of
isocyanide d (15 [IL from a 0.1 M stock solution in DMSO) and 45 equiv. of aldehyde 6 (15 [IL
from a 0.1 M stock solution in DMSO) were added. The solution was incubated at 25 °C for 16 h
before NH,OH (5 [IL from a 50 w% solution in water) was added. After an extra hour incubation
at 25 °C, the sample was purified by preparative SEC (2 x 250 [ L injections). The mAb containing
fractions were combined and concentrated using vivaspin 50 kDa to give concentrated solution
of tra-Ns. Such concentrated solution can be stored up to 2 weeks without significant aggregate
observation (native SEC-MS analysis).

Frie-BCN preparation: To 100 [IL of Fri: (106 [LIM in PBS (1X, pH 7.5, 5 mM EDTA)), 2 equiv. of TCEP
(1 0L from a 0.02 M stock solution in mQ H,0) were added. The resulting solution was incubated
at 37 °C for 60 min before it was purified by gel filtration chromatography using biospins p-30
columns pre equilibrated with PBS (1X, pH 7.5) to give a solution of reduced mAb. To this
solution, 2 equiv. of DBM (2 [IL from a 0.01 M stock solution in DMSO) were added and the
solution was incubated at 25 °C for 20 min before it was purified by gel filtration
chromatography using biospins p-30 columns pre equilibrated with PBS (1X, pH 7.5) to give a
solution of Fit-BCN. F-BCN was concentrated using vivaspin 10 kDa rinsed with PBS (1X, pH
7.5). Such solution can be stored up to 3 weeks without degradation of the protein (native SEC-
MS analysis).

SPAAC between F;it-BCN and tra-Ns3 = bsAbs formation: To 2 nmol of tra-N3s, 2 equiv. of Fi:-BCN
(4 nmol) were added and volume was adjusted to 100 [IM of tra-Ns using PBS (1X, pH 7.5). The
resulting solution was incubated at 25 °C for 48 h before it was diluted to 100 [IL using PBS (1X,
pH 7.5). 1 [IL was taken from this solution and SDS-PAGE was run, the following 99 [IL were
deglycosylated and analyzed by native SEC-MS.

Analysis:
Tra-Frit, optimal conditions. (DBM-4)
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UV chromatogram: 3 species were separated with 11.08 min retention time (peak 1, 23%), 7.78
min retention time (peak 2, 48%) and 7.10 min retention time (peak 3, 29%).
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Peak 1 MS spectra: Mops = 47 568 Da which corresponds to native Frit-BCN (Mcaic = 47 551 Da).
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Peak 2 deconvoluted spectra: Mqps = 145 869 Da which correspond to native trastuzumab (Mcalc
=145 873 Da)
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Peak 3 deconvoluted spectra: Mobs = 193 737 Da which corresponds to tra-Frit
Mecaic = 193 736 Da)
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Having validated that our SPAAC conditions led to the formation of the desired Tra-Fi: bsAb, its
isolation was performed by preparative SEC on an AKTA pure system (see general procedure)

Isolation of Tra-Frit:
After SPAAC reaction, the crude reaction mixture was purified by preparative SEC. 3 species

were separated, according to the UV chromatogram (abs 280 nM) peak 1 (elution volume =

173



16.24 mL, 19%) corresponding to F-BCN was recovered, peak 2 (elution volume = 12.25 mL,
37%) corresponding to tra-N3 was discarded and peak 3 (elution volume = 11.57 mL, 44%) was
set aside. Border fractions of peak 3 (tube 8 and tube 11) were combined and purified a second
time in the same manner. Middle fractions were combined with the previous peak 3 fractions
and they were purified a second time (P2) leading to the isolation of a single peak (elution
volume = 11.48 mL). Combined fractions were concentrated using vivaspin 50 kDa and
pureTra.fri: was obtained with 48% yield (C = 4.99 mg/mL, V=69 (L, 1.8 nmol).

30 [g of the resulting tra.Frit solution were deglycosylated (see general procedure) and
analyzed by SEC-native MS using the G2 spectrometer.

100 (g of tra-Frit were labelled with FITC and affinity for HER-2 receptor was evaluated on
LigandTracer (see biological assay procedure).

pure Tra-Frit, produced via the optimal conditions. (DBM-4)
UV chromatogram of the first purification by SEC (P1):

0,
T 12.25
11.5
- 1 16.24
x )
s _ao
. . mL
0 5 10 15 20 25
UV-chromatogram of the second purification by SEC (P2):
100% 11.48
]
\
21 9
P " = ‘ - - - mL
0 5 10 15 20

MS spectra: 2 species were found to co-elute at the same time (7.07 min) with M; = 193 750
Da and M; = 194 028 Da which were attributed to be respectively tra.Fiit (Mcaic = 193 736 Da)
and tra-Ns-Frit (Mcaic = 194 048 Da)
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Having successfully isolated and characterized the bsAb Tra-F.i: with 48% vyield, the
transferability of the method to the formation of other bsAbs was performed in the same
manner by variation of either the mAb component or the Fab component.

