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ABSTRACT

FROM ANTIBODY-DRUG CONJUGATES TO MASKED ANTIBODIES:
BIOPHYSICAL INSIGHT FOR THE RATIONAL DESIGN OF FUTURE THERAPIES

Carolina OROZCO

Monoclonal antibodies have become a major class of therapeutics over the past
twenty-five years and, during this time, many successful antibody scaffolds have been
based on wild-type humanized and human sequences of the immunoglobulin G isotype 1
(IgG1) subclass. In the past, several mutations have been engineered into these scaffolds,
to optimise biological/physical properties or to allow site-specific conjugation. In the first
project, the thermodynamic, thermal and kinetic stabilities of two sets of mutations were
measured: one was a triple mutation in the Cy2 domain (L234F/L235E/P331S), and the
other had an additional substitution in the Cu3 domain, S442C, to enable site-specific
conjugation of a cytotoxic payload. Overall, results showed that the order of the domains
in increasing stability were Cu2, Cu3 and Fab. The triple mutation was found to
destabilize the Cy2 domain, while the substitution in the Cy3 domain did not affect

stability significantly.

Antibody-drug conjugates have been one of the most actively developed classes of drugs
in the past fifteen years combining the strengths of large and small molecule therapeutics.
Recently, strategies involving the insertion of a cysteine and maleimide linkers to achieve
site-specific conjugation have been developed in order to attain highly controlled drug to
antibody ratios. One such antibody scaffold, Fc-C239i, that formed an unexpected
disulfide bridge during manufacture, was characterized. A combination of mass
spectrometry and biophysical techniques were used to understand how the additional
disulfide bridge forms, interconverts, and changes the stability and structural dynamics

of the antibody.

Alternative strategies to the use of maleimide linkers have recently been developed, e.g.
DVP and tetraDVP linkers, by the Spring Group in the Department of Chemistry. The
impact of the conjugation of DVP and tetraDVP-linkers on the stability and dynamics of
the antibody trastuzumab was investigated. Results showed that the linkers destabilised
the Cu2 and constant domains of the Fab, to a degree which is very similar to those

observed for other antibody-drug conjugate scaffolds.

Although monoclonal antibodies have greatly improved cancer therapies, they can trigger
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side effects due to on-target off-tumour toxicity. Recently, strategies have emerged to
mask the antigen-binding site of antibodies, such that they are only activated at the
tumour site. Here, the underlying mechanisms that determine what makes an effective
anti-idiotypic antibody fragment mask were investigated, using three masks with different
properties. Four main parameters were established as playing key roles. The efficacy of
inactivation relies, first, on the extent of binding site overlap with the antigen, and second,
on a relatively high association rate constant for mask and antibody. The ease of activation
relies on the antibody having a lower affinity and higher dissociation rate constant for the
mask than for the antigen. Fourth, the closer the affinity of the mask and the antigen for

the antibody, the more disruptive the activation step needs to be.

Hydrogen-deuterium exchange mass spectrometry is a technique which probes molecular
dynamics at high-resolution. To obtain high resolution, it is necessary to obtain a good
peptide map. In order to understand the factors that limit the essential digest step and
therefore the coverage in the peptide map, unfolding studies on an antibody were
undertaken under the quench conditions used in HDX-MS experiments. Results provide
confirmation that the rate of unfolding of an antibody domain limits resolution in these

experiments.
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LIST OF ABBREVIATIONS AND ACRONYMS

ACpH24: difference in heat capacity between the native and denatured state in water

AGH?, - difference in Gibbs free energy between the native and denatured state at equilibrium in water

AHH2S : difference in enthalpy between the native and denatured state at equilibrium in water

ASASA: difference in solvent accessible surface area
2xSH: free thiol
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ADCC: antibody-dependent cell-mediated cytotoxicity
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ETD : electron transfer dissociation
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FDA: US Food and Drug Administration
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HDX-MS: hydrogen deuterium exchange mass spectrometry
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iDSB: interchain disulfide bridge between the inserted cysteines after the position 239
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SEC-MALS: size-exclusion chromatography coupled to multi angle light scattering
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T : trastuzumab
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T+tetraDVP : trastuzumab conjugated to the tetraDVP linkers
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ppm: parts per million
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From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies

1.1 THERAPEUTIC ANTIBODIES

1.1.1 Monoclonal antibodies

Monoclonal antibodies have become a major class of therapeutics over the past
25 years and have proven to be promising alternatives to, and in combination with,
conventional therapies for some cancers!”, and effective treatments for transplant
rejection, autoimmune and infectious diseases to name a few?. The very early days of
monoclonal antibodies date back to 1975, when Milstein and Kdhler selectively produced
monoclonal antibodies for the first time, i.e., coming from one specific clone (as opposed
to polyclonal antibodies, i.e., a mixture of different antibodies which are secreted by
different B cell lineages when an infection occurs). They managed to produce monoclonal
antibodies by fusing myeloma and spleen cells, containing the B-cells of the clone of
interest, of an immunized mouse’. This crucial invention, which earned them the Nobel
Prize in Physiology or Medicine in 1984, opened the way to the engineering and
production of monoclonal antibodies against chosen antigens®. Antibodies are produced
for various detection techniques like ELISA assays, Western blots or pregnancy and
COVID-19 antigenic tests and for many other applications, but also for therapeutic
purposes. Since the 1980’s, the increasing interest in antibodies as therapeutics has
resulted in many advances and the production of a number of generations of antibodies
over the years®: from murine antibodies® (-momab, 1975), where the genetic sequence
comes entirely from the mouse, to chimeric’® (-ximab, 1984), where the variable domains
come from mice and the constant domains come from human genetic sequences, then
humanized’!! (-zumab, 1986-1988), where the complementarity-determining regions,
the fragments responsible for the recognition of the antigen by the variable domain, have
a murine sequence, and the rest of the scaffold comes from a human genetic sequence, to
finally fully human antibodies!'>!* (-mumab, 1994). Indeed, the early-generation
therapeutic antibodies triggered strong immune responses against the antibody itself due
to their murine origin, and did not interact very well with a patient’s effector cells'4. The

vast majority of therapeutic antibodies are part of the IgG1 class.

There are a number of methods used in the development of antibodies against a
specific antigen: directed engineering of antibodies can be undertaken using a transgenic
mouse expressing the human genes for the antibodies, and exposing it to the antigen of

interest!®>. Alternatively, phage display techniques can be used. These consist in
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expressing a random combination of segments from the variable fragment in the heavy
(Vu) and light (Vi) chain generated by PCR!, to create a library with ~ 107 mutants!®.
These are then expressed on the surface of a phage, and clones are selected using rounds

of affinity with the antigen of interest.

Monoclonal antibodies usually act with one of two modes of action: either by
binding to cancer cells to act as a marker to incite the immune system to kill them (e.g.
ofatumumab and alemtuzumab), or by preventing interactions between the cell and other
ligands, often involved in signal silencing (trastuzumab, cetuximab, panitumumab and
bevacizumab)!’. In the former examples, antibodies are used as passive immunotherapy,
and through the Fc domain, trigger the recruitment of effector cells in a process known
as antibody-dependent cell-mediated cytotoxicity (ADCC), or by activation of the
complement cascade leading to tumour cell lysis, called complement-dependent

cytotoxicity (CDC)".

In April 2021, the US Food and Drug Administration (FDA) accepted the 100%
therapeutic antibody!'8, GlaxoSmithKline’s PD1 blocker dostarlimab, thirty-five years
after the first therapeutic antibody, orthoclone OKT3, to prevent kidney transplant
rejection. These numbers include 80 canonical antibodies, 9 antibody-drug conjugates, 2
bispecifics, and 6 antibody fragments'® aiming at treating pathologies ranging from
cancer (the majority), cardio-vascular disorders, respiratory inflammation and
autoimmunity to infectious diseases'®. It is interesting to note that despite the large
number of antibodies approved, they are directed to a rather restrained set of targets, as
42% of the approved antibodies are specific to 10 targets, counting ligands and their
receptor pairs together (PD1/PDL1, CD20, TNF, HER2, CGRP/ CGRPR,
VEGF/VEGFR, IL-6/IL-6R, IL-23 p19, EGFR, CD19)'%,

There are currently nearly 870 antibodies in clinical development, of which 85 ADCs and
nearly 160 bispecifics and multispecifics in trials'®, according to the Antibody Society,
but about 36% of these antibodies target a list of just ten receptors (PD1/PDL1, CD3,
HER2, CTLA4, SARS-CoV-2, 4-1BB, LAG3, EGFr, CD20, CD47).

In 2019, antibodies accounted for 9 of the 20 top therapeutics by sales, which generated
US$ 75 billion earnings that year'®. Humira (Adalimumab), which targets TNF and is
prescribed for rheumatoid arthritis, is the top selling antibody, engrossing 19.6 USS$
billion in 201918,
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1.1.2 Antibody-drug conjugates

In order to kill cancerous cells more effectively, the conjugation of drugs to
antibodies has been investigated, with the objective to specifically deliver highly toxic
payloads (like radioisotopes or cytotoxic drugs) to the targeted cells?°. Their mode of
action consists in recognizing the cancerous cell via the antibody, which then gets
internalized, and the payload is then released, thereby, preventing mitotic activity leading

to cell death (Figure 1.1).

The first antibody-drug conjugate (ADC) to be approved in 2000 by the FDA,
gemtuzumab ozogamicin, Mylotarg®?!, was a humanized antibody conjugated to
calicheamicin to treat acute leukemia. This drug was removed from the market in 2010
because of insufficient efficacy??’, and then reintroduced by the FDA for use with a
different dosage. There are currently nine ADCs approved by the FDA2!:2373! Figure 1.2,

and more than 80 are currently in clinical development®? (Clinicaltrials.gov).

1. The antibody recognizes Tumourus cell
the epitope on the tumorous
cell it is specific to 4. Toxic molecule binds to DNA
leading to cell death
QOQ'NOO

)

2. The antibody-drug
conjugate is internalised \) - | \
in the cell (endocytosis) ) - Nz
S N \\
3. Degradation of / \/ /

the antibody and
release of the toxic
molecule

Figure 1.1: Mechanism of action of antibody-drug conjugates. The different domains of the antibody
are represented in red, for the Fab domain, blue, for the Cu2 domain, and green, for the Cu3 domain. the
conjugated drug is represented by the skull and crossbones. The receptor on the surface of the cell is also
shown in red.
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In the first generation of ADCs, the payload was conjugated to lysine side chains,
which led to a distribution in the number and position of drugs attached, resulting in
variable drug-to-antibody ratios (DARs)*. The DAR is an important contributor to the
therapeutic index given it determines the dose range within which efficacy is achieved,
which needs to be safe and tightly controlled. The field moved towards the conjugation
of payloads to canonical cysteines®® and then to strategies that enabled site-specific
conjugation, by using point mutations to add unpaired cysteines for conjugation, either
by substitution®* or by insertion®. Other approaches, including the incorporation of non-
natural amino acids®*¢-3®, the use of enzymes such as formylglycine generating enzyme*

40,41

transglutaminase*®*! and sortase A*?, have also being investigated.
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Figure 1.2: Structures of clinically-approved ADCs; the linkers are represented in blue and the payloads in red. A.
Gemtuzumab ozogamicin (Mylotarg®, 2000)?! and inotuzumab ozogamicin (Besponsa®, 2017)?*. B. Trastuzumab
emtansine (Kadcyla®, 2013)?3. C. Brentuximab vedotin (Adcetris®, 2011)%3!; polatuzumab vedotin (Polivy®, 2019)%¢
and enfortumab vedotin (Padcev®, 2019)?". D. trastuzumab deruxtecan (Enhertu®, 2019)?%. E. Sacituzumab govitecan
(Trodelvy®, 2020)*. F. Belantamab mafodotin (Blenrep®, 2020)*°. AcBut = 4-(4-acetylphenoxy)butanoic acid,
SMCC = succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate, MC = maleimidocaproyl, PABC = p-
aminobenzyloxycarbonyl. Reproduced with permission from the journal Chemical Society Reviews (Walsh et al.,
2021%)

In the next decade, the challenges are to develop new kinds of payloads with
different activities, as today most belong to two families of antimitotic agents, auristatins
and maytansinoids*, which reflects the difficulty of finding cytotoxic molecules that are
suitable as payloads of ADCs. The length of the linker is also a subject of investigation,

as, in some cases, it needs to be stable while the antibody carries the drug in the
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bloodstream, but it needs to be able to release it once in the cell. Conjugation on cysteines
or lysines with malemeide-type linkers have shown to have limited stability in the blood
as the thiosuccinimide adduct formed can deconjugate via a retro-Michael reaction® in
the serum leading to off-target cytotoxicity*S. Some novel approaches with very stable
linkers have been developed*’>° which ensure the cytotoxic payload is only released in

the organ of interest.

As the objective of ADCs, ultimately, is to be administered to patients, the
scaffold of the antibody-drug conjugates needs to be as stable as possible to retain its
properties. As substitution or insertion of a cysteine residue and/or conjugation of the
payload might lead to a destabilization of the native state, it is important to identify

mutants which destabilize the antibody to a minimal extent.

1.1.3 Masked antibodies

Therapeutic antibodies are engineered to recognize very specifically the target
of interest. However, antigens that are overexpressed in organs affected by a disease are
also expressed at lower levels in healthy tissues. As the antibodies bind to their specific
antigen wherever it is expressed in the body, they can cause side effects when they bind
to healthy tissues*>!>%, These side effects can be diverse: immune reactions, including
acute anaphylactic (IgE-mediated) and anaphylactoid reactions against the mAb
(cetuximab®, omalizumab®¢>8 rituximab, natalizumab®®), infections, thrombotic
disorders (infliximab®, efalizumab®®, rituximab®, alemtuzumab®!, bevacizumab®?),
autoimmune diseases including lupus-like syndrome®?, thyroid disease®* and autoimmune

6566 (alemtuzumab, ipilimumab), dermatitis®’ (cetuximab, panitumumab)

colitis
cardiotoxicity®®® (trastuzumab). One of the challenges in the development of therapeutic
antibodies is to find a target that is overexpressed in the disease tissue and almost not at
all in healthy ones. However, despite considerable effort in this area, only a few antigens

meet these criteria®!’.

A possible strategy to control more tightly the activity of therapeutic antibodies
consists of masking the antibody with another molecule, preventing it from recognizing
and binding to the antigen, and removing the mask when the antibody is in the tissue of
interest, relying on proteases that are overexpressed in tumours, for example. The idea
of masking active compounds and activating them with proteases has been around for

several years, and it started on small molecules’. The so-called “prodrugs” are
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derivatives of drug molecules that are enzymatically or chemically activated in vivo to
release the active parent drug’®. Also using a protease digestion system, the very first
engineered masked antibody-like fragment, published in 2009 by Donaldson et al.”!,
consisted in a scFv masked by its own corresponding epitope. Erster et al.’? from the
University of California, Santa Barbara, then published in 2012 a format of masked
antibody, or “proantibody”, to detect protease activity in vivo. Their construct consists
of a murine scFv-Fc fusion (instead of using a whole Fab) that targets vascular cell
adhesion molecule 1 (VCAM-1), and a peptide masks the variable regions of the scFv
until the linker is cleaved by matrix metalloproteinases (MMPs). With their setup, they
managed to observe the activity of MMPs in aortic plaques in ApoE mice. Following that
first construct, the first therapeutic masked antibody, referred to as “probody®”, was
successfully developed by Desnoyers ef al., 20137 from CytomX Therapeutic Inc. in
collaboration with the University of California, Santa Barbara, and consisted in masking
an antibody that targets the epidermal growth factor receptor (EGFR), cetuximab, with a
peptide and activating it by proteolysis of the linker between the mask and the antibody
using highly location-specific enzymes. Their results showed that the on-target off-
tumour antibody toxicities had been considerably reduced, and that the probody was
effectively activated in the region of interest. This first paper opened the path to masked
antibody formats, which have been successfully developed in the past decade for several
FDA-approved antibodies with known side effects’* 7, Two main categories of masks

have been developed so far: first, masks with affinity for the antibody-binding domains,

72,73,77 78-81

including peptides and antibody fragments’®®', and second, non-binding masks

relying on steric hinderance to block the antigen-binding site. This second category

84-86_ and a hinge?

includes coiled-coil domains®?, protein M*?, peptide-DNA assemblies
region. Several different methods have been developed to restore the activity of the
masked antibody once it is at its target site. The most widely developed approach has
been activation by hydrolysis with enzymes that are overexpressed in the tumour or organ

t 71.72.89.90.77.79-83.87.88 - Alternative options have also been investigated, such as

of interes
photo-cleavable linkers®*, pH-dependent peptide-DNA locks®® or pH-sensitive masking
peptides®!. Further opportunities remain, for example, to create a tuneable masking cap

by specifically engineering its stability so it can be destabilised locally by adding energy.
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1.1.4 Structure of antibodies

1.1.4.1 Domain structure

Therapeutic monoclonal antibodies belong to the class of immunoglobulin G
proteins (IgG). These are large proteins of approximately 150 kDa, with two heavy
chains, composed of four domains Vu, Cul, Cu2, Cu3, and two light chains composed of
the domains Vi and Cp (Figure 1.3). The two light chains are linked to the heavy chains
by a disulfide bridge between the Cul and Cr, domains (Figure 1.3 C) and the two heavy

chains are linked to each other by two disulfide bridges in the hinge region.

....... Inter-chain

Glycolysation T disulfide
bridge

Cytotoxic payload

Figure 1.3: Structure of an IgG1. A. and B. Crystal structure of the intact human IgG B12 with broad and
potent activity against primary HIV-1 isolates, coordinates from 1HZH? in the Protein DataBank (PDB).
C. Schematic showing the different variable and constant domains. Purple and blue: heavy chains; light
and dark green: light chains; red: glycosylation

The Fab fragment, composed of the Vu, Cul, VL and CL domains does not
interact with the Fc region composed of the Cu2 and Cu3 domains, due to the flexible
hinge. Therefore, it is quite difficult to crystallize full-length IgGs and get an X-ray

diffraction structure, so the Fab and Fc fragments are often crystallized separately.

The variable domains Vy and Vi contain three regions whose variability confers
the unique affinity of the antibody for a specific antigen. These hypervariable regions,
also called complementarity-determining regions, are referred to as CDR1, CDR2 and

CDR3. The rest of the variable domain is constant.
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1.1.5 Tertiary structure of the individual domains

IgGs are composed of only [3-sheets. Specifically, each domain has a f3-
sandwich structure, similar to a Greek key barrel®>. All constant domains (Cr, Cul, Cu2
and Cy3) have the same characteristic arrangement of seven B-strands: four and three {3 -
strands each form a 3-sheet that packs together due to the interactions of hydrophobic
side chains in the core; the interactions between residues are invariant within the different
constant domains, and linked by the disulfide bridge between strand F and strand B*?
(Figure 1.4 A). The Greek key arrangement of the 3 -strands is shown in Figure 1.4 B.

The loops between the B-strands often contain prolines 4.

1

A B E D C F G

Figure 1.4: B-sandwich structure of the constant domain of an IgG. A. Cartoon adapted from the crystal
structure of the Cu2 domain from the fucosylated Fc Fragment from human immunoglobulin G1, with the
typical arrangement of constant domain with the four blue B-strands and three green -strands, using the
coordinates in 3AVE in the PDB. B. Detailed view of the connectivity between the 3 -strands showing the
Greek key arrangement.

The variable domains are composed of nine -strands. The two additional 3-
strands are located in the loop between 3 -strands C and D, and are noted as C’ and C”’
(Figure 1.5). The loops in the variable domain have important functions, as that is where
the hypervariable domains CDR1, CDR2 and CDR3 are located, more specifically
between residues 24-34, 50-56, and 89-97 in the light chain and 31-35, 50-65 and 95-102
in the heavy chain (Figure 1.5).”
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CDR3

C)____

e N e

Figure 1.5: B-sandwich structure typical of the constant and variable domains of an IgG. Cartoon
adapted from the crystal structure of the VL domain, using the coordinates from 4HJG in the PDB. The
regions in red represent the additional (-strands not present in the constant domain and where the
hypervariable domains are located. The rectangles at the bottom represent the arrangement of the two f3-
sheets: the first B-sheet is shown with four blue strands, and the second (3-sheet is shown with three green
strands with two additional (3-strands shown in red.

Although the Vi and Cul, and VL and CL domains are on the same chain, there
are few interactions between these domains. However, there are interactions between the
variable domains (Vi and Vi) and between the constant domains (Cul and Cr). The
constant domains Cyl, Cr, and Cu3 associate by interaction with the four-stranded (3 -
sheets of both domains at a right angle one to the other, whilst the three-stranded -sheets
face the exterior (Figure 1.6 A). The Cu2 domains interact only through glycosylation,

which stabilizes them.*3:9

The variable domains, however, interact differently. The domains face each
other via the sheet with five 3-strands, i.e., that has the two additional [3-strands shown in
red. This conformation brings the loops closer to where the CDR regions are, Figure 1.6
B. The orientation of the B-strands is relatively parallel to each other. The two five-
stranded [-sheets do not pack tightly flatly against each other but are curved, forming
therefore a barrel with four of the five [3-strands of each sheet (Figure 1.6 B).
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A

o o - one constant domain
(CylorCy3)
domain-domain [— [—] [—] [—
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/ / of the heavy chain
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Figure 1.6: Schematic representation of the interaction of two constant and two variable domains. A.
The constant domains interact by the two four-stranded B-sheets forming an interface. B. The variable
domains interact via the five-stranded 3-sheet, bringing the CDR regions closer together (L1, L2, L3: CDR1

to 3 on the light chain; H1, H2, H3: CDRI1 to 3 on the heavy chain).

1.1.6 N-linked glycosylation

Today, therapeutic antibodies are mainly expressed in Chinese hamster ovarian

(CHO) cells, as they produce the same glycosylation patterns as those in produced in

human antibodies, i.e., predominantly GOF. Thus, this should ensure the lowest immune

response against the therapeutic antibody. Some mutations in the Cu2 domain can lead to

other glycosylation patterns, for example, G2SF2 was observed in the mutant Fc-C239i.

GOF G1F G2F G2S1F G2S2F
L4
1
@)
[
[l GIcNAc @ Mannose P Fucose O Galactose ‘ Sialic acid

Figure 1.7: Major N-linked glycosylation patterns observed on therapeutic antibodies
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1.2 BIOPHYSICAL CHARACTERISATION

1.2.1 Stability of the native state of proteins

Proteins form an incredibly modular class of biological molecules that
accomplish a vast range of functions in living cells. They can have very different
secondary, tertiary, and quaternary structures, and they almost always fold to the lowest
energy state when they are in native conditions, the denatured state having the highest
energy level under the same conditions (unless they are intrinsically disordered proteins,
which are not discussed in this Thesis). The native states of proteins have different types
of stability. The thermodynamic stability is a measure of the difference in Gibb’s free

energy between the native and denatured state at equilibrium in water (AGH2$), consisting

of a favourable enthalpic component (AHH2%), and unfavourable entropic component
(ASH2). The thermal stability, measured by the melting temperature T, also relates to
the thermodynamic stability and, as well as depending upon the difference in enthalpy
and entropy, also depends upon the difference in heat capacity between the native and the
denatured states (ACpH2%). The change in enthalpy between native and denatured states,
is the difference between the sum of all the interactions that each atom makes with others
within the protein and with the solvent in the native and denatured states. The native state
has a lot of favorable interactions, which come from van der Waals’, electrostatic, -7,
cation-m interactions and hydrogen bonds; therefore, the native state of a protein is
enthalpically favorable compared to the denatured state. The change in entropy on folding
has two major contributions. The first comes from the inherent flexibility of the backbone
and side chains in the denatured state leading to an ensemble of states which are. close in
energy but have different conformations. This large configurational entropy is mainly lost
in the native state. The second entropic contribution comes from the solvent water
molecules which are associated with hydrophobic residues in the denatured state and form
what are sometimes called mini“icebergs” leading to a reduction in entropy. On folding,
these water molecules are expelled into the bulk water increasing the overall entropy of
the system. Overall, entropy decreases upon folding, i.e. folding is entropically
unfavorable, mainly because of the loss of the configurational entropy of the polypeptide
chain, but compensated for to some extent by the gain in solvent entropy when
hydrophobic side chains are buried in the hydrophobic core of the protein. Without this
favourable contribution from the solvent molecules, folding would not be possible,

therefore, water (and the hydrophobic effect) plays a big role in the energetics of folding.
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The kinetic stability, measured by the unfolding rate constant, informs on the difference
in energy between native and transition states. Molecular dynamics in the native state is
also an important measure of local stability and provides information on both local and

global unfolding events.

1.2.2 Denaturation of proteins

To assess the stability of a protein, a measurable equilibrium between the native
and denatured states needs to be established. Indeed, under native conditions, for a stable
protein, there is only a very small proportion of denatured molecules (0.001% of the Cu2
domain, 0.0000001 % of the Cu3 domain and 0.0000001 % of the Fab fragment are
denatured under native conditions, details of the calculations in Appendix IV) and
therefore it is impossible to measure that population against a background of almost 100%
of native proteins, unless using single-molecule techniques. It is therefore necessary to
change the population of native (N) and denatured (D) states requiring some form of

denaturation. Several factors favor the denaturation of proteins.

First, proteins can be unfolded by using a chaotropic agent. The chemical
denaturants mainly used are urea, guanidinium chloride (GdmCl) and guanidinium
thiocyanate (GAmSCN), which are shown in increasing order of denaturing strength®’-19,
The mechanism of action of such denaturants has been debated since the 1960s; although
it is not exactly clear what the mechanism(s) are, there are two major models, the
preferential binding and the preferential solvation models. In any case, it is empirically
known that the chemical denaturants increase the solubility of both polar and non-polar
side chains and the protein backbone, thus stabilising the denatured state compared to
native state. As the chemical denaturant concentration increases, the energy of both the
native and denatured state decrease. The denatured state lowers in energy more rapidly
with increasing denaturant concentration than the native state as it has a larger solvent

accessible surface area (ASASA, Figure 1.8).

Carolina Orozco - September 2021 37



From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies

Increasing
[den]

G (kcal mol")
z ||>

D Reaction coordinate

Figure 1.8: Free energy diagram illustrating how the energies of denatured and native states change
with increasing concentration of chemical denaturant.

Second, high and low temperatures can unfold proteins when the unfavourable entropic
component to the free energy dominates. However, thermal unfolding frequently leads to

aggregation, due to the exposure of hydrophobic side chains.

Third, extreme pHs, acidic and basic, can also favour unfolding. Under acidic
conditions, some side chains, like Asp and Glu, become protonated. This increases the
overall net positive charge on the surface of the native state of the protein creating
electrostatic repulsion. The result is unfolding to a state where residues are, on average,
further apart than in the native state. There is also another factor driving the unfolding at
low pH: considering an equilibrium between the native and denatured states at pH 4.5 and
7, AGp_ PP > AG,_yPP*® because some favorable interactions, such as salt bridges
and hydrogen bonds, are lost at the lower pH. As a consequence of these favourbale
interactions in the native state, the pKa of Asp and Glu side chains are higher in the
denatured state. Thus, the negatively charged side chains of Asp and Glu protonate at
higher pH values in the denatured state than in the native state, so the equilibrium is
pushed towards the protonated denatured state. However, the force to drive the protonated
state towards the protonated native is not that strong, as the AG,_yP"*® is lower than at
pH 7. Therefore, these states drive the equilibrium towards the protonated denatured state

(this is acid-induced unfolding).

The equilibrium between native and denatured states, and thus the
thermodynamic stability, is measured by probing the difference in fluorescence emission

of tryptophan side chains, as the protein is incubated with increasing concentrations of
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chemical denaturant. Upon excitation at 280 nm (maximum of absorption!’!), the
maximal emission intensity is around 335 nm for buried tryptophan residues, whereas it
is approx. 360 nm in the denatured state!?!. This is due to the fact that the excited state is
lowered in energy in a polar environment compared to an apolar one. Thus, the difference
in energy between ground and excited state is greater when the tryptophan is buried in a

hydrophobic environment, as the wavelength is inversely related to the difference in
energy (E = h.v where h is the Plank constant, v is the frequence, such that v = % where

A is the wavelength).

800 -
600 -
400 -

200 -

300 320 340 360 380 400

native - 0 M GdmClI denatured - 3.5 M GdmClI

Figure 1.9: Typical fluorescence spectra for tryptophan in native (orange) and denatured (brown)
states.

The difference in signal between the native and denatured state can also be

measured by probing the ellipticity using far UV-CD data.

1.2.2.1 Unfolding following a two-state model
If a protein unfolds following a two-state model, only the native and denatured

states are significantly populated:

Kp_
N =D Eq. 1.1
And where:
D
Kp_y = _{N} Eq. 1.2

In a two-state model, the intensity of fluorescence, F, Figure 1.10, at a certain

concentration of denaturant can be expressed with respect to the denatured fraction, f (D),
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as follows:

f(D) =

Fluorescence intensity (a.u.)

future therapies

F — native baseline Eq. 1.3

denatured baseline — native baseline

|
S

5]
=

Denaturant concentration

Figure 1.10: Denaturation curve for a protein that unfolds populating just two states. ay is the
intercept of the native baseline; Sy is the slope of the native baseline; ap, is the intercept of the denatured
baseline and [, is the slope of the denatured baseline.

Therefore:

fD) =

F = (ay + Bu.[den]) Eq. 1.4

(@p + Bp.[den]) — (ay + By.[den])

The equilibrium constant between the native and denatured state, K, _p, is expressed as:

And,

Therefore:

40

P L) B (C))

PVTIND T 1-£(D) Eq. 1.5
(1 _f(D))'KD—N = f(D) Eq' 1.6
AG™ — _RTIn(Kp_y) Eq. 1.7
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[den]
D—-N
)

RT

Kp v = exp(
Therefore, Equation 1.6 becomes:

_AG[den]
(1 - F@)).exp(—2=) = £(D)

Adding the definition of (D) from Equation 1.4, one obtains:

( F — (ay + By [den)) - (—AGE;’fZ]) F — (ay + By [den))

- (ap + Bp.[den]) — (ay + By.[den]) RT ™ (ap + Bp.[den]) — (ay + By. [den])

((an + fp-[den]) = (a + By-[den]) — F + (ay + . [den])) o (—AG,B“’_ES]) _ F = (ay + By-[den])
(ap + Bp.[den]) — (ay + By.[den]) P RT ~ (ap + Bp.[den]) — (ay + B- [den])
( (@p + Bo- [den]) — F ) p(CAG F — (ay + By-[den])
(ap + Bp.[den]) — (ay + By.[den]) )’ RT (ap + Bp.[den]) — (ay + By.[den])

_ [den]

((p + fp- [den]) = F). exp(—2=) = F = (ay + fy. [den])

[den] _ [den]

(ap + Bp. [den]). exp <_A DN ) + (ay + By-[den]) = F(1 + eXp( DN ))

RT RT

en

_ Aqlden]
(ay + By-[den]) + (ap + Bp. [den]). eXP( AR‘%‘N )

[den]
—AG
1+ exp ( RITD‘_N >

F =

Eq. 1.8

Eq. 1.9
Eq. 1.10
Eq. 1.11
Eq. 1.12
Eq. 1.13
Eq. 1.14
Eq. 1.15

It has been empirically demonstrated that the free energy of unfolding of a protein is

linearly dependent on the concentration of denaturant!®%!9, Therefore, the experimental

H20

determination of AGpZy using chemical denaturation typically involves linear

extrapolation of the empirically observed free energy changes in the transition region to

the limit of zero molar denaturant concentration’’ (Equation 1.16, Figure 1.11).

AGY™ = AGH2O —m,,_y.[den]
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«— AGLM = AGH29
T
S
£
E
= [den] (M)
=
2aq
] [den] _
- Ao =0 H20
AGpZy
© [den]sgy=——"
D—-N

Figure 1.11: Graphical representation of the change in free energy of unfolding, AG][ff;], with
denaturant concentration

The factor mp_py depends on the strength of the denaturant (the stronger the
denaturant, the higher the coefficient), and the change in solvent accessibility surface area
between native and denatured states (the more buried regions, the larger the coefficient).

Substituting Equation 1.16 into 1.15 one obtains:

mp_y. [den] — AGHZ
. (ay + By.[den]) + (ap + Bp. [den]). exp( ;ON RT i N) Eq. 1.17
1+ exp (mD_N. [deRnT]' - AGD_N)

Equation 1.17 is used to fit the experimental data points of denaturation curves to a two-

state model, to obtain the values of m,_, and AGH2S.

At a certain denaturation concentration, called the midpoint of denaturation, [den]sgq,

the difference in Gibbs free energy between the native and denatured state is zero

(AG[[)d_eﬁ]s"% = 0, Figure 1.11). Therefore, according to Equation 1.16, AGH2%$ =
H20

: A . . . .
mp_y- [den]sgy, i.e. [den]soy = r:D‘N. It is therefore possible to write Equation 1.17
D—-N

in terms of [den]sgq,, as follows:

_ (@y + By [den]) + (@ + Bp. [den]). exp ("7 ([den] — [denlsoy,) ) Eq. 1.18
1+exp (";gf."’ .([den] — [den]sgy,) )

1.2.2.2 Unfolding following a three-state model

A three-state model has an intermediate between the native and denatured state

stable enough to be populated and therefore observed. The equilibrium between the
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different species is as follows:

Kin Koo Eq. 1.19
N =1=D
Ky =4 Eq. 1.20
AT
D
Ky, =% Eq. 1.21
D
Kp-n = % =K,_y.Kp_, Eq. 1.22

From Equations 1.20 and 1.22, [D] and [I] can be expressed in terms of [N]:
[I] = K;_y.[N] Eq. 1.23

[D] = K;_n.Kp—;. [N] Eq. 1.24

The fluorescence at a certain denaturation concentration can be expressed as the sum of

the fractions weighted by the signal of each state, as follows:

F = Yyf(N) +Y,f(D) + Y, f(D) Eq. 1.25
f(N) can be rewritten as:
M Eq. 1.26
I = W+ m+m]
Substituting Equations 1.23 and 1.24 into 1.26:
- [N] Eq. 1.27
fy= [N]+ K;_y.[N] + K;_y.Kp_;.[N]
_ 1 Eq. 1.28
fiN) = 1+K_y+K_y Ky, 1
Likewise, for f(I) and f(D):
f(I) = KI_N' [N] Eq- 1-29

[N]+ K;_y.[N]+ K;_y.Kp_;.[N]
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KI—N

1) =
f 14K _y+K_yKp

Ki_n-Kp—;- [N]

O = 5Ky INT+ Ky Kooy TN]

Ki_n-Kp—;

D) =
f 1+ K _y+K v Ky

Therefore, substituting Equations 1.28, 1.30, 1.32 into 1.25:

1+K, v +K, vKp,

And given that:

YN = aN + BN‘ [den]

Y, = a; + f;.[den]

Yy, = ap + Bp. [den]

F therefore becomes:

ay + By.[den] + (a; + B;.[den]).K,_y + (ap + Bp.[den] )K,_y.Kp_,;

F =

1+K, y+K, v Ky,
And given that:

[den] _

AG™ = _RTIn(K,_y)
_ [den]
K,y = exp( R{I"_N )
m;_y. [den] — AGH2?
K-y = exp( RT

Likewise,

mp_;. [den] — AGH?9
RT

Kp_; = exp(

Equation 1.37 becomes (obtaining m,_; m;_y and AGH??, AG[2? fittings):
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_ pAgH20 _ pAgH?20 _ AgH20
ay + By.[den] + (a; + B,.[den]).exp (mi,_,‘,. [d‘;nT], AG"”) + (ap + Bp.[den]) exp (m""" [deRnT]‘ AG"”) exp(2=L: [deI?T], AG"") Eq ] 4 2
= —AH20 — AHZ0 H20 " "
my_y. [deRnT]‘ AG,_N) +exp (m,_N. [de:% AG,_N) exp( b-1

mp_;.[den] — AG
1+ exp( RT

Equation 1.42 in terms of [den]sqq,, is expressed as follows:

F
ay + By.[den] + a;. exp (";al;v -([den] — [den]sn%l—lv)) + (ap + Bp.[den]) exp ("IL{}N -([den] — [den]soy, I—N)) exp (";abf' -([den] — [den]soy, D—l)) Eq- 1-4’3

1+exp (W;{}N -([den] — [den]sqy, I—N)) + exp ("Il{}N -([den] — [den] sn%l—N)) exp ("Ilanfl -([den] — [den]sqy, D—l))

1.2.3 Kinetic stability

Kinetic data from unfolding or folding experiments can be obtained using rapid-mixing
techniques and a stopped-flow spectrometer which measures the change in fluorescence
signal on unfolding or folding. Kinetic data are fit to one or more exponential functions.

Considering a system with only one kinetic phase, which is a simple first-order reaction:

v D Eq. 1.44

Where the unfolding rate can be defined as the rate of increase in D as follows:
d[D] Eq. 1.45
Or the rate of decrease of N state:

dN) Eq. 1.46
—r = kg [N]

Solving the differential equation, one obtains:

[N]¢= [N]o. exp (—ky.t) Eq. 1.47

Therefore, the kinetic data can be fitted with a single exponential, as follows:

A(t) = (Aena — Ap)- (1 — exp(—kt)) + A Eq. 1.48

Where A(?) is the fluorescence signal at any time, t, A.,,q4 — 4, is the amplitude (i.e., the
change in fluorescence signal, k the unfolding rate constant and ¢t the time. If the data
shows several kinetic phases, the experimental data can be fit to a double or triple

exponential, i.e., the sum of several exponentials, as follows:
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A(E) = Ay. (1 — exp(—kyb)) + Ay. (1 — exp(—kyt)) + Az. (1 — exp(—kst)) + ¢ Eq. 1.49

where A;, A, and A5 are the amplitudes of the different phases, k;, k, and k5 the
respective kinetic rate constants and c the offset. Fitting the experimental data with this
equation provides the values of the amplitudes and the kinetic rate constants for each
phase. The kinetics of unfolding are measured at different concentrations of denaturant,
and the data transformed to create a plot in which the natural logarithm of the kinetic rate
constants are plotted against the final denaturant concentration. These data can then be fit
to a simple linear function. The y-axis intercept is In k}?° from which k?%can be

calculated, the unfolding kinetic rate constant in water, whilst the slope is mu

1.2.4 Relating thermodynamic and Kinetic data

For mutants of proteins which fold with simple two-state kinetics, there can be a
correlation between thermodynamic and kinetic stability: usually when the
thermodynamic stability decreases, the kinetic stability decreases as well and inversely;
for some mutations, the stabilities are not correlated. For example, a mutation may
destabilize the protein but may not affect the unfolding kinetics. The energy diagram
shown in Figure 1.12 illustrates the thermodynamic and kinetic information that can be
obtained from different techniques. This representation assumes that there is no change
in the energy of the denatured state, which is generally the case; however, the free energy
of the denatured state can change significantly though if disulfide bridges are either

removed or introduced through a change in entropy.

AAG,_p |

——————— mutant

— wild-type

4

G (kcal.mol-1)

AGEM! AGYT,

aGY™,

Reaction coordinate
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Figure 1.12: Free energy diagram for the unfolding of a two-state system. D: denatured state; N: native
state; TS: transition state.

The Arrhenius law relates the unfolding kinetic rate constant (k) with the difference in

Gibbs free energy between the transition state and the native state (AGEZ%,), as follows:

ky = A.exp (—R_I:;a Eq. 1.50
ky = A.exp (#) Eq. 1.51

where A is the pre-exponential factor, Ea the activation energy equal to AGrs_y in kcal
mol !, i.e., the difference in Gibbs free energy between the transition state and the native
state, R the gas constant and 7 the temperature. Considering the unfolding of a wild-type
protein with a mutant, the ratio of their unfolding rate constants is given by:
_ A Gmut
Jomut A. exp (%
kl,'lﬁ” = T Eq. 1.52

TS—N

; —AG
A exp (T

Assuming that the pre-exponential coefficients A and A’ are equal for the unfolding of

both wild-type and mutant, the equation can be simplified to:

i (KB _ _AGHS | AGH Eq. 1.53

kYT RT RT

kmut
—RT.In (#) = AGI, — AGH y Eq. 1.54
U
kmut
RT.In (#) = MGrs_y Eq. 1.55
u

From the energy diagram (Figure 1.12), it can be seen that:

AAGrs_p + AGYT v = AAG,_y + AGTH, Eq. 1.56
MAGrs_p = AAGp_y — (AGHT \, — AGTE) Eq. 1.57
MAGrs_p = MGp_y — MGrs_y Eq. 1.58
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Therefore, combining Equations 1.55 and 1.58:

kmut
U . .
AAGrs_p = AAGp_y —RT.In <W Eq. 1.59
U
A TS B, TS
If kIS kWT . I kPt = kT o X
the larger k[t AAGrs_p=AAGp_y |
compared to k7, Therefore ;h |AAGrsp
the smaller AGYE \ =AGTES, .
AAGrs_p compared /
to AAGp—_N !
& o~
S S
I —— I
Ll ki
& &
o o
——————— mutant - mutant
—— wild-type AAGp-y — wild-type AAGp-y
v
Reaction coordinate Reaction coordinate
t wT A
C mut wr D It kg™t <ky 1
e e T
(mutarll)t_rl;l]ore (rr?utantdless icall /T
) AAGre thermodynamically /% [Apq,
t?eglmc:ﬁynavr\]/wgally rs=p stable than WT) /! | b
ihz :nallaer: e the smaller kJ1t
at L];WT compared to k}J7, ;
comparedto ky -, the larger AAGrg_p /
~ | theclosertoOwill / / 2 | compared to /
g be the AA?:;S,D’// g AAGy_y )
< <
o ©

——————— mutant
— wild-type

——————— mutant
— wild-type

AAGp_y

Reaction coordinate

Reaction coordinate

Figure 1.13: Diagram illustrating how the energy of the transition state of a mutant varies depending
on the value of k"™ relative to klyT A. k'*> kT B. k= k}JT C. k[**< kT and AAG,_y < 0 D.

ki< kT and AAG,_y > 0.

If k> kT (Figure 1.13 A), the mutant unfolds faster than the wild type. According to
Equation 1.59, the larger k{I'** compared to kY7, the smaller AAGys_p, compared to
AAGp_y, therefore, the easier it is to overcome the energy barrier: the mutation decreases

the kinetic stability of the protein.

If k"“t= kYT (Figure 1.13 B), the mutant unfolds at the same rate as the wild type.

According to Equation 1.59, AAGs_p = AAGp_y so the transition state is as far from
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the native state in both cases, i.e. the kinetic stability remains unchanged. An alternative
way of viewing this is that the mutation destabilizes the transition state to the same degree

as the native state.