Method transfer, variation of the Fab component:
Tra-Fia: yield = 22%

z2=32
100+
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Tra-Fmuro: Yield = 20%

z=32
100
M, (Da)  Attribution  M.,q (Da) 2=33 z=31
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Method transfer, variation of the mAb component:

Ram-Fyr: yield = 20%

100- z=32
1 z=31
z=33
o 1 M,ss (Da) Attribution M, (Da)
S~ 2=30 192 565 Ram-Fy, 192 564
1 192 861 Ram-N3-Fira 192 876
z=34
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F(ab’)2tra-Fmuro: yield = 33%

z2=27
z=28
3000}

M,ps (Da) Attribution M., (Da)
T 145 408 F(ab’)y-Frnuro 145 425
g 2000 =29
z= 146 052 F(ab')yNs-Fouo 146049
2 z2=26
g
~ 4000 z=30

3500 4000 4500 5000 5500 6000 6500 7000

Method transfer, variation of the DBM reagent:
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T.Fiit (DBM-2): Observed heterogeneity seems higher with this rebridging agent. 3 different
species are observed corresponding to it light chain (LC) probably due to the analysis, the

expected bsAb as well as a high molecular weight species which do not fit with the expected
bsAb D2.

z=32
Mps (Da) Attribution Mcq (Da)
100 33 23 037.50 Feit LC 23035
z= _ g
z=31 ot Tra-Fyit 145 425
z=11 Tra-N-Frit 194 26
235538.9 Tra-Friep 142 039
2=1217=10
B z2=34 2=30
13 z=35
z= =34
| UUM
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1000 2000 3000 4000 5000 6000 7000 8000 9000

T.Fiit (DBM-1): Observed heterogeneity seems higher with this rebridging agent. 3 different

species are observed corresponding to Fri: light chain (LC) probably due to the analysis, the

expected bsAb as well as a high molecular weight species which do not fit with the expected
bsAb D2.

Mops (Da) Attribution M. (Da)
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100- z2=32 194198 Tra-Frie 193 709
2=12 Tra-N3-Frqe 194 021
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VI. Biological assay

Cell culture for ligand tracer:
Human breast adenocarcinoma cells SK-BR-3 (ATCC HTB-30) and MDA-MB-231 (ATCC HTB-26)

were grown in Dulbecco’s Modified Eagles Medium — DMEM - containing 4.5 g/L glucose. The
medium was supplemented with 10% foetal veal serum (FVS) and 100 U/mL penicillin and 100
ug/mL streptomycin. Cells were maintained in a 5% CO2 humidified atmosphere at 37 °C. SK-
BR-3 cells overexpress HER2 protein, and MDA-MB-231 cells are used as negative controls and
background. The day before the experiment on Ligand Tracer Green (Ridgeview Instruments),
cells were seeded as 600 pL droplets with 8 x 10° cells/mL at 1 cm from the edge in 10 x 22 mm
cell culture treated dishes (Starlab, Hamburg, Germany) and incubated at 37 °C overnight. Three
droplets were prepared with SK-BR-3 and one with MDA-MB-231. Prior to kinetic measurement,
the media was carefully removed and 3 mL of fresh media were added to the dish.

Time-resolved analysis of ligand binding assays:

The interaction of the fluorescein-labelled protein with living cells in real-time using Ligand
Tracer Green (Ridgeview instruments). The Petri dish on which cells were grown was placed on
inclined rotating support of the instrument, with the Blue/Green detector placed on its upper
part. First, a baseline signal was collected for 20 to 30 min. Then the fluorescein-labelled protein
was added in two steps at increasing concentration (10 nM and 30 nM). The inclination of the
Petri dish allows the addition of the labelled compound outside of the detection area. For each
rotation of the Petri dish, the signal from the four areas containing cells (three spots for SK-BR-
3, one for MDA-MB-231) is recorded. Measurements last 15 s each, without time in between
each of them in order to accelerate the association phase’s measurement because cells were
found to detach from the dish after around 7 h of experiment. This results in three background-
subtracted real-time binding curves, which represent the specific binding of the fluorescein-
labelled compound to the positive cell line (SK-BR-3). For each concentration the incubation
was performed until a sufficient curvature was obtained for the subsequent extraction of kinetic
parameters. Dissociation of the ligand was recorded after replacing the incubation solution with
3 ml of fresh medium. Signals from cell and reference areas are recorded during every rotation,
resulting in a background-subtracted binding curve. Binding traces were analysed with the
evaluation software TraceDrawer 1.8.1 (Ridgeview Instruments) in order to determine ka, kd
and KD according to the Langmuir, or “one-to-one”, binding model.
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compound Dol o koff Ko
(10°.M2.s2) (10°s?) (nM)

tra 1.3 2.00 1.37 0.65
Tra-N3 1.2 2.40 1.00 0.45
Tra.Fira 3.0 2.60 1.70 0.50
Tra.F:it 1.2 1.30 0.46 0.35
Tra.Fave 2.5 1.47 0.73 0.49
Tra.Fdurva 2.4 1.20 0.48 0.39
Tra.Fmuro 1.1 1.48 0.65 0.44
Tra.BSA 3.0 1.54 2.17 1.5
Ram.Fr 0.9 78.0 2.25 2.9
Frra 2.0 2.24 2.20 0.97
F(ab’),Tra-Fmuro 2.0 1.81 0.75 0.42
F(ab’).Tra 1.3 0.73 0.36 0.50

Flow cytometry for HER-2 occupancy of tra-Fmuro:

HCC1954 cells were incubated with 2 pg/mL of tra-Fmuro for 1h at 4°C under gentle agitation.
Following two washes with PBS supplemented with 10% of foetal calf serum (FCS), HCC1954
cells were incubated with 1 pg of PE-stained anti-human IgG Fc antibody or with the respective

PE-conjugated isotype control for 45 min on ice. Cells were then washed with PBS-FCS 10%,
resuspended in PBS and analyzed using a BD ACCURI™ C6 Plus Flow cytometer, analyzing at
least 10000 events per sample. All data shown is representative of three independent
experiments and expressed as means * SD.