If kIMt< kYT the mutant unfolds slower than the wild type; two cases are possible. In
the most usual scenario, if the mutant is more thermodynamically stable than the wild
type, then AAGp_y is negative (AGH™ > AGY "y, Figure 1.13 C). AAGys_p is usually
negative as well, and according to Equation 1.59, the smaller k"¢ compared to k}J' 7,
the larger AAGrs_p with respect to AAG,_y, therefore the closer AAGrs_p would be to
0. Thus, the harder it is to overcome the energy barrier, i.e., the slower the protein unfolds:
the mutation therefore increases kinetic stability. In the second scenario, the mutant is
thermodynamically less stable than the wild type, i.e., AAG,_y > 0, but kinetically more
stable (Figure 1.13 D). In this case, the smaller k]** compared to k}/7, the larger
AAGrg_p with respect to AAGp _y, 1.€., the mutation destabilizes the transition state more

than the native state.

1.2.5 Thermal stability
Amongst the different strategies to unfold a protein, it is possible to thermally
unfold it using heat. The difference in Gibbs free energy is related to the difference in

enthalpy and difference in entropy as follows:
AGy,_y = AH,_y —TAS,_ Eq. 1.60

At room temperature, AGp_y is positive, i.e. AHp_y > TASp_y , therefore the
denaturation of the protein is not favored. When the temperature increases, TAS,_y
becomes larger than AHp_p, so as AGp_y becomes positive and the denatured state

becomes favored. Both AH,_y and AS,_y depend on the temperature as follows:
T
AHp_y(T) = AHp_y(T,ef) + f ACp.dT Eq. 1.61
Tref

AHp_n(T) = AHp_y(Tyep) + ACP. (T — Tref) Eq. 1.62

T ar
ASp_n(T) = ASp_y(Trer) + f ACp.? Eq. 1.63

Tref
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Where ACp is the difference in heat capacity, and Tref is the temperature of reference.

Given that at Ty..¢ (T3,), AGp_y(Tr) = 0, therefore:

Trep-ASp_n(Trep) = AHp_y(Trer) Eq. 1.64
AH,_ (T, T
AS,_y(T) = M+ ACp.d—TT Eq. 1.65
ref Tref

MIL(TT”)+AC;9. In( r ) Eq. 1.66

AS,_n(T) =
b Tref Tref

Therefore, combining Equations 1.62 and 1.66 with Equation 2.2 :

AHp (T
AGp_y(T) = AHp_y(Tres) + ACP. (T — Tep) — T(M +ACp.In <TL>) Eq. 1.67
ref ref

! )—T+T,ef> Eq. 1.68

T
AGp_y(T) = AHp_y(T,ep). [1 - ] — ACp. <T. In <T
ref

Tre f

If ACp is high, there is a significant change in AH and AS with temperature (Figure 1.14).

T X ASp_y

%

AHp_y

T x ASD—N or AHD—N
(kcal mol 1)

Temperature (°C)

T. To

Figure 1.14: Diagram illustrating how thermodynamic parameters (T X AS,_y and AH},_y) vary
with temperature. The hot and cold melting temperatures are the temperatures when T X AS,_y =

AHp_y, ie., AGp_y = 0.
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Given the previous equations, AHj,_y changes linearly with temperature, whilst
T x ASp_p doesnot. As T X AS,_y changes more rapidly than AH,_y with temperature,
this leads to a point where the term T X ASj_, dominates, and therefore the protein is no
longer stable and unfolds. There is another intersection point at a lower temperature,
called the cold denaturation temperature, at which the protein also unfolds. If the protein
is incubated in temperatures between the cold unfolding and thermal melting temperature,
it is in primarily in its native state. (Figure 1.14). There is a temperature of maximal

stability, as represented in Figure 1.15

AGp_y (kcal mol?)

|

Figure 1.15: Temperature of maximal thermal stability

To calculate AC,, one needs to perform the thermal unfolding at different pHs to
obtain different values of T,,, and AHj,_y (T;,,). Plotting AHp,_ (T)y,) versus Ty, the slope

of the linear regression is AC, (Equation 1.62).

1.2.6 Molecular dynamics: hydrogen-deuterium exchange mass
spectrometry

1.2.6.1 Introduction on hydrogen-deuterium exchange

1.2.6.1.1 General principle

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a technique
which probes the molecular dynamics of a native state of a protein at high-resolution.
This technique is highly sensitive to the solvent accessibility and hydrogen-bonding of
backbone amide groups and has been used successfully to investigate interactions

between domains in multi-domain proteins as well as domain stability!%4-17,
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The HDX can be measured by mass spectrometry, by monitoring the increase in
m/z over time, or by NMR, by monitoring the loss in 'H NMR signal. In this Thesis, the
focus is on HDX-MS.

1.2.6.1.2 Mass spectrometry

Mass spectrometry is an analytical technique that detects the mass of molecules,
by first ionizing them into the gas phase and then sorting the ions by their m/z ratio. This
enables the identification and quantification of different molecules in mixtures. All mass
spectrometers are composed of an ionization source, where molecules are ionized, a mass
analyzer, which sorts and separates ions according to their mass-to-charge ratio (m/z) and
a detector, which measures the separated ions, the signal of which is then converted to an
output. The fundamental components of a mass spectrometer are represented on Figure
1.16. Mass analyzers are kept at a constant high vacuum (low pressure) to prevent

unwanted ion-molecule collisions and increase ion transmission and resolution.

INLET
to introduce the sample

m C Y w
MASS ANALYSER

neutral (solid or liquid) sorts ions by m/z detects the
to ionized gaseus phase separated ions

MS OUTPUT CONVERTER
electrical signal converts detection
received by event into electrical
computer and signal
gives m/z

Figure 1.16: Schematic representation of the components of a mass spectrometer

1.2.6.2 Mechanism of hydrogen-deuterium exchange

1.2.6.2.1 Hydrogen-deuterium exchange rates are dependent on pH and temperature
This technique relies on the exchange of amide protons with deuterium, the

heavier isotope of hydrogen (given it contains a neutron as well as a proton). Upon

exposure to D>O, hydrogens bound to nitrogen, oxygen or sulfur can exchange with

deuterium. However, only hydrogens bound to the amide nitrogens in the protein
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backbone exchange with deuterium on a timescale that can be probed by the HDX
measurements. The exchange occurs via basic, acidic or water catalysis!®®. The intrinsic
rate of exchange (kcn) of amide hydrogens, taking into account the pH, follows the

equation:

keh = Kiney [H] + Kingon [OH™] + King y20 [H, 0] Eq. 1.69

Where kinin and kinion are the rate constants for the acid- and base-catalyzed exchange,
and kint 120 1S the intrinsic coefficient of water-catalyzed proton transfer. This equation
determines the exchange rate at different values of pH, and can be calculated using the
rate constants published in Bai et al.,1993 19110, Figure 1.17 A shows a representation

of how the intrinsic rate of exchange depends on the pH.

Acidic Basic
catalysis catalysis

log k., (min)
N B O R N W A U O N B ©

ken (T) / ken (0°C)

0 1 2 3 4 5 6 7 & 9 10 1 12 0 5 10 15 20 25 30
pH Temperature (°C)

Figure 1.17: Dependence of the intrinsic rate of exchange on the pH of a solution and temperature.
A. Chevron plot depicting exchange rates (log kcn; 25 °C) for amide hydrogens with deuterium as a function
of pH. The pH minimum corresponds to the lowest point of the curve and reflects the lowest exchange rate
for amide backbone hydrogens. B. Plot depicting the intrinsic HDX rate of amide hydrogens (k) as a
function of temperature for base-catalysed exchange. k. was calculated based on Equation 1.70 for
temperature range from O to 30 °C and normalized to k., at O °C. Reproduced and adapted with permission
from the journal Methods (Oganesyan et al., 20181,

Acid-catalyzed exchange is predominant at pH values lower than 2.5-3'1%112 whereas
base-catalyzed exchange occurs at pH values higher than 3''%!!2 (Figure 1.17 A).
Therefore, at neutral pH, the exchange is mainly driven by base catalysis. A schematic

representation of the mechanism of acid and base catalysis can be found in Figure 1.18'13,
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Figure 1.18: Hydrogen-deuterium exchange mechanism A. Basic catalysis B. Acidic catalysis occurs
through protonation of the NH group. C. Acidic catalysis occurs through the protonation of the C=0 group.
Adapted with permission from the journal Biomedicines (Narang et al., 2020'13),

The intrinsic exchange rate is also sensitive to temperature, governed by the following

equation!®:
E,f1 1
k., = k,.(293) X exp <——“ - ]) Eq. 1.70

Where £,(293) is the reference rate constant at 20 °C (Kintacia and/or Kint base and/or kintwater
depending on the pH); E. is the activation energy for acid-, base-, or water-catalyzed
proton exchange (Eau+ =14 kcal mol!, Eaon =17 kecal mol! and E, 20 =19 keal mol™!);
and R is the gas constant (0.001986 kcal mol™! K1) 10911 The graph corresponding to

this equation is represented in Figure 1.17 B.

1.2.6.2.2 Hydrogen-deuterium exchange rates dependent on protein folding

For a folded protein in the native state, the exchange of amide hydrogen atoms
with deuterium is mainly dictated by the structure of the protein. Amide hydrogens
involved in H-bonds, like in a-helices and S-sheets, or buried in hydrophobic cores, don’t

exchange with solvent. However, because of structural fluctuations in the native state
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(thermally driven molecular dynamics), occasionally the bonds will transiently break and
some buried regions will transiently become exposed to solvent. The amide hydrogens

involved will then exchange with the solvent. This process is shown Scheme 1.71.

kop kch kcl
NH, = NH,,—ND,, = ND,, Sch. 1.71
kcl op

Therefore, the observed rate constant for HDX under native conditions can be described

by Equation 1.72!!4,

kop X kch

k = Eq. 1.72
HDX Kk, +k,, q

These open/closed fluctuations are probed by HDX-MS, by incubating samples
in D,0 for increasing amounts of time. Two different amide exchange profiles can occur,
EX1 and EX2, depending on the structural dynamics and therefore the relative values of
ke and ken. Under the EX2 regime, the rate constant of closing is much faster than the
chemical exchange rate (kci >> ken), and therefore the amide needs to undergo many brief
unfolding events before hydrogen exchanges with deuterium occurs. Therefore, the
exchange of the amide protons with the solvent happens iteratively when a H-bond
transiently breaks or the hydrophobic core transiently opens (Figure 1.19 A). This is
associated with a gradual shift in the isotopic distribution of peptides. This regime is the

most common case. Under EX2 conditions, Equation 1.72 simplifies to:

k,, Xk
kuypx = —Opk Ch Eq. 1.73
cl

Under the EX1 regime, the rate of closing is slower than that of the chemical exchange
(ket << ken). In this case, a set of amide protons in a region within one protein molecule
that transiently unfolds fully exchanges before refolding occurs. The proportion of the
population of protons that have exchanged increases every time the region becomes
exposed in a different molecule, leading to a bimodal distribution with the intensity of the
non-deuterated distribution decreasing as the fully-deuterated one increases (Figure 1.19

B).
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Figure 1.19: Schematic representation of EX2 and EX2 kinetics. Adapted with permission from the
journal Current Protocols in Protein Science (Morgan and Engen, 2009'1%).

1.2.6.3 The workflow for HDX-MS experiments

1.2.6.3.1 Overall workflow

Several steps are needed to obtain high-resolution data on hydrogen-deuterium
exchange monitored with mass spectrometry via a bottom-up approach (Figure 1.20),
i.e., generating peptides before entering the mass spectrometer, as opposed to the top-
down approach where the deuterated protein is electrospray ionized intact and is
fragmented by electron transfer dissociation inside the MS, which does not scramble the
deuteration. First, the sample is incubated in deuterated buffer for a fixed amount of time;
several different incubation time points are measured, in triplicate, in order to obtain a
time course of deuteration. The deuterated buffer is then quenched with a buffer with two
aims. First, the quench buffer slows down the hydrogen-deuterium exchange back
exchange as much as possible by decreasing the pH value to pH 2.5, which is the
minimum intrinsic rate of exchange of amide hydrogens (Figure 1.17 A) together with
performing the quenching step between 0 and 4 °C (Figure 1.17 B). The second objective
of the quench buffer is to unfold the protein and reduce any potential disulfide bridges.
Unfolding can occur by decreasing the pH on its own, however, frequently a chemical

denaturant and reducing agent are used depending on the stability of the protein being
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investigated. In this way, all the regions within the protein are accessible to the pepsin so
they can be digested. The quenched, labelled protein is then digested via an online pepsin
column to generate small peptides, and then the peptides bind to a trapping column which
carries out a desalting step. The peptides are then eluted onto an analytical C18 column
and electrospray ionized in the mass spectrometer, and analyzed with MS! only, to avoid
scrambling the deuterium locations by collision-induced dissociation. The labelled
peptide data is then analyzed for each peptide, and then per residue, and frequently data
are compared to a reference dataset, in which case the difference in deuterium is plotted

with colors onto an appropriate crystal structure.

GIobaIHDX MS
"DzO
HzO
5}\)},1‘&——@»}}%&—'&‘%—’ : \/—~( ‘—» — —" v
Sample I HDX Labelling |I Quenching Digestion LCPeptlde l MS Analysis || HDXAnaIyms | Data
Preparation Separation representation

Figure 1.20: Typical overall work scheme for a HDX-MS experiment. Reproduced with permission
from the journal Methods (Oganesyan et al., 2018')

1.2.6.3.2 Generation of the peptide map

To obtain high-resolution data, a peptide map needs to be generated, to locate
the peptides generated by the pepsin column onto the protein sequence and therefore
structure. Ideally, the peptide map would have the highest coverage and redundancy
possible, to be able to accurately assign deuterium exchange to single residues. The
peptide map is generated with the same workflow as the labelled data, but a fragmentation
method, called tandem mass spectrometry or MS?, is used in the mass spectrometer, to
guarantee high accuracy of the identification, i.e., that the two fragmented peptides
generated still match the sequence. Several methods can be used to fragment the peptides.
Low energy dissociation processes like collision-induced dissociation (CID, also called
collisionally activated dissociation (CAD)), mainly breaks the thermally labile C-N amide
bonds of the polypeptide chain, generating b and y ions!!¢-!!8 (Figure 1.21, Figure 1.22),
and remains the most used approach. Electron-based activation methods like electron

transfer dissociation (ETD) or electron capture dissociation (ECD) mainly generated c
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and z ions as the bonds N-C, are preferentially fragmented!!®-!!8 (Figure 1.21). Higher
energy activation methods generate a and y ions by cleaving C,-C bonds, additionally to
b-y and c-z ions!'®!'® (Figure 1.21). The a, b and ¢ ions retain the charge at the N-
terminus of the fragmented peptide, whereas the X, y and z ions retain the charge at the

C-terminus.

Py g gt o

Figure 1.21: Cleavage sites depending on the fragmentation method. CID generates mainly b and y
ions, ETD c and z, and higher energy activation methods generates a and x. a, b and c ions retain the charge
at the N-terminus of the fragmented peptide, whereas the X, y and z ions retain the charge at the C-terminus.
Nomenclature by Roepstorff, P. & Fohlman, 1984 !!7, revised by Biemann, 1988 !!8,

Collision-induced dissociation (CID) works by the energetic collisions between
ions and non-reactive gas atoms, like helium, nitrogen or argon. Every time a collision
occurs, part of the kinetic energy of the ion is converted to internal energy. The
accumulation of internal energy in the ion results in the fragmentation between C-N amide
bonds!!®!1° If the parent ion has one positive charge, the fragmentation of the C-N bonds
generates an ionic and a neutral species. If the charge is retained at the N-terminal
fragment, a b ion (with a C-terminal CO™") and a neutral fragment are generated: the proton
stays on the C-terminal fragment and neutralises it; if the charge remains on the C-
terminal fragment, a neutral fragment and a y ion (N-terminal NH3") are generated: the
proton stays on the C-terminal fragment and an additional proton from the N-terminal
fragment is transferred, creating a positive ion. Mechanistic details are represented in

Figure 1.22!%°,
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Figure 1.22: Details of the fragmentation process. If the charge stays on the N-terminal fragment, a b ion
and a neutral C-terminal peptide are generated. If the charge remains on the C-terminal fragment, thenay
ion and a neutral peptide are generated. Adapted from Proceedings of National Academy of Science (Hunt
etal., 1986 129,

1.2.6.3.3 Data Analysis

HDX-MS is often used to compare two or more different states of the same
protein. The deuterium uptake of the peptides identified by the peptide map is calculated
by specialized softwares based on undeuterated m/z values, considering the unlabelled
and labelled peptides elute at very similar retention times in the analytical liquid
chromatography step. The deuterium uptake of the reference is subtracted from that of
the state of interest, and only significant differences are taken into account. The total
deuterium incorporation per peptide is divided by the number of residues on the peptide
that can exchange deuterium in order to obtain an average level of D incorporation per
residue. The deuterium uptake of overlapping peptides is taken into account and the
different incorporations for the same overlapping residue is averaged in order to obtain
the most accurate labelling level possible. The deuterium uptake is then plotted onto a
known crystal structure in order to visually identify the regions that are exchanging more

or less then the reference.
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1.2.7 Affinity measurements
If two molecules A and B have affinity for each other, the separate species and

the associated complex are in equilibrium:

kon
A+B = AB Eq. 1.74
kors

Where, ko 1s the dissociation rate constant and kon 1S the association rate constant. The
affinity between these two molecules is defined by the inverse of the equilibrium

dissociation constant, Kp, which can be calculated using the following equation:

kosr  [A].[B]

Ky, = k.~ [AB] Eq. 1.75

because:
rate = % = k[A] Eq. 1.76
and: kon[A][B] = koff[AB] Eq. 1.77

Where k,,[A][B] and k,¢¢[AB] are respectively the association and dissociation rates.

To accurately measure kofr and kon values, a range of concentrations of the antigen is
usually and the data obtained fitted with using a global fitting strategy. Methods like

surface plasmon resonance or biolayer interferometry can be used to obtain these values.

The data for the association phase is fit to a single exponential, as follows:
Y=Y+ AX(1—exp(—k,ps X1)) Eq. 1.78

As the observed rate constant depends on the analyte concentration and the dissociation

constant, the ko, can be extracted using Equation 1.79 :

_ kobs - koff

" [analyte] Eq. 1.79
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The data corresponding to the dissociation phase is fit to Equation 1.80

Y = YO + A X exp(—koff X t) Eq 1.80

1.2.8 Other stability measurement methods

Whilst the techniques that were used in this Thesis have been described in detail in earlier
sections, there are other methods that inform on structure, stability, aggregation, or

higher-order species formation.

Secondary structure can be investigated with far UV-circular dichroism (UV-CD), which
depends on the difference in absorption of left-handed and right-handed circularly
polarized light by the protein backbone!?!'?2, In addition, Fourier-transform infra-red
spectroscopy (FTIR), measures the intensity of the absorption of IR radiation of a protein
as a function of wavelength. The IR excites vibrational transitions in the protein
molecules which are influenced by the secondary structure and intramolecular and
intermolecular effects!?. Instruments like the AQS? pro from RedShiftBio use a similar
technology. Structural information can be obtained by X-ray crystallography at high

resolution'?*, cryo-electron microscopy!?

for large complexes, or atomic force
microscopy!?® which can provide details on the topology of a protein assembly if it is

sufficiently large.

The presence of aggregates or higher-order structures can be probed by size-exclusion
chromatography (SEC) liquid chromatography, if they are smaller than the 0.22 pm filter.
Analytical ultra-centrifugation (AUC) is a technique which preserves the native state of
a protein and presents a few advantages over SEC, namely the study of higher-order
aggregates bigger than the 0.22 pm filter, and the absence of potential dilution of the
higher-order species in the mobile phase. Using light scattering and sedimentation time,
it informs on the native state, provides an approx. molecular weight, informs on
impurities, reversible self-association!?” (if tested at different protein concentrations).

Capillary isoelectric focusing (cEIF) is an analytical technique that allows the separation
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of protein mixtures, protein glycoforms and other charge variants, based on their
isoelectric point (pI)!?8. It is also used to determine the experimental pI of a protein.
Reverse phase chromatography can be useful to observe impurities, which can be due to
oxidation, fragmentation to name but a few examples. Mass spectrometry can be
employed to undertake peptide mapping providing very precise information on the

location of modification.

The identification of regions that are aggregation prone can be investigated by fast
photochemical oxidation of proteins (FPOP), where hydroxyl radicals, liberated from the
photolysis of hydrogen peroxide, covalently label solvent accessible amino acid side
chains on the microsecond-millisecond timescale!'?*-13%, This enables the identification of
regions that are exposed in the one state, e.g., a monomer, but buried in an aggregated

state. HDX-MS can be similarly used to investigate aggregation prone regions.

More recently, manufacturers like Nanotemper have developed instruments, namely
Prometheus, that can measure the thermal and thermodynamic stabilities, reversibility of
unfolding as well as aggregation using embedded nano differential scanning fluorimetry

(DSF) and dynamic light scattering (DLS).
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2 MATERIAL AND METHODS
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2.1 MATERIAL

2.1.1 Reagents

2.1.1.1 Reagents for molecular biology

The DNA sequences were ordered from Geneart and the vectors for mammalian
expression are proprietary from AstraZeneca. The reagents used for the molecular biology
experiments to assemble DNA strands and vectors were the following: OneTaq® 2X
Master Mix with Standard Buffer (New England BioLabs), restriction enzymes ApalLl,
BstEIl, EcoRI, NgoMIV, Pacl (New England BioLabs), NEBuilder® HiFi DNA
Assembly Master Mix (New England BioLabs), Quick Ligation™ Kit (New England
BioLabs), High Pure PCR Product Purification kit (Roche, Merck), Zymo Mix&Go!
Competent DHS5 alpha (Zymo Research), UltraPure™ agarose (Invitrogen by
ThermoFisher Scientific), SYBR® Safe DNA gel stain (Invitrogen by ThermoFisher
Scientific), 1 Kb Plus DNA Ladder (Invitrogen by ThermoFisher Scientific), ampicillin
sodium salt (Duchefa Biochemie). TAE buffer was made internally at AstraZeneca using
Tris base (Tris(hydroxymethyl)aminomethane, Molecular Biology Grade, Ultra Pure,
Melford), acetic acid glacial (AnalaR NORMAPUR, ACS Reag. Ph. Eur., VWR, BDH
Chemicals) and EDTA (Ethylenediaminetetraacetic acid disodium salt dihydrate, AnalaR
NORMAPUR, Reag. Ph. Eur, ACS, VWR, BDH Chemicals). LB plates were made
internally at AstraZeneca using BD Bacto™ Agar, sodium chloride (AnalR
NORMAPUR, ACS, Reag. Ph. Eur., VWR, BDH Chemicals), Bacto™ Yeast Extract
(Gibco), Bacto™ Tryptone (Pancreatic Digest of Casein, Gibco). The x6 loading dye was
prepared internally at AstraZeneca using Bromphenol Blue sodium salt, for
electrophoresis (Molecular Biology Tested, Sigma-Aldrich), sucrose (BioXtra > 99.5%
(GC), Sigma) and Tris base (Tris(hydroxymethyl) aminomethane, Molecular Biology
Grade, Ultra Pure, Melford).

2.1.1.2 Buffers for biophysical experiments

Histidine buffer was prepared with the acidic form L-histidine
monohydrochloride monohydrate (CsHsN;O,.HCI.H,O, >98% (TLC)) and the basic form
L-histidine (CsHsN;O, ReagentPlus®, >99% (TLC)), both from Sigma-Aldrich, USA.

Tris buffer was prepared with the acidic form Tris hydrochloride
(NH2C(CH20H)3 - HCI) and the Trizma® base (NH>C(CH2OH)3) both from Sigma-
Aldrich, USA.
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Potassium phosphate buffer was prepared with the acidic form potassium
dihydrogen phosphate (KH2POs4) and the basic form dipotassium hydrogen phosphate
(KoHPOg4), both from Sigma-Aldrich, USA.

The quantities of the acid and the base were calculated using the Henderson-

Hasselbalch equation:

base

pH = pKa + 1og,( ) Eq. 2.1

acid
For low pH solutions where acid and base were not both available, the pH was adjusted

with a pH meter (in the case of HDX-MS quench buffer).

Guanidinium chloride (GdmCl) was purchased from Invitrogen (UltraPureTM, >99%
purity). Guanidine thiocyanate (GdmSCN) was purchased from Sigma-Aldrich
(BioReagent, for molecular biology, >99%). Urea was purchased from Sigma (BioXtra,
pH 7.5-9.5 (20 °C, 5 M in H20)). TCEP (Tris(2-carboxyethyl)phosphine hydrochloride,
CoH1506P-HCI) was purchased from Sigma-Aldrich.

2.1.1.3 Buffers for protein purification
For protein purification, DPBS was purchased from Sigma (D8537-500ML).
Imidazole was purchased from ACROS Organics™ (99+%, crystalline).

2.1.1.4 Reagents for SDS-PAGE

Protein expression, purification and proteolysis were verified by SDS-PAGE,
using the following reagents: NuPAGE™ MES SDS Running Buffer (20X, Invitrogen by
ThermoFisher Scientific), NuPAGE™ LDS Sample Buffer (4X, Invitrogen by
ThermoFisher Scientific), NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 15-
well (Invitrogen by ThermoFisher Scientific), Novex™ Sharp Pre-Stained Protein

Standard (Invitrogen by ThermoFisher Scientific).

2.1.1.5 Buffers for activity assays, in vitro and on cells

The reagents used for activity assays (BioLayer Interferometry, flow cytometry
and microscopy) were the following: DPBS (D8537-500ML, Sigma), BSA (bovine serum
albumin solution, 30% in DPBS, sterile-filtered, BioXtra, Sigma-Aldrich), Tween 20
(TWEEN® 20 for molecular biology, Sigma-Aldrich), anti-human IgG Fc Capture
(AHC) and streptavidin (SA) biosensors (Forte Bio), biotinylated HER2 (Her2/ERBB2
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protein, human, recombinant (His & AVI Tag), Biotinylated, Sino Biological), Gibco™
StemPro™ Accutase™ cell Dissociation reagent (Gibco™ A1110501), DMEM 1x
(Dubelcco’s Modified Eagle Medium, Gibco), Pen Strep (Gibco™ penicillin-
streptomycin (10,000 U/mL)), secondary antibody Alexa Fluor® 647 anti-human IgG Fc
(BioLegend), paraformaldehyde (formaldehyde solution for molecular biology, 36.5-
38% in H>0), 96-well plates (PP V-bottom, Chimney Well, natural, Greiner Bio-one
International), HBSS (Hank’s balanced salt solution, Gibco), FBS (Fetal bovine serum,
certified, heat inactivated, United States)) HCS CellMask® Orange Stain
(ThermoFisher), Hoechst stain (33342, Trihydrochloride, Trihydrate, ThermoFisher),
Triton (Sigma-Aldrich), secondary antibody Alexa Fluor® 488 goat anti-Human IgG
(ThermoFisher), 96-well plate (CellCarrier-96 Ultra Microplates, PDL-coated, black, 96-

well, Perkin Elmer).

2.1.1.6 Enzymes used to cleave antibodies

Several enzymes were used to digest different parts of the antibodies and masks:
TEV protease was purchased from Sigma-Aldrich (TEV protease T4455-1KU), Factor
Xa protease from New England BioLabs, FabRICATOR and FabALACTICA from
GENOVIS.

2.1.1.7 Buffers for the liquid chromatography mass spectrometry

2.1.1.7.1 Buffers for mobile phases for the liquid chromatography

The reagents used for the mobile phases of the liquid chromatography coupled
to the mass spectrometry were the following: Water for chromatography (LC-MS grade)
LiChrosolv®, (Supelco, Merck), HiPerSolv CHROMANORM acetonitrile for HPLC
(VWR BDH Chemicals), formic acid, 99+% (ThermoFisher Scientific), TFA
(trifluoroacetic acid, HPLC Grade, J.T.Baker™, Fisher Scientific, part of ThermoFisher

Scientific).

2.1.1.7.2 Buffers for non-reduced peptide map sample preparation

For the non-reduced peptide map, the reagents used were: 8 M guanidine
hydrochloride solution buffered, pH 8.5 (Sigma Aldrich, USA), N-ethylmaleimide
BioUltra, >99.0%, HPLC grade (Sigma- Aldrich, USA), EDTA 0.5 M sterile solution
biotechnology grade (Amresco, USA), Lysyl Endopeptidase® (Mass spectrometry grade,
Fujifilm Wako Pure Chemical Corporation, Japan), water for chromatography LC-MS
grade LiChrosolv® (Merck, Germany), acetonitrile for HPLC super gradient Reag. Ph.
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Eur. USP, ACS water < 30 ppm (VWR, France), trifluoroacetic acid, Baker HPLC
analyzed (Avantor Performance Materials, Poland), sodium phosphate monobasic (meets
UPS testing specifications, anhydrous; Sigma-Aldrich, USA), sodium phosphate dibasic
(puriss. p.a., ACS reagent, anhydrous, >99.0%, Sigma-Aldrich, USA) and sodium
chloride NaCl, BioXtra, >99.5% (Sigma- Aldrich, USA).

2.1.2 Generation of antibody material

All the sequences of the antibodies investigated can be found in the Appendix I.

2.1.2.1 Generation of NIST mAb, TM S442C Fc¢, TM 1P288 Fc¢ (Chapter 3)
The full-length antibody NIST mAb IgG, and the Fc domains NIST mAb Fc, TM S442C
Fc and TM Fc were a kind gift from AstraZeneca.

2.1.2.2 Generation of Fc-C239i

2.1.2.2.1 Expression and purification of Fc-C239i

The Fc domain of antibodies investigated in the interconversion of thiol states
chapter (Chapter 4), Fc-C2391, were expressed and purified at AstraZeneca by Peter
Ravn. NIST mAb Fc, the control protein, had been expressed and purified previously by
AstraZeneca. The Fc-C239i construct, described in Dimasi et al.’>, has the exact same
amino-acid sequence as NIST mAb Fc but with a cysteine inserted at position 239 in the
Cy2 domain (sequences in Appendix I). The gene for the human Fc-C239i*° was cloned
into a mammalian expression vector. The Fc-C239i protein was transiently expressed in
Chinese hamster ovary cells under serum-free conditions. Cleared culture supernatant
was loaded directly onto MabSelect SuRe column equilibrated with PBS. Fc-C2391 was
eluted with 0.1 M glycine pH 2.7. Pooled fractions were buffer exchanged into PBS.

2.1.2.2.2 Enrichment in the three variants (2xSH, 2xCys and iDSB)

This experiment was performed by Paul Devine.

The inserted cysteine of Fc-C2391 was shown to be present in three states: free-
thiol, doubly-cysteinylated or forming an interchain disulfide bridge. Fc material was
enriched in these three states by first diluting the material to 10 mg/mL in 10 mM TrisHCI,
pH 8.0 and reducing the molecule with 2 mM DTT, incubating for 45 minutes at 37 °C.
The sample was then buffer exchanged into 10 mM TrisHCI, using 10 kDa MWCO
Amicon spin filters, to remove any remaining DTT and liberated cysteine. For generation

of the free thiol (2xSH) variant of Fc-C2391, 1 mM of dehydroascorbic acid ({HAA) was
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added and incubated for 2 hours at 25 °C. The material was buffer exchanged a final time
to remove excess dHAA from the sample. Cysteinylated (2xCys) variants of Fc-C239i
were generated through further manipulation of the free thiol variant. L-cysteine (Cys)/L-
cystine (Ctn) was added to the sample, at a ratio of 1:4 Cys:Ctn, to a final concentration
of 5 mM"! and incubated at 37 °C for 3 hours. A buffer exchange step was conducted
afterwards to remove free L-cysteine/L-cystine from the sample. Disulfide bonded
variants (iIDSB) were generated by incubating the free thiol variant at 50 °C for 12 hours

overnight.

The free-thiol form was further capped with N-ethyl-maleimide (NEM), by
adding 5 pg of N- ethylmaleimide (NEM) to 100 pg of reduced antibody, and incubated
at room temperature for 20 min. The excess NEM was then removed by speed vacuum

concentrator.

2.1.2.3 Generation of masked antibodies and masks in isolation

2.1.2.3.1 Expression and purification of masked antibodies and masks in isolation
The antibodies investigated in Chapter 6 are fusions of trastuzumab and an anti-
idiotypic antibody fragment on the light chain, to prevent binding to HER2. The three
anti-idiotypic antibody fragments investigated in this study were based on scFv40!32,
scFv69!%? and a llama single domain'3?, previously developed by the Navarro-Teulon’s

132,133 Here, the order of the domains was inverted for scFv40 and scFv69, such

group
that the N-terminal Vi domain was fused to the C-terminal Vu domain. An additional
construct was also designed with a control scFv, scFvGipg013, with the sequence of the
variable domains of Gipg013!3*, which targets the GIP receptor and does not bind to
trastuzumab, to investigate steric effects. The DNA strings encoding for scFv40, scFv69
and dAb were synthesized (GeneArt) and cloned as fusions to either a His-tag, for
expression of the masks, or to the trastuzumab light chain®® for expression of the masked
antibodies (sequences in Appendix I) for expression of the masked antibodies, using
standard molecular biology techniques. The vectors used were proprietary mammalian
expression vectors. Successful cloning was confirmed by Sanger sequencing
(SourceBioscience Sequencing). The antibodies with a single-chain mask were designed

with two digestion sites: TEV protease in the linker between the antibody and the mask,

and factor Xa protease in the linker between the two single-chain domains. The antibody
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fused with a nanobody just had a TEV digestion site in the unique linker.

The antibody fragments scFv40, scFv69, dAb and the full-length antibody
fusions T-scFv40, T-scFv69, T-dAb, T-scFvGipg013 were transiently expressed in
Chinese hamster ovary (CHO) cells using proprietary medium'®>. The His-tagged
proteins - scFv40, scFv69 and dAb were purified from culture supernatants using
HisTrap™ Excel purification columns (Cytiva) equilibrated with DPBS (pH 7.4). An
initial wash with DPBS and 20 mM imidazole pH 7.4 was performed to remove non-
specific binding, and then the proteins were eluted with DPBS supplemented with 500
mM imidazole pH 7.4. Finally, the proteins were buffer exchanged into DPBS pH 7. 4
using a PD-10 desalting columns (Cytiva). For T, T-scFv40, T-scFv69, T-dAb, T-
scFvGipg013, the cleared culture was loaded onto a MabSelect SuRe column (Cytiva),
preequilibrated with DPBS pH 7.4. The proteins were eluted with 0.1 M glycine pH 2.7,
and buffer exchanged into DPBS pH 7.4 using a PD-10 desalting columns (Cytiva).

2.1.2.3.2 Generation of masked antibody Fabs (single arm)

For SEC-MALS and X-ray crystallography, the full-length antibodies were
digested by the enzyme FabALACTICA® (Genovis, Sweden), a protein that cleaves
human IgGl antibodies at a specific site above the hinge at the following site:
...KSCDKT/HTCPPCP... and generates two single Fab arms and the Fc domain with
hinge. The digestion was carried out overnight at 37 °C, using 2000 units to digest 2 mg
of antibody. The digested Fab fragments were then purified with a CaptureSelect™ CHI1-
XL column (Life Technologies, ThermoFisher, Netherlands), run in DPBS and eluted
with 0.1 M glycine pH 2.7. The recovered Fab domain pool was further purified by on
SEC chromatography with DPBS (Superdex® 200 Increase 10/300 GL, Cytiva) to
separate the single-armed Fabs from some undigested antibody. The fractions in glycine

buffer were buffer-exchanged with PD-10 desalting columns (Cytiva).

2.1.2.3.3 Digestion of the masks by selected enzymes

Both the full-length IgG and the Fab domains of the antibody fusions were
digested with TEV and Factor Xa, without further purification prior to the activity assays
and the biophysical experiments. The TEV protease digestion (TEV protease T4455-
1KU, Sigma-Aldrich) was carried out using 1 unit of enzyme for 20 pg of substrate
overnight at 30 °C. The Factor Xa digestions (Factor Xa protease, NEB) were performed
with 1 pg of enzyme per 50 pg of antibody, incubating the samples for three hours at 37
°C.
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2.1.2.4 Generation of NIST mAb and trastuzumab Fab and Fc, and pepsin

NIST mAb was a kind gift from AstraZeneca, and trastuzumab was expressed
as described previously in Section 2.1.2.3.1. To generate Fc and Fab domains from full-
length IgGs, antibodies were digested with IdeS (FabRICATOR, Genovis), which cuts
below the hinge (CPAPELLG/GPSVF), with a 1 unit : 20 pg ratio overnight at 37 °C.
This generated Fab (two arms and hinge) and Fc domains (without hinge) which were
separated affinity chromatography, i.e. CaptureSelect™ CHI1-XL pre-packed column
(Life Technologies, ThermoFisher Scientific), run in DPBS pH 7.4.

Pepsine was purchased from Sigma-Aldrich (Pepsin from porcine gastric

mucosa, lyophilized powder, > 2,500 units/mg protein (E1%/280)).

2.1.2.5 Generation of antibody linked to DVP and tetraDVP linker (Chapter 5)

The preparation of these samples was performed by Friederike Dannheim in the
Spring Group. Trastuzumab, purchased from Roche, was modified with DVP and
tetraDVP linker by an initial reduction of the disulfide bridges, the free cysteines
generated were then reacted with the synthetic linkers. More specifically, to conjugate
with the DVP and tetraD VP linkers, trastuzumab was reduced with TCEP, revealing eight
free thiols. Subsequently, the reduced antibody was treated with a slight excess of linkers
(~ 20 molar equiv. for DVP, ~ 2 molar equiv. for tetraDVP) for two hours at 37°C*#7490,

Removal of small molecule reagents by dialysis.

To generate Fc and Fab domains from full-length 1gGs, the unmodified and
tetraDVP-linked antibodies were digested with IdeS (FabRICATOR, Genovis), which
cuts below the hinge (CPAPELLG / GPSVF), with a 1 unit : 20 pg ratio overnight at 37
°C. This generated Fab (two arms and hinge) and Fc domains (without hinge) which were
separated by size-exclusion chromatography run in 50 mM Tris pH 7.5 (Superdex G75
30/100 GL and Superdex 200 30/100 GL, GE Healthcare).

2.2 METHODS

2.2.1 Quality control of the generated protein constructs using liquid
chromatography mass spectrometry

The verification of the correct molecular weight was achieved by liquid
chromatography mass spectrometry (LC-MS). The liquid chromatography desalting step
was carried out on a reverse phase column (Acquity UPLC® BEH300 C4 1.7 pum 2.1 x
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50 mm column, Waters Part #186004495), using an aqueous phase A (H20, 0.01% TFA
and 0.1% formic acid) and an organic phase B (acetonitrile with 0.01% TFA and 0.1%
formic acid), running at 0.15 mL/min. For the reduced method, 95% phase A was run for
three minutes, followed by a one-minute gradient from 95 to 75% of phase A, then a ten-
minute gradient from 75 to 55% phase A, and finally a one-minute gradient from 55 to
20% A (and maintained at 20% phase A for another minute). For the intact method, 95%
phase was run for one min, followed by a two-minute gradient from 95 to 20% A, and
then by a three-minute gradient from 20 to 5% B. The mass was analyzed either on the
mass spectrometer Synapt G2 (Waters) or Q Exactive Orbitrap (ThermoFisher). Synapt
G2 was operated in a positive polarity under sensitivity mode, with a capillary voltage of
3.4 kV, source temperature 120 °C, sampling cone at 60 V, desolvation temperature of
400 °C and desolvation gas flow of 800 L/hour. Q Exactive Orbitrap was operated in a
positive polarity mode. For both the intact method and the reduced methods, MS data
were acquired over a 500-4500 m/z range, using an AGC target of 3e6 and a maximum
injection time of 200 ms, with a resolution of 15000. The capillary voltage was 3.5 kV,
capillary temperature was 300 °C, auxiliary gas heater temperature was 250 °C. The intact
method was run with a funnel RF level of 100, in-source CID of 50 eV, and the reduced
method was run with a funnel RF level of 70 and in-source CID of 80 eV. Data acquired
on the Synapt G2 was analysed using MassLynx and that acquired on the Q Exactive
Orbitrap was analyzed using BioPharmaFinder. The difference between the theoretical

and experimental masses was calculated (in ppm) as:

(experimental average mass — theoretical average mass)

Difference = X 1000000 Eq. 2.2

theoretical average mass

The identification is considered correct if the ppm is between -100 and 100.

2.2.2 Biophysical stability

2.2.2.1 Measurement of the thermodynamic stability using chemical denaturation
curves

2.2.2.1.1 Methods

Chemical unfolding and refolding curves in guanidinium chloride were
performed. Each experiment was composed of forty-one points (120 pL total volume per
point) of increasing concentrations of GdmCl from 0 to higher concentrations ranging

from 3.5 to 6 M final depending on the highest [den]so% of the antibody. 110 pL of
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denaturant solution was mixed with 10 pL of protein to a final concentration of 1 uM. For
the unfolding curves, the stock protein solution was made in 20 mM histidine buffer pH
5.5 (Chapters 3 and 4), in 55mM potassium phosphate pH 2.5 (Chapter 6), or in 50 mM
Tris pH 7.5 (Chapter 7); for the refolding curves, the protein was first denatured in 5 M
GdmCl for fifteen minutes at room temperature and then dispensed into the same forty-
one-point denaturant solutions. The solutions were dispensed with a liquid handling robot
(Microlab®500 Series, ML541C, Hamilton Company). The denaturant solutions mixed
with the protein were incubated at 25 °C at different time points until they reached
equilibrium (7 days). Each of the forty-one denaturation points were measured in a 100
uL quartz cuvette (Hellma, Precision Cell in Quartz SUPRASIL®, Typ No: 105.250-QS,
light path: 10x2 mm, centre: 20 mm). The fluorescence was recorded with a Cary 400
Eclipse Fluorescence Spectrophotometer (Agilent Technologies) thermostatted at 25 °C
controlled by a heat block. The samples were excited at 280 nm, the emission was
recorded from 300 to 400 nm, with a scan rate of 300 nm min™, excitation and emission

band passes were set at 10 nm.

2.2.2.1.2 Data Analysis

When the protein is denatured with increasing concentrations of chemical
denaturant, the maximum of the fluorescence signal shifts towards red wavelengths. In
the native state, the wavelength of maximum fluorescence intensity is at approximately
335 nm and in the denatured state, the wavelength of maximum fluorescence is around
360 nm. The data were analyzed using an average emission wavelength (AEW), which is
the arithmetic mean of the wavelengths weighted by the fluorescence intensity at each

wavelength. It is calculated as shown in Equation 2.3.

N
N Fi 2
AEW=# Eq. 2.3
N F.
i=1%1

where F; is the intensity of fluorescence at the wavelength i, and A; the wavelength.