HCC1954 HER2 occupancy
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Flow cytometry for CD3 occupancy of tra-Fmuro and F(ab’)>tra-Fmuro:

Jurkat cells were incubated with 2 ug/mL of tra-Fmuro or F(ab’)2tra-Fmuro for 1h at 4°C under
gentle agitation. Following two washes with with 10% of FCS, Jurkat cells were incubated with
1 ug of APC-stained anti-CD3 antibody or the respective APC-stained isotype control, for 45 min
on ice. Cells were then washed with PBS-FCS 10%, resuspended in PBS and analysed using a BD
ACCURI™ C6 Plus Flow cytometer, analyzing at least 10000 events per sample. All data shown
is representative of three independent experiments and expressed as means * SD.
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Evaluation of in vitro activity of tra-Fmuro and F(ab’)>tra-Fmuro:

To confirm that the bsAbs could activate T cells in vitro, ICso of the both constructs was evaluated
by performing 72 h dose-response studies. T cell-HCC1954 cell cocultures at E:T ratio of 10:1
were treated with increasing concentrations of tra-Fmuro (9.9 pM — 2.53 nM) or F(ab’)ztra-Fmuro
(13.7 pM — 3.5 nM). Cancer cell viability was assessed after 72 h and expressed as % of viability
of untreated control. All data shown is representative of three independent experiments
performed using three different donors and expressed as means + SD.

Tra-Fmuro:
Tra-Fmuro donor 17 Tra-Fmuro donor 19 Tra-Fmuro donor 20 '§‘ tra-Fmuro
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Résumé

|.  Introduction

La bioconjugaison est la formation d’une liaison covalente entre une biomolécule (dans notre
cas, une protéine) et n‘importe quelle autre molécule. Le principal défi de ce domaine est
inhérent a la physicochimie des protéines: ce sont des espéces polynucléophiles
essentiellement stables en solution aqueuse et qui ne peuvent supporter que de faibles
variations de températures, de concentrations ou de pH. Les méthodes permettant la
conjugaison de protéines peuvent étre divisées en deux catégories selon leur degré de
sélectivité. Elles sont classiquement réparties entre méthodes chimiosélectives, c’est-a-dire
ciblant sélectivement une des fonctions chimiques présentes sur la protéine, et site-sélectives,
c’est-a-dire ciblant une position précise de la protéine en se basant sur son environnement, son
accessibilité ou sa réactivité.

Il.  Application des reactions multicomposantes a la bioconjugaison.
Durant ces travaux de these, I'adaptation de réactions multicomposantes a la bioconjugaison a
été évalué. Ces réactions chimiques impliquent au moins trois réactifs qui réagissent ensemble
de maniere séquentielle pour former sélectivement un seul composé, avec peu de produits
secondaires. Ces propriétés en font d’excellents candidats pour la modification de molécules
aussi complexes que les protéines. Ainsi le remplacement de I'un (ou plusieurs) de ces réactifs
par une fonction chimique présente de maniere native a la surface des protéines s’est avéré
efficace a la fois pour le développement de méthodes de conjugaison chimio- et site-selectives.

[.1. Robsinson Schopf MCR

Dans une premiere partie, nous avons évalué l'adaptation de la réaction de Robinson-Schopf
pour la modification sélective des résidus de lysine de trastuzumab, un anticorps monoclonal
(mADb) thérapeutique utilisé dans le traitement du cancer du sein HER-2 positif. Cette réaction,
menant a la formation de tropinone a partir de méthyl amine 1, de succinaldéhyde 2 et d’acide
3-oxoglutarique 3, peut étre réalisée en conditions aqueuses légerement acides (pH 5.0)
moyennant un chauffage a 40 °C (Schéma 1).

Robinson-Schopf tropinone synthesis
o HCI (12 equiv.) \N
0 NaOAc (40 equiv.) %
—NH, + Yo +
O ™ HooC COOH
\)J\/ H,0, [0)
1 2 3 40°C,1h. 4
o (OH
HO HOOC COOH HOOC.__~ COOH N
o C OH N
1 2 ~_ 3 [ H+ / -CO, 4
(oH

Schéma 1: Robinson Schépf reaction
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L'adaptation de ces conditions sur trastuzumab a montré que, si la formation de la tropinone
est possible sur protéine, elle est en compétition avec de nombreux autres mécanismes
(Tableau 1). Nous nous sommes donc engagés dans l'optimisation de ces conditions
réactionnelles afin de pouvoir sélectionner la formation exclusive de cet adduit tropinone. Si
nos tentatives sont restées infructueuses, nous avons néanmoins pu identifier 'une des
principales réactions secondaires ayant lieu dans ces conditions. Cette réaction, menant a la
formation d’'un pyrrole sur les amines de la protéine, provient de la double
addition/déshydratation du succinaldehyde introduit dans le milieu réactionnel. Nous avons
méme pu développer des conditions menant a la seule formation de cet adduit avec une bonne
conversion (60%) et un bon degré de conjugaison (1.3). Les pyrroles pouvant réagir en tant que
diene dans les réactions de Diels-Alder, nous pouvons imaginer une fonctionnalisation plus
poussée de ce mAb en utilisant le dienophile approprié.