A two-state model is used to fit data points of systems where only the native and
denatured state are significantly populated. The equilibrium between the two states is as

follows :
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Kp_n Eq. 24
N =D

The denaturation curves, using the AEW data, were then fitted with a two-state model:

_ (@y + By.[den]) + (@ + Bp. [den]). exp ("B ([den] — [denlsoy,) ) Eq. 2.5
1+exp (n}é’f.’v .([den] — [den]sgy,) )

where ay, ap are the fluorescence of the native and denatured states in H>O respectively;
B, Bp are the slopes of native and denatured baselines respectively; mp_y is the m-value
between the denatured and native state; AGH2$, is the difference in Gibbs free energy

between the denatured and native states; T the temperature and R the gas constant.

A three-state model in which an intermediate state between the native and
denatured state is sufficiently stable to be populated and observed was also used. The

equilibrium between the different species is as follows:

K,.vn Kp, Eq. 2.6
N=1=D

The denaturation curves, using the AEW data, were then fitted with a three-state

modell36’l37'

F
my_y m_y mp_;

ay + By. [den] + a.exp (T8 (den] — [denlsoy ) + (@p + Bo. [den] ) exp (7. (den] — [denlsos ) exp (“git . (iden] - [denlsupn)  EQu 2.7

1+ exp (7. (den] ~ [denlsos ) + exp (i (den] — [denlsos ) ) exp (ot (den] — [denlspp 1))

where ay, a;, ap are the fluorescence of the native, intermediate and denatured states in
H>O respectively; Sy, fp are the slopes of native and denatured baselines respectively;
m;_y, Mp_; are the m-values between the intermediate and native state, and denatured
and intermediate states respectively; AGH3?, AGH29, AGHZS, are the differences in Gibbs
free energy between the intermediate and native states, denatured and intermediate states,

and denatured and native states, respectively; T the temperature and R the gas constant.

The following equation can be used normalize the native and denatured baselines:

(AEW — (ay + By.[den]) Eq. 2.8

Norm = s+ By [den]) — (ay + By. [den])

Carolina Orozco - September 2021 73



From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies

2.2.2.2 Measurement of the kinetic stability with stopped-flow

2.2.2.2.1 Methods

For the stopped-flow experiments, the native protein and the denaturant
solutions were mixed in a 1:10 ratio respectively. Seven stock solutions of guanidinium
chloride (GdmCI) were prepared in 20 mM histidine buffer pH 5.5 (Chapters 3 and 4) or
in 50 mM Tris pH 7.5 (Chapter 5) so that the final concentrations range from 5.5 to 7.0
M GdmCI with an interval of 0.25 M. The stock solutions are 1.1-fold more concentrated
than the final solutions, as solutions were diluted by a factor of 10/11 in the rapid mixing
step, using 500 pL and 2.5 mL Hamilton syringes. The protein stock solutions were
prepared between 7 and 11 uM to achieve a final concentration between 0.5 to 1 uM after

mixing with the denaturant solutions.

To replicate HDX-MS quench conditions, native protein and HDX quench
buffer (100 mM potassium phosphate, 4-8 M GdmCl or 1-2 M GdnSCN, pH 2.5) were

mixed in a 1:1 ratio, using two 2.5 mL Hamilton syringes.

The unfolding kinetics were monitored with a SX20 stopped-flow spectrometer
from Applied Photophysics (software: SX Spectrometer Control Panel Application
version 2.2.27). The temperature of the water bath was set to 25 °C (Chapters 3, 4 and 7),
and between 5 and 25 °C, the excitation wavelength was set to 280 nm, both slit widths
were 2 mm. A cut off filter of 320 nm was used. For fast unfolding events, three short
time traces were recorded with pressure hold (2 s), to accurately measure the fastest
unfolding phase, and three longer time traces from 0-30 or 0-300 s were acquired to

accurately measure the slower unfolding phase, both at each denaturant concentration.

2.2.2.2.2 Fitting of unfolding kinetics

The unfolding curves were fitted with the software Pro DataViewer version
4.2.27. Depending on the recorded traces and the number of domains unfolding, the
fluorescence signal corresponding to the unfolding was fitted with a single (Equation
2.9), double-exponential (Equation 2.10) or triple-exponential function (Equation 2.11).

A(t) = A.exp(=kt) +c Eq. 2.9

A(E) = A, . exp(—k, ) +4, . exp(—k,©) + ¢ Eq. 2.10
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A(E) = Ay . exp(—k, ) +4, . exp(—ky©) +A4; . exp(—kst) + Eq. 2.11

where A, , A, and A5 are the amplitudes, k, ,k, and k3 the respective unfolding rate

constants and c¢ the offset.

The natural logarithm of the rate constants was then calculated and plotted versus the

corresponding denaturant concentration, and the data fitted with Equation 2.12 '38,

Inky™ = Inkj?° +my [den] Eq. 2.12

Where kl[,den] is the observed unfolding rate constant at the denaturant concentration

[den], kgzo is the unfolding rate constant in water and my, is the slope of the plot of

den .
lnkl[, ] versus denaturant concentration.

The percentage residual can be calculated with Equation 2.13:

litud idual
9% residual = amplitude of Tesz ua 100 Eq. 2.13
total amplitude

2.2.2.3 The half-life of unfolding can be calculated with the following equation:

In(2
by, = Eq. 2.14

2.2.2.4 Thermal stability

2.2.2.4.1 Methods

The thermal denaturation of proteins was monitored by differential scanning
calorimetry (DSC), with a Malvern MicroCal VP-DSC instrument. 500 pL of protein at
0.5-5 mg mL! in 20 mM histidine pH 5.5 (Chapter 3 and 4) or in 50 mM Tris pH 7.5
(Chapter 5) were used for each run. For each protein, the baseline was measured first,
which consists of buffer in both cells (buffer versus buffer), and then the protein was run
(buffer versus protein). Several clean-up cycles with water and suitability controls with
lysozyme at 3 mg mL™! in water were employed before, and after, the actual experiment
with the antibody. Each protein sample was scanned twice to investigate the thermal
reversibility. The temperature was ramped from 25 to 100 °C, increasing by 95 °C h'l.

The pre-scan thermostat was set to 2 min, no post-scan thermostat was employed.
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2.2.2.4.2 Data Analysis

The data were processed with the Origin version 7.0 SR4 software. The baseline
thermogram (buffer versus buffer) was subtracted from the thermogram of the protein
(buffer versus protein). Two baselines, one at the beginning and one at the end of the
thermogram, were placed to adjust the data, which was then normalized using the
concentration of the protein. The unfolding peaks were selected and the thermogram was
fitted to the “Non 2-state” model to obtain the melting temperatures (7m) and the enthalpy
of unfolding at the Tm, AH_,;.

2.2.2.5 Far UV-CD

The far UV-CD signal was measured on a Chirascan CD Spectrometer (Applied
Photophysics), with a 350 puL quartz cuvette for the far UV-CD measurements (Hellma,
Absorption Cell in Quartz Glass High Performance, Article No: 110-1-40, Optical path
length: 1 mm, Centre height: 8.5-20 mm), thermostatted at 25 °C controlled by a heat
block. The UV-CD absorbance was measured from 250 to 180 nm with a bandwidth of
2 nm, for 1 second per sample, in triplicates. The buffer baseline was also measured and

subtracted from the protein signal.

2.2.3 Hydrogen deuterium exchange mass spectrometry

The HDX-MS experiments were employed in i) in Chapter 4, on 2xSH, 2xCys
and iDSB Fc-C239i, as well as NIST mAb; ii) in Chapter 5 on full-length IgG unmodified,
DVP and tetraD VP linked trastuzumab, iii) in Chapter 6, on full-length IgGs T, T-scFv40,
T-scFv69, T-dAb, T-scFvGipg013 both intact and digested by TEV and/or Factor Xa,
except for T-scFvGipg013, as well as on dAb, scFv40 and scFv69.

The peptide map was generated i) in Chapter 4, on 2xCys Fc-C239i in
equilibration buffer 20 mM His pH 5.5, ii) and iii) in Chapters 5 and 6, on trastuzumab,
in equilibration buffer 10 mM potassium phosphate pH 7.5 in H2O, using a data-
dependent acquisition (DDA) MS? approach. MS data were acquired using an Orbitrap
Fusion (ThermoFisher) over a 300-2000 m/z range, using an AGC target of 200000 and
a maximum injection time of 100 ms. MS? was acquired in the ion trap in centroid mode,
using an AGC target of 10000 and a maximum injection time of 35 ms. Fragmentation

was achieved by HCD using a collision energy of 30%.
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The labelled data for Chapter 4 were recorded after after 1000, 6000, 30000,
60000, 300000, 600000, and 900000 ms of incubation at 20 °C in deuterated buffer (in
20 mM His pD 5.5 in D»0O), using the ms2 min HDX system!* (patent
W02020074863A1): 10 uL of protein at 5 pM in equilibration buffer (20 mM His pH 5.5
in H>O) were diluted 20-fold at 20°C into equilibration or labeling buffer (20 mM His pH
5.1 (pD 5.5) in D20) to generate a peptide map or labelled data, respectively. The mixture
was then diluted 1:1 with quench buffer at 2 °C (100 mM His, 8 M urea, 0.5 M TCEP,
pH 2.5). The labelled data for Chapters 5 and 6 were recorded after 50, 500 and 5000 s of
incubation at 20 °C in deuterated buffer (10 mM potassium phosphate pD 7.5 in D>0).
On the Leap robot, 7 pL of 10 uM protein in equilibration buffer (10 mM potassium
phosphate pH 7.5 in H,0O) was diluted seven-fold at 20 °C into equilibration or labelling
buffer (10 mM potassium phosphate pD 7.5 in D20), to generate a peptide map or labelled
data, respectively. The mixture was then diluted 1:1 with quench buffer at 4 °C (100 mM
potassium phosphate, 8 M urea, 0.5 M TCEP, pH 2.5). The quench solution was then
injected into a Waters nanoAcquity UPLC system, flowing for four min at 400 pL/min
onto the pepsin column at 20 °C for digestion (Waters Enzymate™ BEH Pepsin Column
(2.1 x 30 mm, 5 um)) to the trap (pushed by LC-MS grade H,O with 0.2% formic acid,
and then eluting from the C18 analytical column for 10 minutes, using a 5% to 40 %

organic phase (ACN with 0.2% formic acid).

The mass spectrometry data were acquired with a MS! method (300-2000 m/z
range, AGC target of 200000 and maximum injection time of 100 ms). All experiments

were run in triplicate.

A peptide map was generated using BioPharmaFinder from equilibration data
acquired with a MS? method. The recognition of the peptides was based in the fragmented
b and y ions, to ensure confidence in the identification, and around the N-linked
glycosylation in the Cuy2 domain, the peptides including the asparagine at position 297
(in Eu numbering) were expected to carry the most abundant glycosylation expressed in
CHO cells, i.e. GOF. The peptides obtained were filtered by confidence score higher than
80%. The exported csv file with the peptides as well as that same non-deuterated data
were imported into HDExaminer, to operate a second filtration of the peptides: only the
charge state with the highest intensity from the peptide map data was kept per peptide for
comparative accuracy between the charge states, selected according to the highest

intensity, the sharpest extracted ion chromatogram. After the peptide pool was curated,
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the labelled data were added, and the D incorporation per peptide data was then exported
as a csv file. To identify which deuterium incorporations were significant and to observe
the deuterium exchange for each time point separately and overall, the data processing
method used was first described by Dobson, Devine, Phillips et al., 2016'%. Starting with
a csv file containing the D incorporation data, this Matlab-coded method first assesses if
the incorporation of deuterium per peptide is significant compared to the control sample
(assessed by a t-test, if two-tailed p-value < 0.05 for Chapter 4, p-value < 0.01 for
Chapters 5 and 6), then sums the significant time points per peptide, subsequently
converts the peptide D incorporation to amino-acid incorporation by dividing the D
incorporation by the maximal number of D that can be exchanged per peptide, subtracting
the D incorporation from the control and dividing the amino-acid incorporation by the
redundancy and finally normalizing it. The output is the deuterium incorporation for each
individual amino acid. Crystal structures of the Fc wild-type (PDB: 3AVE), Fab domain
of trastuzumab (PDB: IN8Z), and the nanobody, solved by a colleague David
Hargreaves, already existed, but no structures for scFv40 and scFv69 exist. These
structures were generated by homology modelling with a sequence that had one of the
highest similarities on PDB (PDB: 3AUV, 60.6 % with scFv40, 62.3 % with scFv69),

using the software Maestro.

The crystal structures were coloured with a red-white-blue scale according to the
relative incorporation of deuterium per amino acid, red representing deprotection and blue

corresponding to protection, compared to the reference.

2.2.3.1 Non reduced peptide mapping

Four experiments were carried out using non-reduced peptide mapping in
Chapter 4, with slightly different conditions for each. Two were undertaken with the
standard non-reduced peptide mapping LC-MS method ((a) identification of iDSB and
(b) quantification of the thiol states of Fc-C239i enriched variants in specific denaturant
concentrations and incubation times) and two were performed using the targeted non-
reduced peptide mapping LC-MS method ((c) quantification of the enriched thiol states
and (d) measure of the evolution of thiol states upon increasing concentrations of
chemical denaturant and incubation time). These experiments were done by Alistair

Hines, Matthew Edgeworth and myself.
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2.2.3.1.1 Preliminary sample incubations

To quantify the thiol states of Fc-C239i enriched variants in specific denaturant
concentrations and incubation times (b), and to measure the evolution of thiol states upon
increasing concentrations of chemical denaturant and incubation time (d), preliminary

sample preparation was necessary.

2.2.3.1.1.1 Preliminary sample incubation for the quantification of the thiol states of
Fc-C239i enriched variants in specific denaturant concentrations and incubation
times (b)

For each of the three variants, 100 ug were prepared in 34 pL, in 0 or 3.5 M
GdmCl, in 20 mM His pH 5.5. They were incubated for 0 or 7 days at 25 °C.

2.2.3.1.1.2 Preliminary sample preparation to measure evolution of thiol states upon
increasing concentrations of chemical denaturant and incubation time (d)

The first set of experiments consisted in observing the effect of denaturant
concentration after seven days of incubation at 25 °C on the inserted-cysteine states. For
this first set of experiments, 100 pg of the free-thiol enriched and doubly-capped cysteine
enriched variants were prepared in 0, 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 M GdmCl, in 20 mM
His pH 5.5 in a total volume of 34 pL. They were incubated seven days at 25 °C.

The second set of experiments aimed at assessing the effect of incubation time
at 25 °C in 3.5 M GdmCI on the inserted-cysteine states. For the second set of
experiments, 100 pg of the free-thiol enriched and doubly-capped cysteine enriched
variants were prepared 3.5 M GdmCl, in 20 mM His pH 5.5 in 34 total pL. They were
incubated for 0, 1, 2, 3 and 4 days at 25 °C.

2.2.3.1.2 Non-reduced peptide map preparation: NEM capping, denaturation and
Lys-C digestion

2.2.3.1.2.1 Sample preparation for identification of iDSB (a) and quantification of the
enriched thiol states (c)

50 pg of Fc-C239i variants were alkylated using 2.5 pg of N-ethyl maleimide
(NEM) at room temperature for 20 minutes. Samples were then dried using a rotary
evaporator to remove excess NEM. Protein was reconstituted in 45 pL of a denaturing
solution (7.1 M GdmCl, 5.6 mM sodium phosphate pH 7.0,0.1 M NaCl) incubated at 37
°C for 30 minutes. The solution was diluted in 125 pL of 100 mM sodium phosphate
Buffer, pH 7.0 and 0.5 pL of 40 mM EDTA. 2.5 pg of Endoproteinase Lys C were added
to the sample and incubated at 37 °C for two hours. A further 2.5 pg of Endoproteinase

Lys C were added and incubated for a final two hours.
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2.2.3.1.2.2 Sample preparation for the quantification of the thiol states of Fc-C239i
enriched variants in specific denaturant concentrations and incubation times(b)

After the incubation, the samples were alkylated by adding 5 pg of N-
ethylmaleimide (NEM), and incubated at room temperature for 20 min. Samples were
then buffer exchanged three times into 7.1 M GdmCl, 5.6 mM phosphate pH 7.0 and 0.1
M NaCl with 10 kDa Amicon filters, and concentrated to a final volume of 90 pL. 250
pL of 100 mM phosphate buffer pH 7.0, 1 uL of 40 mM EDTA and 10 pL of 1 mg/mL
of Endoproteinase Lys-C were added to each sample, and incubated for two hours at 37
°C. 10 pL at 1 mg/mL of Lys-C were added again, and incubated for another two hours
at 37 °C. After digestion, the material was split in half. 5 uL of 500mM DTT was added
to 45 pL of digested protein and incubated at room temperature to reduce. 5 pL of water
was added to 45 pL of the same sample to act as a non-reduced control. Both samples

were run side-by-side by LC-MS for comparative analysis.

2.2.3.1.2.3 Sample preparation to measure the evolution of thiol states upon
increasing concentrations of chemical denaturant and incubation time (d)

After the incubation, the samples were alkylated adding 5 pg of N-
ethylmaleimide (NEM), and incubated at room temperature for 20 min. The samples were
buffer exchanged three times into 7.1 M GdmCl, 5.6 mM sodium phosphate pH 7.0 and
0.1 M NaCl with 10 kDa Amicon filters, and concentrated to a final volume of 60 puL,
and incubated at 37°C for 30 minutes. From this volume, 15 pL were taken (25 pg of
antibody) and were then diluted four-fold in 100 mM NaPO4 pH 7.0 containing 0.4% 40
mM EDTA, diluting the guanidinium chloride concentration to 1.8 M in preparation for
digest. An aliquot of 10 pL (0.5 pg) of Lys-C was added to ~ 25 pg of thiol capped
denatured protein at a 1:50 enzyme:protein ratio (10 and the mixture was incubated at 37
°C for two hours. A further 10 puL (0.5 pg) of Lys-C was added and incubated for a final

two hours.

2.2.3.1.3 LC-MS parameters

2.2.3.1.3.1 Standard non-reduced peptide mapping LC-MS
The following parameters were used for the experiments (a) identification of
iDSB and (b) quantification of the thiol states of Fc-C239i enriched variants in specific

denaturant concentrations and incubation times.

The digested samples were analysed by means of reverse-phase liquid chromatography

(Acquity i-Class UPLC, Waters, Manchester, UK) coupled to mass spectrometry
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(Orbitrap Fusion ThermoFisher mass spectrometer). Reduced and non-reduced samples
were compared to identify disulfide-containing peptides, and identification was
performed using a combination of MS1 and MS2. Peptides were separated using a Peptide
BEH C18 column, 300 A 1.7 um, 2.1 mm x 150 mm (Waters, Manchester, UK) over a
76-minute linear gradient of 5-45% B (mobile phase A: 0.02 % TFA in water; mobile
phase B: 0.02% TFA in ACN). MS data were acquired over a 250-2000 m/z range, using
an AGC target of 200000 and a maximum injection time of 50 ms. MS2 was acquired in
the Ion trap in Centroid mode, using an AGC target of 10000 and a maximum injection
time of 35 ms. Fragmentation was achieved by collision induced dissociation (CID) using
a collision energy of 35%. The data were then processed with the Qual Browser Thermo

Xcalibur 3.0.63 software.

2.2.3.1.3.2 Targeted non reduced peptide map
The following parameters were used for the experiments (c¢) quantification of the
enriched thiol states and (d) measure of the evolution of thiol states upon increasing

concentrations of chemical denaturant and incubation time.

Mobile phase A contained 0.1% TFA in water and mobile phase B contained
0.1% TFA in 100% Acetonitrile. The following LC conditions were used: flow rate 0.15
mL/minute, column temperature 55 °C throughout the separation with the autosampler
maintained at 4 °C. Injections of 10 pL of 0.42 mg/mL peptide sample were separated
using a UPLC Peptide CSH C18, 130A pore size, 1.7 um bead size, 2.1 mm X 150 mm
column (Acquity). The gradient started at 0% B until a step up to 24% at four minutes
and then gradually increased to 26% at eight minutes, followed by a step up to 80%. The
gradient was dropped back to 100% A to equilibrated for the next injection. Total run
time per samples was 12 minutes. On a Waters Xevo TQS, the MS desolvation
temperature was 600 °C, source cone voltage was 40 V, desolvation gas flow 400 L/hr,
capillary voltage 3 kV, Q3 collision energy 40 eV. The different variants were targeted

according to the values referenced in Table 2.1.

Table 2.1: Chromatographic and m/z parameters for the identification of the variants

Compound RT (minutes) m/z precursor ion m/z fragment ion
iDSB 570+/-0.20  1416.50 566.30
2xCys 550+/-0.20  1476.70 566.30
1IxSH+1Cys 6.20 +/- 0.22 1478.20 566.30
2xSH 8.00+/-0.30  1479.70 566.30
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2.2.3.1.4 Data analysis

2.2.3.1.4.1 Data analysis for the identification of iDSB (a)

The MS2 fragmentation data obtained by CID for the peptide in the hinge,
corresponding to a +4 ion (1415.71 m/z) was analysed to find fragmented b and y ions.
Peptides linked by a disulfide bridge between the inserted cysteines 239 were identified
and the amino acid sequence was reconstituted amino acid by amino acid: they are
composed of a neutral peptide truncated at the N-terminus only (resulting from a
fragmentation that generated a y ion and a neutral peptide, as the charges were retained
on the N-terminus fragmented peptide'), and a + 1 charged peptide truncated both at the
N-terminus, as a neutral fragment (same explanation as above), as well as at the C-
terminus as a b ion (after the fragmentation event, the charge was retained at the N-

terminus).

2.2.3.1.4.2 Data analysis for the quantification of the thiol states of Fc-C239i
enriched variants in specific denaturant concentrations and incubation times (b)

The peptides corresponding to the hinge region were searched (NEM-capped,
cysteine-capped and disulfide bridged). The presence of the variants was quantitated by
combining the most intense isotope on the 4+ m/z and 5+ m/z distribution, and then

integrating the area under the obtained peaks on the total ion count chromatogram.

2.2.3.1.4.3 Analysis of targeted non reduced peptide map
This data analysis approach was used for the (c) quantification of the enriched
thiol states and (d) measure of the evolution of thiol states upon increasing concentrations

of chemical denaturant and incubation time.

A targeted MS2 analysis was performed on the 1415.71 (4+) ion, previously
identified as the non-reduced 4+ hinge peptide (THTCPPCPAPELLG-
GPSCVFLFPPKPKTHTCPPCPAPELLGGPSCVFLFPPKPK), and the different

variants were quantified following the identification parameters in Table 2.1.

2.2.4 Size-exclusion chromatography couple to multi angle light
scattering (SEC-MALS)

For SEC-MALS experiments, carried out by Wesley Howard, samples were
prepared in PBS pH 7.4 at0.25-0.5 mg/mL, and approx. 1-20ug were injected

onto a column equilibrated and run in PBS pH 7.4. The SEC column was a
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TSKgel® G3000SWXL HPLC Column phase diol, L x I.D. 30 cm x 7.8 mm, 5 um
particle size (Tosoh Bioscience, Germany). The experiment was conducted using Agilent
Technologies 1260/1290 Infinity and Wyatt DAWN-Optilab instruments. The refractive
index and multiangle-light scattering data were analyzed using the Astra software version

7.3.2.

2.2.5 Activity assays

2.2.5.1 BioLayer Interferometry

2.2.5.1.1 Measurement of the affinity of the masks (scFv40, scFv69 and dAb) for
trastuzumab by BioLayer Interferometry (BLI)

The affinity of the masks scFv40, scFv69 and dAb for trastuzumab were
measured by BioLayer Interferometry (BLI) with the OctetRED384 (ForteBio). All
samples were prepared in DPBS (Sigma-Aldrich) with 0.1 % BSA (bovine serum albumin
solution, 30% BSA in DPBS, sterile-filtered, BioXtra, Sigma-Aldrich) and 0.02% Tween
20 (TWEEN® 20 for molecular biology, Sigma-Aldrich). Serial dilutions were prepared
for each of them: for scFv40, 46, 92, 184, 369, 738 nM; for scFv69, 25, 100, 200, 300,
600 nM; for dAb, 1.7, 3.4, 6.9, 13.7, 27.5 nM. Anti-human IgG Fc Capture (AHC)
biosensors (Forte Bio) were used to immobilise trastuzumab at 5 pg/mL Before starting
the BLI experiment, the biosensors were incubated in DPBS with 0.1% BSA and 0.02%
Tween 20 for ten min. For the measurements, the biosensors were first incubated for one
minute in DPBS with 0.1% BSA and 0.02% Tween 20 for the first baseline, trastuzumab
was then loaded onto the biosensors until reaching a displacement of 0.8-1 nm, the
biosensors were then incubated in DPBS with 0.1% BSA and 0.02% Tween 20 for the
second baseline for one minute, and subsequently moved to wells containing the serial
dilutions of the different masks for the association step, and finally moved to DPBS with
0.1% BSA and 0.02% Tween 20 for the dissociation step. The association and

dissociation results were fit to a 1:1 model using a global fitting.

2.2.5.1.2 Measurement of the binding of the intact and digested masked antibodies for
HER? by BioLayer Interferometry (BLI)

The binding of masked antibodies, intact and digested, to HER2 was measured
by BLI. The antibodies T-scFv40, T-scFv69 were digested with either TEV or factor Xa,
or both enzymes together. T-dAb was only digested by TEV. The effective digestion was
verified by SDS-PAGE prior to the BLI experiments. T, T-scFv40, T-scFv69, T-
scFvGipg013, NIP228 (used as a negative control'’) were used in their intact form. All
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samples were prepared at 2.5 pg mL! in in DPBS with 0.1% BSA and 0.02% Tween 20.
Biotinylated HER2 (Her2/ERBB2 protein, human, recombinant (His & AVI Tag),
Biotinylated, Sino Biological) was prepared at 5 ug mL! in DPBS with 0.1% BSA and
0.02% Tween 20.

Streptavidin (SA) biosensors (ForteBio) were used to immobilise the
biotinylated HER2. The assay was carried out with the following steps: Baseline 1:
incubation in DPBS with 0.1% BSA and 0.02% Tween 20 for 1 min; Loading: incubation
in solution of biotinylated HER2 for binding to the biosensors for 1 min; Baseline 2:
incubation of the biosensors in DPBS with 0.1% BSA and 0.02% Tween 20 for 1 min;
Association: incubation of the biosensors with solutions containing intact and digested
masked antibodies for 300 s; Dissociation: incubation of the biosensors DPBS with 0.1%

BSA and 0.02% Tween 20 for 300 s.

2.2.5.2 Flow cytometry to measure the binding of the intact and digested masked
antibodies for HER2 expressed on SK-BR-3 cells

SK-BR-3 cells, breast cancer cells overexpressing HER2, were grown in culture.
At passage number 8 and 80% confluency the cells were harvested using standard
accutase (Gibco) treatment. The cells were washed with DMEM (Gibco) 1% FBS (Fetal
Bovine Serum heat inactivated, Gibco) 1% Pen Strep antibiotic (Penicillin-Streptomycin
(10,000 U/mL), Gibco) and resuspended in DPBS 2% BSA. 100,000 cells/well were
dispensed in 96-well plates (PP V-bottom, Chimney Well, natural, Greiner Bio-one
International). The intact antibodies T, T-scFv40, T-scFv69, T-dAb, T-scFvGipg013,
NIP228, as well as the digested antibodies T-scFv40 + TEV, T-scFv40 + Factor Xa, T-
scFv40 + TEV + Factor Xa, T-dAb + TEV (and T +T EV, T + Factor Xa, T + TEV +
Factor Xa as controls) were diluted to concentrations ranging from 0.4 to 1600 nM in
DPBS 2% BSA, and incubated with the SK-BR-3 cells for 30 min at 4 °C. The cells were
then washed with DPBS 2% BSA once, resuspended in 100 pL, and the secondary
antibody Alexa Fluor® 647 anti-human IgG Fc (BioLegend) was added to the cells at 0.5
uL/100,000 cells for 30 min at 4 °C. The cells were washed once with DPBS 2% BSA
and fixed with 4% paraformaldehyde in DPBS for 1 hour at room temperature. Finally,
one additional washing step was performed prior to resuspension in DPBS 2% BSA. All

experiments were conducted in triplicate.

The binding of the various antibodies was detected monitoring the fluorescence

of the secondary antibody Alexa Fluor® 647 anti-human IgG Fc using a BD
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LSRFortessa™ Flow Cytometer. The first gate (P1) selected singlets, based on the
forward scatter height (FSC-H: forward scatter height) and the forward scatter area (FSC-
A: forward scatter area). The second gate (P2) selected the viable cells according to the
side scatter area (SSC-A) and the FSC-A. Subsequently, the fluorescence intensity of
APC (channel to detect Alexa 647) was measured.

The data points were fitted to an agonist versus response fit using GraphPad Prism 9 and

Equation 2.15:

Y =a+Xx(b-a)/(ECsy +X) Eq. 2.15

Where a and b are the upper and lower plateaux of the curves, X the concentration of

antibody and ECso the half maximal effective concentration.

2.2.5.3 High-thouput confocal microscopy to measure the binding of the intact and
digested masked antibodies for HER2 expressed on SK-BR-3 cells

SK-BR-3 cells were plated at 2x10* per well of 96-well plate (CellCarrier-96
Ultra Microplates, PDL-coated, black, 96-well, Perkin Elmer) in HBSS (Hank's Balanced
Salt Solution, Gibco) 1% FBS (Fetal bovine serum) and were incubated over night at
37°C. The next day, cells were incubated with primary antibodies for 30 min at 4 °C:
intact antibodies T, T-scFv40, T-scFv69, T-dAb, T-scFvGipg013, NIP228, as well as the
digested antibodies T-scFv40 + TEV, T-scFv40 + factor Xa, T-scFv40 + TEV + factor
Xa, T-dAb + TEV were diluted to concentrations 0.4, 1.2, 3.7, 11.1, 33.3, 100 nM in
HBSS (Hank's Balanced Salt Solution, Gibco) with 1% FBS (fetal bovine serum). After
washing to remove excess antibody, cells were fixed with 4% paraformaldehyde for one
hour at room temperature. The cells were then permeabilised and stained by incubation
with a mixture of HCS CellMask® Orange Stain (ThermoFisher) diluted to 1:25000,
Hoechst stain (33342, Trihydrochloride, Trihydrate, ThermoFisher) diluted to 1:5000 and
0.1% Triton (Sigma-Aldrich) in HBSS 1% FBS, and incubated for 30 min at room
temperature. After washing, the secondary antibody Alexa Fluor® 488 goat anti-Human
IgG (ThermoFisher) was added to the cells for 30 min at room temperature (60 pL per
well of 2 pg/mL), then washed and imaged. All experiments were done in duplicate, and

one image was shown per condition.

The microscopy measurements were done by Lorraine Irving. High—throughput

confocal microscopy was performed using the Opera (PerkinElmer) with filters, and
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exposure times according to the manufacturer’s instructions using 20X water objective.

The same contrast was used for all images.

2.2.6 X-ray crystallography

The X-ray crystallography experiments were carried out by David Hargreaves. Crystals
of T-dAb Fab were grown by sitting drop vapor diffusion. The crystallization reagent was
0.2 M ammonium sulphate, 0.1 M sodium acetate (pH 4.6) and 25% w/v PEG 4000. 200
nL of the protein solution of T-dAb Fab was mixed with 200 nL of the reagent and
equilibrated over a reagent well containing 50 pl at 20°C. Crystals with a rod-like
morphology (100 um) appeared in the drops after 13 days. Crystals were cryo protected
using 23% butane-2,3 diol added to the well solution and snap frozen in liquid nitrogen.
X-ray data were collected on beamline 104 at the Diamond Light Source. Data processing
was performed using autoPROC!*! and STARANISO (Global Phasing Ltd) and showed
acceptable data extending to 2.35 A. Molecular replacement was achieved using
PHASER!'%? and a trastuzumab model (PDB 4HJG) with a nanobody model (PDB 6DBE).
Coot!*, Refmac!#* and Buster'® (Global Phasing Ltd) were used during model building
and refinement. The final model was in space group P 21 21 2 with cell dimensions of
a=160 A.7,b=159.9 A, c=63.5A a=B=y=90° and showed a single T-dAb Fab fusion in the

asymmetric unit.
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3 STABILITY OF VARIOUS
ANTIBODY MUTANTS
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3.1 INTRODUCTION

Therapeutic antibodies trace their roots from the immune system and, for the vast
majority, more specifically from the immunoglobulin G isotype, and the subclass IgG1'4.
They are therefore naturally highly stable, given they operate at 37 °C. Over the past 20
years, many mutants have been developed in order to confer new properties to the
antibody. This includes enhancing biological properties for mechanism occurring in vivo,
generating new functionalities on the antibody scaffold such as those needed for site-
specific conjugation and high control of the drug to antibody ratio (DAR). One such
mutant (TM), consisting of a triple-mutation of L234F/L235E/P331S in the Eu numbering,
with all residues located in the Cu2 domain (Figure 3.1), results in a decrease in affinity
for the Fc y-receptor type IIIA (FcyRIIIA) and reduces antibody-dependent cellular
cytotoxicity (ADCC)!06147.148 ' e can reduce immune clearance and avoid surrounding
cell toxicity caused by the immune system triggered by binding to Fc -receptor type IIIA.
In addition to these three mutations, another construct contains a substitution in the Cu3
domain, S442C, which was engineered to enable conjugation to a payload* (Figure 3.1).
While these mutations are desirable and create a new functionality in the antibody, it is
important to measure the cost of these mutations, if any, to the intrinsic stability of the

antibody.

Figure 3.1: Structure of the Fc domain of NIST mAb Fc with the sites of the three mutations in TM
Fc highlighted, as well as S442C. The figure was made using PyMol with the coordinates in the PDB file
accession name 3AVE corresponding to NIST mAb Fc. The residues in the Cu2 domain that are mutated
in TM Fc are represented in red. The two leucines in positions 234 and 235 are missing from the cyan chain
as they are located in the very upper part of the Cu2 domain which is not resolved in the crystal structure.
The substitution site of S442C in the Cu3 domain is represented in purple.
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The objective of this Chapter is to assess the impact of various mutations on the
stability of the antibody. Four antibody molecules were investigated: full-length I1gG
NIST mAb, and three Fc domains: NIST mAb Fc (the wild type), TM Fc (triple mutation
in the Cu2 domain L234F/L235E/P331S) and TM S442C Fc (triple mutation in the Cu2
domain L234F/L235E/P331S as well as S442C substitution in the Cu3 domain).

To understand the impact of the mutations on the stability of the antibody, three
different measures of stability were determined. The first was the thermal stability,
measured by differential scanning calorimetry, which is influenced by the difference in
enthalpy (AHp_y), difference in entropy (ASp_y) and difference in heat capacity (AC,)
between denatured and native states. The second is the thermodynamic stability, probed
using chemical denaturants, which provides information on the difference in Gibbs free
energy between the native and denatured state in water (AGp_y), usually at 25 °C. It is
also related to the difference in enthalpy and entropy between the native and denatured
states, although these values are not measured directly in this experiment. The third is the
kinetic stability, which measures the activation energy i.e., the difference in energy

between the native and transition states (AGrs_y).

3.2 RESULTS

3.2.1 Thermal stability

The thermal stability was measured using differential scanning calorimetry
(DSC), which is a technique that probes the heat capacity of proteins and provides the
melting temperatures (7w) and the difference in enthalpy between the native and
denatured states (AHp_y)'*. The experiments were carried out on NIST mAb full-length
IgG, as well as the three Fc domains: NIST mAb Fc, TM Fc and TM S442C Fc. The
thermogram of NIST mAb IgG showed three peaks, corresponding to the thermal
unfolding transitions of the Cu2, Cu3 and Fab domains in increasing order of melting
temperature. The assignment of the unfolding of the Cu2 and Cu3 domains to the two
peaks at lower temperatures comes from the studies of Tischenko et al.!>° The melting
temperature of Fab domains can vary depending on the antibody, however, the unfolding
of the Fab domain generally has a maximal C,, value about three times greater than those
of the Cu2 and Cu3 domains due its size.”® Consistent with this, the unfolding peak

observed at the highest temperature was attributed to the Fab domain.
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Melting temperatures and enthalpy differences obtained from the fitted data are
shown in Table 3.1. All samples were denatured a first time up to 110 °C, then cooled
down to 25 °C, and the difference in heat capacity was measured again, Figure 3.3. None
of them showed reversible unfolding because the antibodies aggregated after unfolding,
consistent with previous studies which reported irreversible aggregation of IgGs after
heating!>!. Therefore, the melting temperatures obtained are lower than the actual value

152 This is because the

of Tm, and should be viewed as apparent measures of stability
unfolded state irreversibly aggregates, and therefore the denatured population is depleted

and this drives the N — D transition, which decreases the melting temperature.

2x%105+ Cy2 Cy3 Fab
= 65.7°C  823°C 927°C
oo /
o
o
E 1x105-
T
< i
& : /
o /

: /\ /

60 1 00
)‘emperature (%C)

Cy2 %‘ # . g ‘%

Native Intermediate 1 Intermediate 2 Denatured

Figure 3.2: Thermogram of NIST mAb full-length IgG and schematic representation of the unfolding
of the Cu2, Cu3 and Fab domains at pH 5.5. At the melting temperature (the apex of the peak), 50% of
the domain of interest has unfolded. The DSC trace is shown in red and the fitting to the different peaks
was plotted as black dashed lines. Underneath the thermogram is the schematic where the Cu2 domain is
shown in green, Cu3 in blue and the domains within the Fab in red. The measurement was done in 20 mM
His pH 5.5, at 0.5 mg/mL.

Table 3.1: Thermodynamic parameters obtained from the DSC measurements

Antibody T 1(0) T.2 0 13 AHla AHZ,, AH3,,,
mutants (kcal mol'") (kcal mol'") (kcal mol'")
NISTmAbIgG  657+02  823+03 927401 (1.4+02)x 102 (3.0£0.2) x 102 (11.1+0.2) x 102
NISTmAbFec  63.9+0.1  79.6+0.1 (2.4+0.5)x 102 (172 + 0.05) x 102

T™ Fc 62701  827+0.1 (1.07+0.03)x 102 (0.92+0.03) x 10

TM S442C Fc 58.6+£0.1 79.3£0.1 (0.66 £ 0.02) x 10? (0.54 £0.02) x 10?

The errors are fitting errors, not standard deviations from multiple measurements. From other DSC data
where repeats have been measured, standard deviations are typically similar to the fitting errors.
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Figure 3.3: Raw data from the DSC experiment on the thermal unfolding of TM Fec. The sample was
heated a first time (red), cooled and reheated (green). The black line is the buffer baseline, 20 mM His pH
5.5.

For NIST mAb IgG, the Cu2 domain is therefore the least thermally stable, with
a melting temperature of approx. 66 °C, followed by the Cu3 domain (7 = 82 °C) and
the Fab domain the most stable (7m = 93 °C, Figure 3.2, Table 3.1). The data establish
that the Fab domain is extremely stable and that the four domains (Vu, Vi, Cul and Cr)

all unfold cooperatively.

All Fc domains showed two thermal unfolding transitions, the first
corresponding to the unfolding of the Cu2 domain and the second to the unfolding of the
Cu3 domain (Figure 3.4). The lowest melting temperature for the Cu2 domain was
observed for TM S442C Fc, whereas TM Fc had a Ti only slightly lower than that of
NIST mAb Fc. This is rather surprising given that previous DSC studies'® on TM Fc
show that the melting temperature of the Cy2 domain decreases from 70.1 = 0.7 to 64.1
+ 0.4 °C with the triple mutations (experiments done in 25 mM histidine, 7% sucrose, pH
6.0). These data suggest that the S442C mutation is more destabilizing than the TM

mutations.

Regarding the thermal stability of the Cu3 domain (second unfolding peak), the melting
temperatures of all four constructs measured are similar, and all within 2 °C of 81 °C,
Table 3.1, however, they are not within error (fitting errors) of each other, which is
surprising. It should be noted that although errors shown in Table 3.1 are fitting errors,
they are similar to standard deviations calculated from multiple runs. More replicates

would be needed to confirm these results.

Overall, these results show that DSC provides good resolution in terms of determining
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the stabilities of the different domains given their melting temperatures are sufficiently
resolved to be fit individually. The data suggests that the triple mutation has slightly
thermally destabilized the Cu2 domain under the conditions used, but that the S442C
mutation has a more destabilizing effect. The data also indicate that none of the mutations
affected the stability of the Cu3 domain, however, repeat measurements would be

necessary to confirm this.
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Figure 3.4: Thermograms of NIST mAb Fc, TM S442C Fc, TM Fc. The measurements were carried out
in 20 mM His, pH 5.5. The concentration of the three proteins were respectively in 4.3, 0.5 and 2 mg/mL

3.2.2 Thermodynamic stability

3.2.2.1 The importance of reaching equilibrium for thermodynamic stability
Chemical denaturation curves provide information on the thermodynamic
stability of proteins. The fluorescence derived from solvent-exposed tryptophan was
measured at various concentrations of guanidinium chloride (GdmCl), after a certain
incubation time. The data were analyzed using the average emission wavelength (AEW,
Equation 2.3) and fitted to a two- or three-state model, depending on the number of
unfolding transitions observed (Equations 2.5 or 2.7). Three thermodynamic parameters
are obtained: AGH29, the difference in Gibbs free energy between two states X and Y in
water; my_y, the m-value between the two states X and Y, which is a constant of
proportionality describing how much the AGy_y changes with denaturant concentration;
and [den]sgo, x—y ,the midpoint of denaturation between states X and Y. The data points
H20

from the curve are fitted to generate my_y and [den]sqy, x—y and AGyZy was calculated

by multiplying these two parameters together.

To obtain accurate data from chemical denaturation curves, the system being
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measured needs to be at equilibrium and the unfolding needs to be reversible!®. The fact
that a denaturation curve has reached equilibrium was verified by measuring the same
denaturation curve with increasing incubation times until the curves overlap and the fitted
[den]sgo, x—y are within error. The intrinsic fluorescence of the full-length IgG NIST
mADb was measured after 1, 2, 4, 9 and 14 days of incubation in increasing concentrations
of guanidinium chloride, Figure 3.5. The data recorded were analyzed using the average
emission wavelength (AEW, Equation 2.3) and normalized such that fully native signal
has an AEW of zero, and the fully denatured state has a value of 1 (Equation 2.8). The
chemical denaturation curves obtained showed two unfolding transitions and were
therefore fit to a three-state model (Equation 2.7). The midpoint of denaturation
([den]so%) of the first transition didn’t change very considerably with time, whereas the
midpoint of denaturation of the second transition decreased over time and plateaued from

nine days (Figure 3.5, Figure 3.6, Table 3.2).
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Figure 3.5: Chemical denaturation curves of NIST mAb IgG with increasing incubation times. 1 day
(yellow), 2 days (purple), 4 days (pink), 9 days (green), 14 days (red).

Table 3.2: Thermodynamic parameters of NIST mAb IgG stability.