o)
Hooc._J__cooH 3
A~ 2
HCl
NaOAc
PBS (1X, pH 5.0)
37°C,3h. .
tra-trop Tra-pyrr Intermediate 2
Mcaic = 108 Da Mcaio = 50.0156 Da Mqaic = 69 Da

native LC-MS analysis of the tropinone functionalization native SEC-MS of the pyrrole selective conditions

o

Dl oo

= . 4” H ‘ Mass (Da) A 2

80- e —_—

w n \\ Nl a | 146558 | 98 NaOAC (1M, pH 5.0)

° “ | M‘ ‘ b | 146656 | 67 37 °C, 30 min.

| H‘\ ‘g‘ c | 146723 | 95 P .

P \‘ M »‘ d | 146818 | 70 P | o]
P HH\ “\M\ A e | 146888 | 69
P I H W | f | 146957 | 120 | ¢ i 77
D \‘HIL H\U “” \”‘ g 147077 | 108 Dol 3 oo
B “‘ Ik \‘ h | 147185 3
. | ” \‘ I ‘ o6
Dol [ \H H I
XN w.tw I
: 0= L ' ' 144e5 1.445e5 145e5 1.455e5 1.46e5 1465e5 147e5 1475e5 1.48e5 \45‘5&5
. A Ef‘f’,,,,f‘f”,,,,f’f“ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, b el .

Tableau 1: Analysis of the heterogeneous conjugate obtained using the Robinson-Schépf reaction to
label trastuzumab. Conditions developped for the selective pyrrole formation.

.2. Réaction de Ugi 4C-3CR
Ensuite, nous nous sommes focalisés sur les travaux de notre équipe, publiés en 2020,
proposant d’utiliser la réaction de Ugi pour la modification de trastuzumab.!'® La réaction de
Ugi est une réaction multi-composante impliquant une amine primaire, un carbonyle, un
isonitrile et un acide carboxylique.'#¢ Le mécanisme proposé, décrit dans le Schéma 2, consiste
tout d’abord en la condensation du carbonyle 5 avec 'amine 6 afin de former I'imine 7, en
équilibre avec I'ion iminium 10 aprés protonation par l'acide carboxylique 8. Suite a I'addition
de [lisonitrile 9, lisonitrilium formé réagit avec le carboxylate 11 pour former le
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carboximidate 12 qui, aprés un réarrangement de Mumm irréversible, forme [I'a-
aminoacylamide 13 (Schéma 2).152149

Ugi reaction

0 .R
0 N o | + JJ\ HN (0] R1 R2 H
R1JJ\R2 + R-NH, === 1J|\ L 31L == R1J\R2 o "R T Rg\’(Eﬁ(RS — RQKN)QWN\W
|
R"R2 RY COH 1& 1 N\)REO) R O

5 6 7 8

~
C=N-R% 9 12 13

Schéma 2: Presumed mechanism of the Ugi reaction.

Appliquée a la bioconjugaison, cette réaction emploie I'anticorps comme source a la fois
d’acide carboxylique et d'amine primaire, au travers des chaines latérales de ses acides aminés
constitutifs : les résidus d’acide aspartique/glutamique et de lysine, respectivement. L'addition
d’un carbonyle et d’un isonitrile a une solution tamponnée d’anticorps meéne donc a une
conjugaison « inter-résidu », suivant le mécanisme décrit ci-dessus. La forte proximité spatiale
de deux résidus lysines et aspartates/glutamates étant la condition sine qua non pour pouvoir
observer une potentielle conjugaison, la réaction d’Ugi devrait nous permettre de réduire le
nombre potentiel de sites réactifs et donc de développer une méthode site-sélective.

I.2.a. Reproductibilité de la méthode
En nous basant sur cette hypothése, nous avons réussi a développer des conditions

optimales — i.e., 45 équivalents d’aldéhyde et d’isonitrile dans le PBS (1x, pH 7.5) a 25 °C
pendant 16 heures — permettant la modification irréversible de trastuzumab. De plus, les
réactifs utilisés ont permis le développement d’'une approche dite « plug-and-play » : la réaction
de Ugi (I'étape dite « plug ») est utilisée pour introduire, via l'aldéhyde 14 (Figure 1), un
groupement azoture servant de point d’accroche a n’importe quelle charge utile d’intérét
porteuse d’un alcyne tendu (I'étape « play »), via l'utilisation d’une réaction dite SPAAC (strain-
promoted azide-alkyne cycloaddition). Une étude approfondie par LC-MS/MS a permis de
démontrer qu’un seul site a la surface de trastuzumab était modifié selon le mécanisme attendu
(K126-E123), en compétition avec une modification Ugi dite « intra-résidu », prenant place au
niveau des résidus aspartate et glutamate N-terminaux de la protéine. Dans le cas de cette
derniére modification, la source d’amine est I'amine-a N-terminale, conduisant ainsi a la
formation de B- et y-lactames par cyclisation avec la chaine latérale acide carboxylique. La
modification de trois résidus d’acides glutamiques suivant une réaction de Passerini, différant
de la réaction de Ugi uniquement par le fait qu’elle n"'emploie pas d’amine, ont en outre pu étre
identifiées (Figure 1), empéchant de qualifier cette approche de site-sélective. Cependant, une
étude mécanistique a alors été entreprise afin de tenter de comprendre les regles gouvernant
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ces réactions a la surface des protéines dans le but de développer des conditions permettant
de favoriser un seul des mécanismes de conjugaison observés.