Incubation my_y [den]sos, 1—n AGH20 mp_; [den]sgo, p_1 AGH*?
time (days)  (kcalmol' M) (M) (kcalmol)  (kcal mol' M) (M) (kcal mol™")
1 1.9+0.2 2.04+0.03 29+04 3.80+0.03

2 2.0+0.1 1.97 £0.02 3.6+04 3.65+0.02

4 22+0.1 2.05+0.01 49405 3.54+0.02

9 2.8+02 1.96 +0.02 54+04 34+04 3.24+0.03 11+1

14 284023 2.06 £ 0.02 57405 3.840.5 3.29+0.03 12+2

Parameters obtained from the fitting of the chemical denaturant unfolding curves. AGE?¢ was only

calculated when the unfolding transitions reached equilibrium. The errors of my_y and [den]sgq, x_y are

fitting errors, while the errors of AG2¢ were calculated as compound errors (see Appendix II).
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Figure 3.6: Evolution of the midpoints of chemical denaturation of the first and second unfolding
transition of NIST mAb over time, in 20 mM His pH 5.5 at 25 °C. The first unfolding transition ([den]so%
1N ) is shown in purple and the second unfolding transition ([den]so% p-1) is shown in green.

3.2.2.2 Comparison of the thermodynamic stabilities of the different antibody
mutants

All antibodies were fitted to a three-state model, i.e., an intermediate is
sufficiently populated to be measured and two unfolding transitions are observed. For the
curves corresponding to the unfolding of the Fc fragments, a global fitting method, where
[den]so, was allowed to vary between mutants but where the m-value was shared for all
mutants studied was performed. This assumes that the mutations don’t affect the structure
of the antibody and therefore the difference in solvent accessible surface area on

unfolding (ASASA) is the same.

3.2.2.2.1 Identification of the unfolding transition of the Fab domain: comparison of
the unfolding phases of the NIST mAb IgG and NIST mAb Fc

NIST mAb IgG and NIST mAb Fc differ only by the presence/absence of the
Fab domain, as the rest of the sequence is identical. The chemical denaturation curve of
the NIST mAb IgG showed two unfolding transitions (Figure 3.5), the first at
[den]soo, 1y = 1.96 £ 0.02 M, and the second at [den]sg, p—; = 3.24 £ 0.03 M of
GdmCl, after it reached equilibrium. According to the differential scanning calorimetry
results of NIST mAb IgG (Figure 3.2), three unfolding events and two stable
intermediates are expected. The fact that two transitions are observed instead of three

suggests that two of the unfolding transitions likely overlap.

The unfolding and refolding curves were measured for NIST mAb Fc, and they
reached equilibrium after 72 hours, given they overlap and the fitted parameters were
within error (Figure 3.8 A, Table 3.3). The curves displayed two transitions which are

rather close, with midpoints around 2 M GdmCl (Table 3.3). At this point, it is not yet
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clear which of the two transition corresponds to the unfolding of the Cu2 domain and
which to the unfolding of the Cu3 domain. Comparing the denaturation midpoints of
NIST mAb Fc and IgG, it appears that the first unfolding transition observed for NIST
mAb IgG is very close to those of NIST mAb Fc. This observation suggests that the first
transition observed for NIST mAb IgG corresponds to both the Cu2 and Cu3 domains
unfolding. The second unfolding transition of NIST mAb IgG ([den]sgy p—; = 3.24 £
0.03 M GdmCl) then corresponds to the Fab domain (Figure 3.7 A). These observations
agree with the thermal stability data, and also shows that the Fab does not seem to impact

the stability of the Fc domain.
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Figure 3.7: Normalized chemical denaturation curves of all antibodies at equilibrium. A. Comparison
of NIST mAb IgG (9 days incubation) and NIST mAb Fc (72 h incubation). B. Comparison of NIST mAb
Fc (72 h incubation), mean of triplicates of TM Fc (48 h incubation) and TM S442C Fc (48 h incubation).
On the right of the chemical denaturation curves is a schematic showing which domains are unfolding in
which transitions. Fab is shown in red, Cu2 in blue and the Cu3 domains in green.
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Figure 3.8: Unfolding and refolding curves for the Fc domains for all the mutants. All curves were
measured in 20 mM His pH 5.5, incubated at 25 °C, and fitted to a three-state model. A. NIST mAb Fc at
equilibrium (72-hour incubation, protein concentration was 1 uM). B. Mean of triplicate measurements for
TM Fc at equilibrium, the error bars are the standard deviation of the triplicate measurements (48-hour
incubation, protein concentration was 1 uM). C. TM S442C Fc at equilibrium (48-hour incubation, protein
concentration was 2 uM). Green shows that data starting from a native, folded state (unfolding), whilst blue
shows the data for refolding (starting from a fully denatured state).
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Table 3.3: Thermodynamic parameters fitted from the unfolding curves at equilibrium for NIST
mAb F¢, TM Fc and TM S442C Fc

my-y [den]soy 1-n AGIE mp_; [den]soy p1 AGH29
(kcal mol'' M) (M) (kcal mol'))  (kcal mol' M) (M) (kcal mol™")
NIST unfolding 3.9+ 0.1 1.70£0.02  6.6+0.2 53404 228+0.04 122409
mAbFc  refolding  3.9+0.1 1.69+0.02 6.6+02 53404 2264003 121409
unfolding 3.9+ 0.1 1494001 58+02 53404 2354002 125+0.9
M e refolding 3.9+ 0.1 1.58£0.02  62+0.2 53404 2274003 121409
™ unfolding 3.9+ 0.1 1.54+£0.01  6.0+02 53404 2234004 119409
S442CFe  refolding  3.9+0.1 1.57+0.02 6.1+02 53404 2.16+0.05 11.5+09

The errors reported in the table are fitting errors.

3.2.2.2.2 Effect of a triple mutation in the Cy2 domain on thermodynamic stability:
comparison of NIST mAb Fc and TM Fc

TM Fc differs from NIST mAb Fc by three mutations in the upper part of the
Cu2 domain (Figure 3.1): L234F, L235E and P331S, which decrease the affinity for the
Fc y-receptor type IIIA!#7-148 While the denaturation midpoint was within error for the
second transition corresponding o the unfolding of the Cx3 domain for both constructs,
that of the first unfolding transition corresponding to the unfolding of the Cu2 domain
was lower for TM Fc compared to NIST mAb Fc (Figure 3.7 B, Figure 3.8, Table 3.3).
This suggests that the triple mutation destabilized the Cu2 domain thermodynamically
consistent with the slight decrease in 7w observed here and the larger decrease in Tr seen

in other studies®*.

3.2.2.2.3 Effect of the substitution of a serine by a cysteine in the Cy3 domain on the
thermodynamic stability: comparison of TM Fc and TM S442C Fc

TM S442C Fc differs from TM Fc by the substitution of a serine by a cysteine
at the C-terminal end of the Cuy3 domain. For TM S442C Fc, two unfolding transitions
and three states are observed in the chemical denaturation curve (Figure 3.8 B). The
denaturation midpoint of the first transition was within error of that of TM Fc, and that of
the second transition was very similar to both NIST mAb Fc and TM Fc (Table 3.3). This
suggests that the S442C substitution hasn’t affected the thermodynamic stability of the
Cu3 domain, and that the stability of the Cu2 domain is also unaffected.

3.2.3 Kinetic stability
Unfolding kinetics were measured by rapidly diluting native protein into a range
of high concentrations of chemical denaturant and monitoring the changes in intrinsic

fluorescence on unfolding. For each concentration of denaturant, three repeats were
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measured. The fluorescence signal corresponding to the unfolding of NIST mAb IgG was
best fit with a triple exponential (Equation 2.11, Figure 3.9 A&C) whereas the
fluorescence signals on unfolding for all Fc constructs were best fit with a double

exponential (Equation 2.10, Figure 3.9 B&D).

Three independent measurements of the unfolding rate constants ky were
obtained for each protein at different concentrations of GdmCI. These values were
averaged and then plotted as In ky versus the denaturant concentration, Figure 3.10.
Data were then fitted to a linear equation (Equation 2.12) to obtain the value for In ky in

water as well as m, the slope of the plot (Table 3.4).
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Figure 3.9: Typical kinetic unfolding data. A. Unfolding of NIST mAb IgG probed by intrinsic
fluorescence (1 uM, black) showing the best fit of the data to a triple exponential (red line). B. Unfolding
of NIST mAbD Fe (1 uM, black). The best fit of the data to a double exponential function with slope (due to
photobleaching) is shown as a red line. C. Residuals of the fitting of the NIST mAb IgG unfolding shown
in A to a triple exponential function and D. Residuals of the fitting of NIST mAb Fc unfolding data shown

in B to a double exponential plus drift. The percent residuals can be calculated using %residual =
residual
Atotal
shown in C, the %residuals are no higher than 1.25 % demonstrating a good fit.

X 100 (the residuals are just the absolute value of the largest value, so here 0.05). For the data

Carolina Orozco - September 2021 97



From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies

7.5

In kU
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|

Figure 3.10: Unfolding kinetics of NIST mAb IgG (grey squares), NIST mAb Fec (purple triangles),
TM Fc (blue dots) and TM S442C Fc (orange lozenges). The experiments were carried out at 25 °C in
20 mM His, pH 5.5, at 0.5 uM.

Table 3.4: Kinetic parameters from unfolding experiments

mygu (Ml) In kU (HzO)

In(k1 Cu2) 0.38+0.04 -0.7+0.2
NISTmAbIgG  In(A2Cu3)  1.6+0.1 A11.1+08

In(k3 Fab) ~ 2.9+0.2 2241

In(k1 Cu2) 0.39+0.04 -0.7+0.3
NIST mAb Fc

In(k2 Cy3)  1.7+0.1 11.6+04

In(k1 Cu2) 0.25+0.03 1.1+0.2
T™M Fc

In(k2 Cy3)  1.7+0.1 115406

In(kl Cu2)  0.3+0.1 11405
TM S442C Fe

In(k2 Cy3)  1.5+0.1 -103+0.5

3.2.3.1.1 The errors reported are fitting errors.

3.2.3.2 Identification of the unfolding phase of the Fab domain: comparison of the
unfolding kinetics of NIST mAb IgG and NIST mAb Fe

The fact that the NIST mAb IgG unfolding kinetic data can be best fitted with a
triple exponential shows that there are three unfolding events happening (Figure 3.10).
In contrast, all Fc constructs have just two unfolding phases corresponding to the fastest
and the intermediate unfolding phases observed for the full-length protein (Figure 3.10).
The rate constants for the fastest (k;) and intermediate (k,) phases are within error for
NIST mAb IgG and Fc. Therefore, the slowest phase observed in the unfolding kinetics
can be attributed to the unfolding of the Fab domain. Given the DSC data (Figure 3.2), it
is likely that the fastest unfolding rate comes from the unfolding of the Cu2 domain and

the intermediate rate comes from the unfolding of the Cu3 domain. It is also worth noting
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that the presence or absence of the Fab domain does not influence the kinetic stability of

the Fc domain.

3.2.3.3 Effect of a triple mutation in the Cu2 domain on Kinetic stability:
comparison of NIST mAb Fc and TM Fc

The two fastest unfolding rate constants (k; and k,) corresponding to the
unfolding of the Cu2 and Cu3 domain are larger for the triple mutant TM Fc compared to
the control NIST mAb Fc (Figure 3.10, Table 3.4), which shows that the Cy2 domain

has been kinetically destabilized by the triple mutation. In addition, the m;, value for the

fastest phase of TM Fc is smaller than that of NIST mAb Fc. According to the Hammond
effect, as the slope my, is directly related to the change in solvent accessible surface area
between the native and transition state by the equation mps_y = RTmy,, where mrs_y
is in kcal mol" M and my, in M, then the smaller the value, the more similar the
structures of the native and the transition states are. Therefore, the mutations not only
kinetically destabilize the Cu2 domain but they shift the transition state towards a more
native-like structure (in the energy landscape, x-axis). From only the unfolding data, it is
possible to deduce that the difference in energy between the native and transition state
has decreased. According to the thermodynamic data, the native state has increased in

energy, i.e., has been destabilized consistent with this.

3.2.3.4 Effect of the substitution of a serine by a cysteine in the Cy3 domain on
kinetic stability: comparison of TM Fc and TM S442C Fc¢

TM Fc and TM S442C Fc differ by a single substitution of a serine by a cysteine
in the Cu3 domain. The unfolding kinetic rate constants for both unfolding phases for TM
Fc and TM S442C Fc are within error (Figure 3.10, Table 3.4) which suggests that the
substitution at the studied position does not impact the stability of the Cu3 domain nor of

the Cu2 domain.

3.2.3.5 General observation on the m; values

One can notice that generally the slopes of the three unfolding phases, given by
the my, values, are different: the fastest unfolding phase (unfolding of the Cu2 domain)
has the shallowest slope whereas the slowest unfolding phase (unfolding of the Fab
domain) has the steepest slope, which means the unfolding rate is more sensitive to
denaturant concentration. According to the Hammond effect, it appears therefore that the
difference in structure between the native and unfolding transition state of the Cu2 domain

is rather smaller than for the Cu3 domain. This may be because only a few interactions
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require breaking in the Cu2 domain to overcome the unfolding energy barrier, consistent

with the fact that the Cy2 domain is less stable than the Cy3 and Fab domains.

3.3 DISCUSSION AND CONCLUSION

In this Chapter, a combination of several approaches to probe the stability of
wild-type and mutant antibodies was employed to investigate the impact of different
mutations on the stability of a therapeutic antibody scaffold. The relative stabilities of the
three domains is in agreement with previous studies, which demonstrated that,

153 and kinetically!>?, for wild-type antibodies, the Cn2

thermally'*, thermodynamically
domain is less stable than the Cy3 domain, which is less stable than the Fab. In addition,
consistent with previous work, the Fab fragment has the largest Cp value, about three

times greater that the Cu2 and Cu3 domains®.

Overall, the results from the different techniques were in good agreement and
demonstrated that the triple mutation L234F/L235E/P331S destabilizes the Cy2 domain
thermodynamically and kinetically. However, the destabilization was not too significant,
and is comparable or lower to other formats used in the clinic*#!%¢1%7 In addition, the
triple mutation did not affect the stability of the Cu3 domain. The S442C substitution in
the Cu3 domain engineered into the antibody to allow conjugation, didn’t destabilize any
domain either. Results on the Fab domain of NIST mAb IgG showed that it is remarkably
stable (crystal structure of NIST Fab: PDB 5K8A!%%); the stability of this domain can be
very variable as the different light chain types and CDRs have a significant impact on
stability®®. It is a little less clear how the mutations affected the thermal stability, and the
experiments require repeating to get standard deviations in 7 values rather than using

fitting errors, to establish what differences are significant and which are not.

In conclusion, the TM S442C Fc is an excellent antibody-drug conjugate
scaffold, as the substitution at the end of the Cu3 domain does not have a significant
impact on the stability. However, the stability of the protein is not the only parameter that
will determine how suitable TM S442C Fc is for clinical studies; the ease of conjugation,
the stability of the conjugated payload (both in terms of antibody stability as well as
whether the payload remains attached in vivo until it is at its target site) and the final drug

to antibody ratio will all be very important as well.
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4.1 INTRODUCTION

Antibody-drug conjugates (ADCs) have become very promising therapeutics in
oncology by combining the high specificity of a tumour-recognising monoclonal
antibody (mAb) with the potency of a chemotherapeutic small molecule (payload)!>>.
Combining two therapeutic molecules into a single agent reduces the systemic toxicity of
small-molecule chemotherapy whilst facilitating the use of more potent cytotoxic agents
which, if administered alone, would have significant dose limitation due to toxicity!36-160,
ADCs represent a huge area of research and there are currently nine FDA-approved ADCs
on the market, including five within the past year, and more than 60 ADCs are being
clinically evaluated in more than 200 active or recently completed clinical trials'®!
(Clinicaltrials.gov). In the first generation of ADCs, the payload was conjugated to
lysines, which lead to a distribution in number and position of drugs attached, resulting
in variable drug-to-antibody ratios (DARs)*3. The DAR is an important contributor to the
therapeutic index: the dose range within which efficacy is achieved with an acceptable
safety profile, and it must be tightly controlled. To do this, the field has iterated towards
the conjugation of payloads to canonical cysteines and then to strategies that enabled site-
specific conjugation, including non-natural amino acids®**—%, the use of enzymes such as

4041 and sortase A+, as well as

formylglycine generating enzyme®, transglutaminase
point mutations to add unpaired cysteines for conjugation, either by substitution®* or by
insertion®. In particular, the addition of a cysteine near the hinge region of an IgGl
scaffold has been investigated®*3>162, and both the substitution at position 239 (Eu mAb
numbering) in the heavy chain (S239C) and the insertion after that position (C2391) have
given promising results’**>: both cysteines are easily conjugated, provide stability of the
payload over time, decrease FcyR binding and do not affect the binding to the neonatal

Fc receptor (FcRn), which should ensure a similar half-life to the wild-type scaffold?#*.

4.2 BACKGROUND
During the large-scale manufacture (50 to 500 L) of several C239i antibodies, it

was observed that the inserted cysteine could adopt three distinguishable chemical states.
Using non-reduced peptide mapping, these were characterised as: free thiol (2xSH);
capped with cysteine (cysteinylated, 2xCys, forming commonly on free cysteines in an
oxidising environment where cysteines are present in the media'®; this is a common
modification during manufacturing); or forming an additional disulfide bridge between

both C239i residues (iDSB) (Figure 4.1, Figure 4.2). A fourth state, 1xCys + 1xSH
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(containing both free thiol and cysteinylated C2391), was also observed, although in much
smaller proportions. Further analysis revealed that the proportions of these different thiol

states vary from lot-to-lot and across different antibodies (Figure 4.3 A).
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[THTCPPCPAPELLGGPSC(Cys)VFLFPPKPK]=[THTCPPCPAPELLGGPSC(Cys)VFLFPPKPK] 5899.09 1476.76
[THTCPPCPAPELLGGPSC(iDSB)VFLFPPKPK]=[THTCPPCPAPELLGGPSC(iDSB)VFLFPPKPK] 5658.78 1416.69
[THTCPPCPAPELLGGPSC(Cys)VFLFPPKPK]=[THTCPPCPAPELLGGPSC(SH*)VFLFPPKPK] 5905.07 1478.26
[THTCPPCPAPELLGGPSC(SH*)VFLFPPKPK]=[THTCPPCPAPELLGGPSC(SH*)VFLFPPKPK] 5911.05 1479.75

Figure 4.1: Non-reduced peptide mapping of Fc-C239i antibody. A. Total ion chromatogram (bottom)
and zoom of extracted ion chromatograms (top) for iDSB, 2xCys, 1xCys & 1xSH and 2xSH thiol states (1
to 4). B. Mass spectrum for each extracted ion (1 to 4). C. Theoretical MW for peptide diagnostic of thiol
state; * denotes modification by N-ethylmaleimide. Experiments were carried out and analysed by Dr Paul
Devine and Alistair Hines.

Figure 4.2: Schematic of the Fc domain containing the inserted cysteine after position 239 (Fc-C239i),
in the three predominant forms: A. free thiol (2xSH), B. doubly-cysteinylated (2xCys) and C. forming
an additional disulfide bridge between both C239i residues (iDSB). Drawn in grey: glycosylation. A
partially cysteinylated state, 1xCys + 1xSH (containing both free thiol and cysteinylated C2391), was also
observed during manufacture, although in much smaller proportions and was not enriched for further
characterisation.

Interestingly, oxidised thiol states (2xCys and iDSB) predominate during
expression in Chinese Hamster Ovarian (CHO) cells under fed-batch culture (Figure 4.3

B), and it is upon harvest that reduced forms are introduced: 2xSH and 1xCys + 1xSH.
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The thiol state appears to be largely unaffected by the subsequent purification steps

(Figure 4.3 C) and whilst the proportion of iDSB appears to vary between antibodies and

from lot-to-lot, the iDSB was always present.
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Figure 4.3: Thiol states observed for different C239i (full length) antibodies during large-scale
manufacture. A. Proportions of thiol states for different antibodies and different lots. Variability is
observed in the proportions of thiol states; iDSB is present in all lots. B. Variation of thiol states over the
course of expression in CHO cells for another C239i antibody, mAb 4 lot 1. The proportions of thiol states
are consistent throughout the expression. C. Evolution of thiol states for antibody mAb 4 lot 2 during
downstream purification (VI: viral inactivation, AIEX: anion exchange, TFF: tangential flow filtration;
PFB: pre-formulated bulk). Introduction of reduced thiol states occurs during harvest after which the
proportions of thiol states remain consistent. These thiol states were also observed in small-scale cultures
(15 mL — data not shown). Experiments were carried out and analysed by Dr Paul Devine and Alistair
Hines.