N3/€v0};AO 14, 45 equiv. f %ﬁ
QNC a, 45 equiv.

PBS (1X, pH 7.5)

25°C, 16 h. |
Ri- |

BCN-Cy5 (10 equiv.) 5
PBS (1X, pH 7.5) : OY !
25°C, 20 h. a.DoC=09 | NH 5
Conv. =57 % ; J/ E

@ Ugiintra-residue @ Ugi Inter-residue @ Passerini

Ly M B

: n=1for D1 3
1 n=2 for E1 !

Figure 1: modification de trastuzumab par réaction de Ugi en utilisant les réactifs 14 et a suivis d'une
SPAAC avec du BCN-sulfocy5. Les degrés de conjugaison moyen (av. DoC) et la conversion ont été
déterminés par analyse de masse native et les sites de modification ainsi que la structure des
modifications par LC-MS/MS.

[1.2.b. Variation du carbonyle utilisé

En nous basant sur I'hypothése que les trois mécanismes observés pouvaient venir d’'une sur-
réactivité de l'aldéhyde, nous avons évalué si I'introduction du carbonyle sous une forme
d’imine stabilisée pouvait mener a la sélection d’un unique mécanisme de conjugaison, ne
faisant intervenir que les acides carboxyliques constitutifs de trastuzumab.

Dans un premier temps, nous avons synthétisé le chlorooxime 15, dérivé de I'aldehyde 14. La
réaction de 15 avec trastuzumab s’est avérée extrémement rapide puisqu’une conversion et un
degré de conjugaison similaire a ceux obtenus dans les résultats préliminaires ont été observés
apres une incubation de seulement 2 heures a 4 °C (Figure 2). Cependant, cette réactivité s’est
avérée indépendante de la présence d’un isonitrile dans le milieu réactionnel suggérant un tout
autre mécanisme que celui envisagé. Nous avons donc réalisé une étude mécanistique de la
réaction qui nous a indiqué que la conjugaison observée provenait simplement de l'attaque
nucléophile d’un résidu, probablement un acide aspartique, un acide glutamique ou une

Do
1%

D1
so70 36%
6125

LC-MS
cl -
Av. DoC =0.9
) Ns/é\/oi\)\\,\‘/c’” 15, 5 equiv. conv. =59 %

PBS (1X, pH 7.5)
5°C, 2 h.

02
18%

03
5%

BCN-Cy5 (10 equiv.)
2. PBS (1X, pH 7.5) :
25°C, 20 h. X = Asp, Glu or His

k 1091 Da 1089 Da 1090 Da
—_ —_—

0 6060 Goe0 6100 | 8120 | 6140 6160 | 6180 | 6200 | 6220 6240 6260 6280

Figure 2: Réactivité du chlorooxime 15 sur trastuzumab
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histidine, sur le chlorooxime. Si cette réactivité est en contradiction avec certains exemples de
la littérature, et qu’une étude de peptide mapping plus poussée est nécessaire pour confirmer
les acides aminés impliqués dans la conjugaison, elle reste néanmoins source d’une conjugaison
remarquablement homogene sur trastuzumab.

Dans un second temps, la réactivité sur trastuzumab de I’hydrazone 16 en présence de
Iisonitrile a a été évaluée (Figure 3). Dans des conditions similaires a celles développées dans
les résultats préliminaires, cette combinaison de réactif s’est avérée moins efficace que la
combinaison de l'aldéhyde 14 et du méme isonitrile. Si cette efficacité moindre peut étre
corrélée a un gain de sélectivité, il était important de d’abord comprendre le mécanisme suivit
par cette modification. En effet, nous n’avons pas trouvé de mention dans la littérature de
I'utilisation de ce type de réactif dans des réactions multi-composantes. Les expériences
menées ont en effet indiqué que I’hydrazone 16 réagit dans un premier temps avec les amines
présentes a la surface de la protéine, suivant un mécanisme de transamination et que, en
présence d’'un acide carboxylique a proximité, la réaction de Ugi attendue a lieu. Si nos
expériences n‘ont pas pu écarter la possibilité qu’une partie de I’hydrazone introduite est
hydrolysée, il est certain que cette réaction, si elle a lieu, est minoritaire. Le mécanisme de
transamination est néanmoins tres intéressant puisqu’il empéche toute réaction de Passerini
de se produire, réduisant I’'hétérogénéité associée a la réaction de Ugi sur anticorps. Cependant
les faibles conversions observées nous ont poussées a poursuivre notre étude de la réaction de
Ugi en étudiant l'influence de la variation d’autres parameétre, toujours en quéte du
développement de conditions plus sélectives.

N (0) \N.NHMe 14 4 m/z:Ds’tJm.oz
8 3 : s LC-MS analysis
7\ | i Av. DoC = 0.5
L/ Nca 1 o conv. =42 %
I m/z=6129.77
PBS (1X, pH 7.5) I 34%

25°C, 16 h AN [ il

BCN-sulfoCy5 (10 equiv.) H ~ P S e
PBS (1X, pH 7.5) 1 NN
25 °C, 20 h 076’04’07 e’ns}; 6080 6100 6120 6140 6160 6180 52007 527207 6;4? EQ;D 6;80"”1

Figure 3: Bilan de I'utilisation de I'hydrazone 16 sur la conjugaison de trastuzumab via réaction de Ugi.

Il.2.c. Variation de la chaine latérale de l'isonitrile

Afin de valider la répétabilité et la reproductibilité des résultats précédemment publiés, les
conditions de Ugi optimales utilisant I'aldéhyde 14 et I'isonitrile a ont été répétées et analysées
par peptide mapping. A ce stade, la seule variation expérimentale correspondait au
remplacement du BCN-sulfocy5 par un BCN-iminobiotine lors de I'étape « play » afin de limiter
la précipitation des conjugués précédemment observée. Dans ces conditions, les principaux
sites identifiés furent les résidus aspartate et glutamate situés aux extrémités N-terminales,
modifiés via une réaction de Ugi «intra-résidu » ainsi que par une réaction de Passerini,
accompagnés de quelques modifications « inter-résidus » (K65-D62 et K277-E275). Une
premiere stratégie envisagée pour favoriser un mécanisme par rapport a I'autre a alors été de
varier le pH: le pK. des amines-e différant de celui des amines-a (10.5 et 7.7,'78
respectivement), une variation de pH devrait favoriser un site par rapport a l'autre. Cependant,
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dans la gamme de pH pouvant étre tolérée par la protéine (de 5.5 a 8.5), il n'a pas été possible
de favoriser un site ou un mécanisme par rapport a un autre. Le grand nombre d’expériences
mené lors de cette étude a cependant permis de déceler une tendance : lorsequ’un degré de
conjugaison < 1 est atteint, seule la modification des résidus N-terminaux est observée
cependant sans sélectivité de mécanisme.

Ensuite, I'influence de la structure des réactifs, aussi bien de I'isonitrile que du carbonyle, a été
étudiée. Les résultats, confirment la tendance observée précédemment avec une modification
majoritaire des résidus N-terminaux, et des conversions (conv.) et des degrés de conjugaison
moyens (av. DoC) similaires. Le couple aldéhyde 14 et isonitrile b a particulierement retenu
notre attention puisque, dans ce cas précis, lorsqu’un degré de conjugaison < 1 est obtenu, non
seulement I'unique modification de I'acide glutamique N-terminal E1 est observée, mais en plus
elle semble suivre uniqguement un mécanisme de Ugi-intra-résidu (Fig 4). Lorsqu’un degré de
conjugaison supérieur est atteint, la réaction semble redevenir uniquement site sélective. |l
convient cependant de noter que des concentrations plus élevées en trastuzumab (15 mg/mL
au lieu de 10 mg/mL) ont permis de conserver un certain degré de sélectivité, cette fois-ci pour
I'ensemble des quatre résidus N-terminaux. A ce stade, nous pouvons donc conclure que nous
avons développé deux jeux de conditions réactionnelles pour la modification site-sélective du
trastuzumab, reposant sur la structure des réactifs employés ainsi que la concentration de la
protéine en solution. De plus, nous avons pu appliquer ces résultats a la modification de deux
autres anticorps monoclonaux utilisés en thérapie, ramucirumab et bevacizumab, tout en
conservant la sélectivité pour les résidus N-terminaux. En revanche, lors de I'utilisation de ces
conditions sur l'anticorps chimérique humain-murin rituximab, une conversion et un DoC
similaire ont été observés mais aucun site de modification n’a pu étre identifié par LC-MS/MS,

i BCN-iminobiotin + N3 :
N3/<VO\%CHO 14 (45 equiv.) !
3 ! e
0}

EtO)J\/NC b (45 equiv.) j
PBS (1X, pH 7.5)

-1,

25°C, 16 h.
BCN-iminobiotin (30 equiv.)
2. PBS (1X, pH 7.5)
25°C, 20 h.
Ab [mAb] | conv. DoC native SEC-MS of trastuzumab in the E1 conditions
m (mgimL) | (%) |3%-DoC| LC-MS/MS
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E1 m/z = 6079.78
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0C > |\ mfz= X
‘) 37%
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Figure 4: Bilan des conditions E1-selectives pour la modification de divers mAb.
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suggérant potentiellement une trop faible abondance de peptides marqués et donc une plus
grande variété de sites de conjugaison.

Ill.  Formation et caractérisation d’anticorps bispécifiques

Ayant développé une méthode robuste, répétable et modulable de modification précise
d’anticorps, nous avons souhaité tirer profit de celle-ci afin de produire des complexes
protéiques homogenes et moléculairement définis. Ainsi, il a été imaginé que les conjugués
azotures obtenus par réaction de Ugi pourraient étre mis en présence d’une protéine ou d’un
fragment de protéine porteur d’une fonction BCN, afin notamment de développer des anticorps
bispécifiques (bsAbs). Les bsAbs sont des composés combinant les propriétés de deux anticorps
et donc portant deux ou plusieurs paratopes différents. Ils ont particulierement été explorés au
cours des dernieres années car ils sont décrits comme permettant de potentialiser |'effet
antitumoral d'un anticorps seul mais aussi de diminuer de potentiels phénomenes de
résistance.’® En outre, par rapport au développement paralléle de deux mAbs différents
(thérapie combinée), le colt du développement et des essais cliniques peut techniquement
étre divisé par deux dans le cas des bsAbs. Historiquement, la production des bsAbs repose
essentiellement sur la fusion somatique de deux lignées d'hybridomes,'8188 bien que la
principale méthode de production actuelle repose sur le génie génétique, avec l'insertion
symétrique au niveau des extrémités N- ou C-terminales d’une séquence de paratope choisie
lors de la production de la protéine.?3? Si cette derniére méthode a permis la production de la
plupart des bispécifiques actuellement en étude clinique, des stratégies chimiques
commencent a émerger, offrant une production alternative moins colteuse et plus
flexible, 103233

D’un point de vue structurel, nous avons décidé de nous concentrer sur la production de
constructions de type IgG-Fab. En effet, les Fab (fragment de liaison de I'antigéne) sont des
fragments d’anticorps composés d’une chaine légere et d’une partie tronquée de la chaine
lourde, reliées entre elles par une seule liaison disulfure. Etant plus petits et donc plus faciles a
fonctionnaliser, tout en conservant la capacité de reconnaissance de I'antigéne de leur mAb
parent, les Fabs sont extrémement intéressants pour la production de bsAbs. Comme la
réaction d’Ugi permet d’obtenir un mAb fonctionnalisé par un azoture de manieére homogene,
nous devions tout d’abord accéder a un Fab fonctionnalisé par un BCN de maniere sélective
pour réagir avec lui. Pour ce faire, nous avons opté pour une stratégie de pontage utilisant des
réactifs de type dibromomaléimide (DBM). Appelés « maléimides de nouvelle génération », ces
réactifs permettent la conjugaison covalente et simultanée des deux cystéines constitutives du
seul pont disulfure accessible du fragment Fab.?'*?!2 Nous avons obtenu le BCN-
dibromomaléimide DBM-A en trois étapes avec un rendement modéré (26%). DBM-A s’est
avéré tres efficace puisqu’il a permis de rebridger totalement les différents Fab disponible en
seulement 20 minutes. La SPAAC entre le trastuzumab modifié par Ugi — tra-N3 — et le F:i:-BCN
a ensuite été évaluée dans différentes conditions et analysée par chromatographie d’exclusion
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stérique. Alors que la variation de la température (de 25 °C a 37 °C) ne semble pas exercer une
influence marquée sur la formation du bsAb (Tra-Frit), un impact de la concentration en
protéines et du temps de réaction a été clairement observé. Enfin, il a été constaté que
I'incubation de 100 uM de trastu-E1 et de 200 uM de Fi+-BCN dans du PBS (1x, pH 7.5) a 25 °C
pendant 48 heures a conduit a la consommation compléte du trastuzumab conjugué (Figure 5).
En outre, nous avons été ravis d'observer la formation du bsAb tra-Frit attendu, confirmé par
analyse en SEC-MS native. En concentrant I'échantillon injecté et en effectuant des doubles
purifications, nous avons cependant réussi a isoler le bsAb pure avec un rendement de 48%
(calculé a partir de la quantité de tra-Ns introduite), un processus qui a pu étre exécuté a
différentes échelles, de 200 pg a 1 mg de trastuzumab conjugué de départ. Le bsAb isolé qui en
résulte a été analysé par SEC-MS native, qui a confirmé qu'il correspondait a I'espéce attendue.
Sur la base de cette méthode, six différents bsAbs ont été produits, purifiés et caractérisés. Tous
ont ensuite été marqués a la fluorescéine (FITC) pour mesurer leur affinité envers la lignée
cellulaire SKBR-3, surexprimant le récepteur HER-2 ciblé par trastuzumab. Plus précisément, les
valeurs kon, kott €t Kp ont été calculées en utilisant la technologie LigandTracer de Ridgeview
Instruments selon le modéle de liaison de Langmuir, ou "one-to-one", avec les cellules MDA-
MB-231 comme controle négatif. Nous avons été heureux d'observer que le Kp global des bsAbs
incorporant le trastuzumab comme anticorps était comparable a celui du trastuzumab natif —
de 0.35 2 0.50 nM pour les bsAbs contre 0.65 nM pour le trastuzumab natif en utilisant la méme
méthode. Cela suggere que, méme si le mAb est modifié au niveau de son paratope, la
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Figure 5: Les différentes étapes de la production d'un anticorps
bispécifique basé sur les conditions E1 selectives de la réaction de

Ugi.
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conjugaison par réaction de Ugi n‘altere pas I'affinité de celui-ci pour sa cible. De plus, une
excellente affinité de 29 pM a été observée lorsque la seule composante pouvant reconnaitre
le récepteur HER-2 était le Fab du bsAb, suggérant que les affinités des deux anticorps sont bel
et bien combinées.

De plus, parmi les différentes combinaisons réalisées, le format Tra-Fmuro présente un intérét
particulier puisqu’il combine la reconnaissance pour le récepteur HER-2 (portée par
trastuzumab) et celle pour le récepteur CD3 (portée par muromonab), présent a la surface des
lymphocytes T. La combinaison de ces deux entités sur un bsAb permet de développer un outil
thérapeutique permettant de recruter les lymphocytes T du patient pour détruire la tumeur, un
format de bsAb nommé biTE, pour bispecific T-cell Engager, et considéré comme
particulierement prometteur.234#23> Grace a nos collaborateurs de la Queen’s university of
Belfast et les resultats, notre biTE a pu étre évalué sur des lymphocytes T provenant de
donneurs volontaires. Nous avons été trés heureux d’observer une excellente occupation des
récepteurs HER-2 et CD3 par tra-Fmuro (évaluée en cytométrie de flux) ainsi qu’une excellente
toxicité de 77 pM (Figure 6).
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Figure 6: Caractérisation de I'activité du bispécifique T cell engager produit via la réaction de Ugi E1-
selective.

V.  Conclusion

Au cours de la premiere partie de mon doctorat, j'ai pu développer et optimiser différentes
méthodes pour la modification de protéines, basées sur ['utilisation de réactions
multicomposantes.

Dans un premier, en s’inspirant de la réaction de Robinson-Schépf, I'introduction d’un motif sur
trastuzumab a été entreprise. Si la fonctionnalisation attendue n’a pas pu étre obtenue,
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I'exploitation d’'une réaction secondaire, menant a la formation d’adduits pyrroles sur les lysines
de la protéine a pu étre développée.

En s’appuyant sur la réaction de Ugi, deux nouveaux réactifs de conjugaison ont été synthétisés.
Le premier, un chlorooxime, s’est avéré extrémement efficace pour la modification des
protéines, cependant cette réactivité semble se reposer uniquement sur son fort caractere
électrophile et la modification observée, bien qu’homogene ne suit pas le mécanisme attendu.
L'utilisation de ce réactif pour la modification sélective des aspartates et des glutamates de la
protéine est en cours d’investigation.

Ensuite, une hydrazone a été évaluée, toujours comme source de carbonyl dans le cadre de la
réaction de Ugi. Ce réactif s’est avéré moins réactif qu’un aldéhyde analogue, cependant il est
probable que cette baisse de réactivité soit liée a un gain de sélectivité de la réaction. En effet,
en présence d’un aldéhyde et d’un isonitrile, notre protéine modele trastuzumab, semble étre
modifiée non seulement par la réaction de Ugi mais aussi par la réaction de Passerini, menant
a un mélange d’adduits final. Dans le cas de I’hydrazone, seul le mecanisme de Ugi a lieu,
réduisant donc I'hétérogénéité observée.

Finalement la variation des chaines latérales des isonitriles utilisés, en présence d’un aldéhyde
a permis d’observer la modification non seulement résidu sélective (E1) mais aussi Ugi-sélective
de trastuzumab. Cette méthode a pu étre étendue a d’autres anticorps monoclonaux.

De part son caractere de plug-and-play, le conjugué sélectivement modifié présente une
fonction azide permettant sa fonctionnalisation avec, virtuellement n’importe quel objet,
pourvu qu’il soit fonctionnalisé avec un alcyne tendu.

Afin d’exploiter cette propriété a son maximum, nous avons généré divers Fab, fonctionalisé
avec un BCN, permettant ainsi la génération d’anticorps bispécifiques. Les tests réalisés
montrent que les bsAbs produits en utilisant cette méthode présentent en effet une affinité
pour les deux cibles visées. Nous avons méme eu l'occasion de former des complexes
permettant I'activation dirigée du systeme immunitaire, menant a une toxicité de l'ordre de
77 pM.
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Résumé

La modification chimique de protéines a été largement étudié lors des derniéres
décennies, en particulier dans le domaine thérapeutique. Les protéines étant des poly-
nucléophiles, leur modification homogéne demeure un défi majeur du domaine. Les
travaux présentés ici proposent de cibler en méme temps deux résidus d’'une protéine
via la réaction de Ugi. Ainsi la protéine est utilisée a la fois comme source d’amine
primaire et d’acide carboxylique. Aprés introduction de diverses combinaisons
d’isocyanides et d’aldéhydes dans le milieu, la formation de I'adduit attendu a pu étre
observé mais sa formation s’est avéré étre en compétition avec un adduit intra-résidu
au niveau des aspartates et glutamates N-terminaux des anticorps monoclonaux
utilisés. Une étude mécaniste approfondie nous a permis de développer des conditions
permettant la modification exclusive des résidus E1 et D1. Ensuite, nous avons illustré
I'intérét d’un tel niveau de sélectivité en produisant de maniere rapide et homogéne des
complexes de haut poids moléculaire tels que des anticorps bispécifiques.

Mots-clés : anticorps, bioconjugation, réactions multicomposantes, anticorps
bispécifiques.

Abstract

The development of chemical methods for the site-selective modification of proteins
have been widely investigated for the past decades, especially in the therapeutic field.
Because of their poly-nucleophilic nature, site-selective modification of proteins can be
highly challenging and careful choice of the targeted amino acid(s) must be made. We
recently developed an Ugi based dual residue targeting strategy for the labeling of
human and humanized mAbs. In our case the mAb is used as source for both primary
amine and carboxylic acid and the introduction of various isocyanides and aldehydes in
the media led to the formation of the expected inter residue adduct in competition with
an intra residue adduct on the highly conserved N-terminal aspartates and glutamates
residues. In depth mechanistic study of the reaction allowed to develop N-ter selective
conditions. Then, we showed that such selectively labeled mAb allowed the rapid and
efficient formation of high molecular weight complexes such as bispecific antibodies.
More precisely we managed to form a bispecific T cell engager which showed great
occupancy of both target receptors and good cytotoxic activity.

Keywords: antibodies, bioconjugation, multicomponent reactions, bispecific antibodies
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