The additional disulfide bridge (iDSB) was confirmed by tandem mass
spectrometry (MS/MS by collision induced dissociation) to be an additional interchain
disulfide bond between the two inserted cysteines, downstream of the two canonical
disulfide bonds that covalently bond IgG1 heavy chains. The main fragment ions
identified support the formation of three parallel disulfide bonds. Whilst it is possible to
form alternative configurations of disulfide linkage, no diagnostic ions were found. The
peptide in the hinge, corresponding to a +4 ion (1415.71 m/z) was isolated and
fragmented, and the obtained peptides were identified. Peptides linked by a disulfide
bridge between the inserted cysteines 239 were identified and the amino-acid sequence
was reconstituted amino acid by amino acid (Figure 4.4 B): they are composed of a
neutral peptide truncated at the N-terminus only (resulting from a fragmentation that
generated a y ion and a neutral peptide, as the charges were retained on the N-terminus
fragmented peptide), and a + 1 charged peptide truncated both at the N-terminus, as a
neutral fragment (same explanation as above), as well as at the C-terminus as a b ion
(after the fragmentation event, the charge was retained at the N-terminus). These findings

demonstrate that the additional disulfide bridge is indeed an interchain disulfide bridge
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between the two 239 inserted cysteine linking the two heavy chains, as the canonical
disulfide bridges do. No evidence of scrambling was observed (Figure 4.4). The presence
of the additional interchain disulfide bridge is surprising since the a-carbons of the amino
acids at position 239 on each heavy chain are 17.2 A apart from each other in the crystal
structure (PDB: 3AVE), whilst the distance between the two a-carbons of the cysteines
involved in a disulfide bridge is 6.4 A (canonical disulfide bridges in 3AVE). This raises
questions regarding how the iDSB forms and the resulting structural changes necessary

to accommodate it.
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Figure 4.4: Identification of iDSB by tandem-mass spectrometry. A. Sequence of the hinge peptide
fragmented by tandem-mass spectrometry, with the fragmented ions identified. B. Reconstitution of the
sequence fragmented by MS? amino by amino acid. C. Detailed m/z spectra for each main peak.
Experiments were carried out by Dr Matthew Edgeworth and analysed by Carolina Orozco.
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4.3 RESULTS AND DISCUSSION

In this study, the structural consequences of inserting cysteine at position C2391
and the associated thiol states observed during manufacture of the antibody intermediate
were investigated in detail. To investigate this systematically, Fc constructs enriched for
each of the three thiol states were generated by Dr Paul Devine (2xSH, 2xCys and iDSB
Fc-C2391), verified, and quantified by mass spectrometry by Alistair Hines (Figure 4.5,
Figure 4.6, Table 4.1). The Fc constructs were used as surrogates for C2391 IgG since it
has been well established that the antibody binding fragment (Fab) does not affect the
stability of the Cu2 and Cu3 domains!'®*!6%, The enriched variants were a kind gift from

AstraZeneca.

Chemical denaturation experiments, differential scanning calorimetry and
millisecond HDX mass spectrometry!® were used to probe the stability, dynamics and
structures of the Cu2 and Cu3 domains in each of the enriched states. Together, these
studies provide insight into the conditions under which different thiol states interconvert,
their relative stabilities and the conformational changes that occur upon formation of an
additional disulfide bond. Finally, the effect of iDSB on the subsequent conjugation of

the antibody intermediate was explored.
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Figure 4.5: SDS-PAGE of 2xCys Fc-C239i. NR: non reduced. R: reduced. L: ladder: Page Ruler™
unstained ladder, Thermo Scientific.
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Figure 4.6: Chromatograms, combined spectra and deconvoluted spectra (LC-MS) of the enriched
thiol states. A. 2xSH Fc-C239i; B. 2xCys Fc-C239i; C. iDSB Fc-C239i enriched variants. The highlighted
peak on the chromatogram is the portion that was combined. The measured molecular weights confirmed
that the samples were the expected variants, and were then subjected to further investigations. Experiments
were carried out by Dr Paul Devine and analysed by Carolina Orozco.

Table 4.1: Quality control of the Fc-C239i variants after enrichment

2xSH Fe-C239i (%)

2xCys Fc-C239i (%)

iDSB Fc-C239i (%)

iDSB

2xCys

1xCys + 1xSH

2xSH

2x GSH

1xGSH + 1xCys

1xGSH + 1xSH

3.6

0.2

0.4

95.8

0.0

0.0

0.0

334

54.4

10.6

1.0

0.3

0.1

0.0

91.3
8.4
0.0
0.0
0.1
0.1

0.0

Experiments and analysis were performed by Alistair Hines.

4.3.1 Interconversion of unexpected thiol states

To understand how the interconversion of the thiol states can occur, stress

conditions that could induce unfolding and increase the molecular dynamics were
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investigated. These stresses can be heat, low pH, shear stress, chemical denaturation to
name a few. For this study, chemical denaturant stress was selected. The evolution of the
thiol states was monitored over time using non-reducing peptide mapping. Under native
conditions and incubation for seven days at 25 °C, the relative proportion of all enriched
Fc variants did not change significantly (Figure 4.7 A, Table 4.2). However, in the
presence of chemical denaturant (3.5 M guanidinium chloride (GdmCl)), both 2xSH and
2xCys converted into the iDSB Fc-C239i (Figure 4.7 A). Moreover, slower conversion

of 2xCys to iDSB Fc-C239i1 was observed suggesting that interconversion might not be

direct.
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Figure 4.7: Variation of the thiol state of C239i with denaturant concentration and time. A. Effect of
the concentration of guanidinium chloride and incubation time at 25 °C in 20 mM His pH 5.5 on the
proportion of the thiol states for each of the three initially enriched variants (2xSH, 2xCys and iDSB Fc-
C239i); raw data are shown in Table 4.2. B. Effect of the concentration of denaturant after 7 days of
incubation at 25 °C on 2xSH Fc-C239i and C. 2xCys Fc-C239i enriched starting material; raw data are
shown in Table 4.3 and Table 4.4. D. Effect of the incubation time at 25 °C in 3.5 M GdmCl on 2xSH Fc-
C239i enriched starting material; raw data are shown in Table 4.5. E. Effect of the incubation time at 25
°C in 3.5 M GdmCl on 2xCys Fc-C239i enriched starting material; raw data are shown in Table 4.6. The
calculated error is the standard deviation of a double injection for each sample, to take into account the

technical reproducibility. The error bars are too small to be visible. Experiment carried out and analysed by
Carolina Orozco and Alistair Hines.
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Table 4.2: Effect of the incubation time and the concentration of chemical denaturant on the
proportion of the inserted-cysteine states

% 2xSH Fc-C2391 2xCys Fe-C239i iDSB Fc-C239i

Incubation | 0 0 7 7 0 0 7 7
time (days) | days days days days Odays Odays 7days 7days days days days days
ESSmCl] oM 35M 0M 35M | O0M 35M O0M 35M | OM 35 M O0M 3.5M
iDSB 4.7 19.8 83 99.7 | 39.8 55.1 43.9 81.1 97.0 97.5 97.4 99.7
2xCys 0.0 0.0 0.0 0.0 | 468 42.6 453 18.9 2.6 2.5 2.6 0.3
2xSH 95.3 80.2 91.7 0.3 1.0 0.6 0.8 0.0 0.0 0.0 0.0 0.0
1xCys 0.0 0.0 0.0 0.0 12.3 1.7 10.0 0.0 0.4 0.0 0.0 0.0

All experiments conducted at 25 °C on the three initially enriched variants (2xSH Fc-C239i, 2xCys Fc-
C239i, iDSB Fc-C239i), carried out and analysed by Carolina Orozco and Alistair Hines.

To understand the interconversion in more detail, the evolution of the thiol states
was monitored over a greater range of denaturant concentrations and time points, again
by non-reduced peptide mapping. The conversion from 2xSH to iDSB Fc-C239i was
almost complete at denaturant concentrations over | M GdmCl1 (Figure 4.7 B, Table 4.3).
For 2xCys Fc-C2391 under equivalent conditions, the conversion to iDSB progressed but
not to completion, reinforcing the hypothesis that the doubly cysteinylated form needs to
convert into an intermediate, most probably the singly cysteinylated form, before
converting into the iDSB (Figure 4.7 C, Table 4.4). These data are further supported by
the observation that rapid and relatively slow formation of iDSB from 2xSH and 2xCys
Fc-C239i, respectively, occur over time at a fixed denaturant concentration (1-4 days at
3.5 M GdmCl, Figure 4.7 D&E, and Table 4.6).

Table 4.3: Effect of the concentration of denaturant after 7 days of incubation on the final thiol states
of Fc-C239i 2xSH enriched variant

. 1xCys + 1xGSH + 1xGSH +
{ggmcu iDSB 2xCys IxSH 2xSH 2x GSH 1xCys IxSH
(mean = SD) (mean % SD) (mean £ SD) (mean = SD)  (mean + SD) (mean+SD) (mean % SD)
0 2.70+0.01 8832 * 0.41+0.03 96.80+0.02 0+0 0+0 0+0
0.5 24.5+04 0.6 £0.01 8(2)33 * 745+04 0£0 0.07 £0.02 0+0
1.0 86.6+0.4 1.8+0.1 0+0 11.3+£0.5 0+0 0.25+0.04 0+0
1.5 92.05+0.02 1.5+0.1 0+0 6.3+0.1 0+0 0+0 0+0
2.0 96.3+0.1 1.8+0.1 0+0 1.8+0.1 0+0 0.06 £ 0.03 0+0
2.5 96.9 +0.2 2.0+0.1 0£0 0.9+0.1 0.1£0.0 0+0 0+0
3.0 98.1+0.1 1.3+£0.1 0+0 0.56 £0.01 0+0 0+0 0+0
3.5 97.3+0.7 24+0.7 0+0 0.32+£0.01 0+0 0+0 0+0

Experiments were performed at 25 °C. Thiol states with glutathione (GSH) were also monitored. All the
values are percentages. Experiments carried out and analysed by Carolina Orozco and Alistair Hines.
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Table 4.4: Effect of the concentration of denaturant after 7 days of incubation on the final thiol states
of the Fe-C239i 2xCys enriched variant

. 1xCys + 1xGSH + 1xGSH +
(mean = SD) (mean = SD)  (mean + SD)
0 31.3+04 549+0.2 12.6£0.2 1+0 0.08 +£0.01 0+0 0+0
0.5 423+0.2 529+0.1 42+0.2 0.46 +0.02 0+0 0+0 0+0
1.0 642 +0.8 35.8+0.9 0+0 0+0 0+0 0+0 0+0
1.5 69.5+0.1 30.5+0.1 0+0 0+0 0+0 0+0 0+0
2.0 782+0.6 21.8+0.6 0+0 0+0 0+0 0+0 0+0
2.5 82.7+03 172+03 0+0 0+0 0+0 0+0 0+0
3.0 77.71+£0.02 2226+0.01 0+0 0+0 0+0 0+0 0+0
3.5 78.6+£0.6 21.4+0.6 0+0 0+0 0+0 0+0 0+0

Experiments were performed at 25 °C. Thiol states with glutathione (GSH) were also monitored.
Experiments carried out and analysed by Carolina Orozco and Alistair Hines.

Table 4.5: Effect of the incubation time in 3.5 M GdmCl on the final thiol states of the Fc-C239i 2xSH
enriched variant

f)‘;ct‘;zla:i iDSB 2xCys iigﬂs * 2xSH 2x GSH KSSSH * }iggH *
(days) (mean +SD) (mean £ SD) (mean + SD) (mean = SD) (mean £ SD) (mean +SD) (mean + SD)
0 10.6+0.3 0+0 0+0 89.0+0.3 0+0 0+0 0+0

1 96.5+0.2 1.9+£0.1 0+0 1.6+£0.1 0+0 0+0 0+0

2 97.5+0.1 2+0 0+0 1+0 0+0 0+0 0+0

3 97.3+0.6 1.8+£0.6 0+0 1+0 0+0 0+0 0+0

4 97.3+0.2 1.9+£0.1 0+0 0.8+0.1 0+0 0+0 0+0

Experiments were performed at 25 °C. Thiol states with glutathione (GSH) were also monitored.
Experiments carried out and analysed by Carolina Orozco and Alistair Hines.

Table 4.6: Effect of the incubation time in 3.5 M GdmCl on the final thiol states of the Fc-C239i 2xCys
enriched variant

Incubati  iDSB 2xCys 1xCys + 2xSH 2x GSH 1xGSH + 1xGSH +
on time (mean + (mean + 1xSH (mean + (mean + 1xCys 1xSH
(days)  sp o) SD %) (mean + SD %) SD %) (mean + (mean +
SD %) SD %) SD %)

0 414+0.3 55.6+04 1.80+0.02 1+£0 0.09 £0.01 0+0 0+0

2 58.1+0.1 41.7+0.1 0+0 0+0 0.09 £0.01 0+0 0+0

3 66.2+0.1 33.7+0.1 0+0 0+0 0+0 0+0 0+0

4 69.6 £0.1 30.36+0.03 0+0 0+0 0+0 0+0 0+0

Experiments were performed at 25 °C. Thiol states with glutathione (GSH) were also monitored.
Experiments carried out and analysed by Carolina Orozco and Alistair Hines.
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To explain why significant interconversion only occurs in the presence of
denaturant (> 1 M GdmCl), chemical denaturation unfolding experiments were performed
and the thermodynamic stability of both Cu2 and Cu3 domains was determined for each
of the Fc-C239i enriched variants. Tryptophan fluorescence spectra were measured after
seven days of incubation in various concentrations of GdmCl and the data analyzed using
the average emission wavelength (AEW, Equation 2.3) and fitted to a three-state model
(Equation 2.7). Three thermodynamic parameters were obtained: AG,?E?, the difference
in Gibbs free energy between two states X and Y in water; my_y, the m-value between
the two states X and Y, a constant of proportionality describing how much the AGy_y
changes upon denaturant concentration; and [den]sgq, x_y, the midpoint of denaturation
between states X and Y. All Fc variants showed two unfolding transitions (Figure 4.12
A), the first, at lower denaturant concentrations, corresponding to unfolding of the Cx2
domain and the second, at higher denaturant concentrations, corresponding to the
unfolding of the Cx3 domain'>*. The midpoint of denaturation observed for Cx2 domain
unfolding in the 2xSH, 2xCys and iDSB Fc-C239i were 0.58, 0.91 and 0.75 M GdmCl,
respectively (Table 4.8). These low denaturation midpoints explain why the conversion
from 2xSH and 2xCys to iDSB Fc-C239i starts to occur at 0.5 M and becomes significant
over I M GdmCl, and suggest the Cu2 domain has unfolded, at least in part, under these
conditions thereby reducing steric constraints and increasing the frequency of disulfide

bond formation at the inserted cysteine.

Reproducibility was verified as the thermodynamic parameters obtained for the
chemical denaturation curves performed in triplicates (NIST mAb Fc, 2xSH and 2xCys
Fc-C239i) or in duplicate (iDSB Fc-C239i) are very similar or within error (Figure 4.8
A-D, Table 4.7).
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Figure 4.8: Chemical denaturation curves for the unfolding/refolding of enriched variants of Fc-
C239i. All the denaturation curves were done at 1 uM final protein concentration in 20 mM His pH 5.5 and
samples were incubated at 25 °C for seven days. A. Triplicates of the unfolding curves of NIST mAb Fc
(WT) after seven days of incubation. B. Triplicates of the unfolding curves of 2xSH Fc-C239i enriched
variant after seven days of incubation. C. Duplicates of the unfolding curves of 2xCys Fc-C239i enriched
variant after seven days of incubation. D. Duplicates of the unfolding curves of iDSB Fc-C239i enriched
variant after seven days of incubation. E. Unfolding (red — one curve) and refolding (blue — one curve)
curves of NIST mAb Fc (WT) after 7 days of incubation. F. Unfolding (red - mean of triplicates) and
refolding (blue - mean of triplicates) curves of 2xSH Fc-C239i. G. Unfolding (red — one curve) and
refolding (blue - mean of triplicates) curves of 2xCys Fc-C239i. H. Unfolding (red — mean of duplicates)
and refolding (blue - mean of duplicates) curves of iDSB Fc-C239i.

Table 4.7: Thermodynamic parameters from the unfolding/refolding curves

m;_y [den]soy -~ AGy_y mp_; [den]soup-1  AGp;
(kcal mol'' M) (M) (kcal mol") (kcal mol'' M) (M) (kcal mol")

2xSH unfolding 2.5 +0.2 0.58 +0.02 15402 3.1+0.1 205+0.04  64+03
Fc-C2391  refolding 1.4+0.3 0.52 +0.03 0.7+0.2 3.0+0.1 1.98+0.03  59+03
2xCys unfolding ~ 2.099 + 0.003 8'388(1’ * 1.902£0.002  53+0.6 2304001 12+1
Fe-C239 eolding  1.94+0.01 0.96 + 0.08 1.9+02 6.3+0.1 2284003  144+03
iDSB unfolding  1.3+0.1 0.75 +0.05 1.0£0.1 45402 (2)'(2)33 * 10.3+0.5
Fe-C239 efolding 1002 0.6 +0.08 0.7+0.1 55403 2314002 128408
NIST unfolding  3.2+0.1 1.69 + 0.02 55402 3.940.5 2254004 9+1
mAbFe  refolding  3.0+0.1 1.69 % 0.01 50+02 32404 2244002  7.1+08

The values for NIST mAb Fc refolding are from a single run and the error shown is a fitting error. In other
cases, the mean value and standard deviations are shown for 2xCys Fc-C239 and iDSB Fc-C239i unfolding
and refolding (run in duplicate), and 2xSH Fc-C239i unfolding and refolding, 2xCys Fc-C239i refolding
and NIST mAb Fc unfolding (run in triplicate).

The reversibility of chemical denaturation of the Fc constructs was investigated
by recording refolding curves, where the protein has been unfolded at the start, then
diluted into a range of denaturant concentrations and finally measured once equilibrium
has been reached. For Fc-C239i enriched in the free thiol form, the m-value of the first
unfolding transition between the native and intermediate states (m;_p) is quite different
to that obtained from the unfolding curve data. This might be due to the fact that there is
no native baseline in the refolding curves as data collection starts at 0.4 M GdmCl,
meaning it is difficult to get an accurate m -value. Nevertheless, the denaturation
midpoints are very similar, which establishes unfolding is fully reversible. For the other
mutants, the thermodynamic parameters are within error, which proves that the
denaturation is reversible and at equilibrium for these time points. Replicate refolding

denaturation curves are shown in Figure 4.9.
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Figure 4.9: Repeats of chemical renaturation curves of the Fc-C239i formats. A. Triplicates (red, green,
blue) of the refolding curves of 2xSH Fc-C239i. B. Triplicates (red, green, blue) of the refolding curves of
2xCys Fe-C239i. C. Duplicates (red, green) of iDSB Fc-C239i. All these denaturation curves were
performed at a 1 pM final concentration of protein in 20 mM His pH 5.5 incubated at 25 °C for seven days.

Formation of iDSB also occurs in the absence of chemical denaturant: for
example, when 2xSH IgG-C239i was incubated at 37 °C (in 10 mM Tris, pH 8.0) for 13
days the proportion of iDSB increased from 20% to 100%. The rate of iDSB formation
increased further under heat stress with almost complete (98%) conversion after
incubation at 50 °C for 24 hours (Figure 4.10). Increasing the temperature may affect
both the proportion of molecules that are in the denatured state (even below the 7t value)
as well as increase protein dynamics and thereby potentially increasing the number of
local as well as global unfolding events. It is not possible to deconvolute these two effects
without further experiments, therefore it is unclear whether the iDSB forms in a fully
unfolded state resulting from global unfolding of the Cu2 domain, or a transiently
populated partially unfolded state. What is clear is that iDSB formation occurs under
physiologically relevant conditions and increases under any conditions where the stability

of the native state is decreased or there is an increase in dynamics.
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Figure 4.10: Effect of heat on the thiol state evolution over time starting from Fc-C239i 2xSH

enriched material: A. at 37 °C; B. at 50 °C. Experiment carried out and analysed by Dr Paul Devine and
Alistair Hines.

A scheme for the interconversion of the different thiol states is shown in Figure
4.11, assuming 1xCys + 1xSH can interconvert into iDSB Fc-C239i by nucleophilic
attack 166167 2xCys can interconvert into 1xCys+1xSH which can interconvert into 2xSH
from either the native or denatured states, and both 2xSH and 1xCys+1xSH can
interconvert into iDSB via the denatured state or with increased molecular dynamics. The
1xCys+1xSH form could interconvert to iDSB by nucleophilic attack of the free thiol to
the capped cysteine.

iDSBp = iDSBy
7 N
2xSHp = 1xCys+1xSHp = 2xCysp

I I 1
2xSHy = 1xCys+1xSHy = 2xCysy

Figure 4.11: Interconversion network between the 2xSH, 2xCys, iDSB Fc-C239i variants. N: Cu2
domain in the native state. D: Cu2 domain in the denatured state or with increased molecular dynamics.

4.3.2 Effect of the cysteine insertion on the biophysical stability of the
antibody

To determine if the thermodynamic stability of the antibody had been affected
by insertion of the cysteine or the resultant thiol variants, thermodynamic parameters were
measured from the chemical denaturation unfolding experiments. All enriched variants
showed lower denaturation midpoints for the first transition compared to the wild type
(Table 4.8), suggesting that the Cy2 domain was destabilized by the insertion of the
cysteine in the upper Cu2 domain. The AGIH_ 21\(,) values, which correspond to the
thermodynamic stability of the Cy2 domain, demonstrate that this domain in iDSB Fc-

C2309i is the least stable, followed by 2xSH Fc-C239i and finally 2xCys Fc-C2391, which
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are all significantly less thermodynamically stable than the wild type (Table 4.8). Since
the m-values are correlated with the difference in solvent accessible surface area!s®
(ASASA) between native and denatured states, they provide useful information on the
effect of the insertion on the structure. All three variants have a lower m;_y value than
the wild type, showing that the Cu2 domain has a more solvent accessible surface area in
the native state (if there are no effects on the denatured state) suggesting that
conformational changes have occurred. Interestingly, the iDSB Fc-C239i has the lowest
m;_y value, demonstrating that either the Cu2 domain has more solvent exposed surface
area in the native state, or that the denatured state is more structured. The midpoint of the
second unfolding transition is similar for all constructs, suggesting that the stability of the

Cu3 domain is unaffected by the insertion in the Cu2 domain.

Differential scanning calorimetry (DSC) was employed to measure the thermal
stability of the different variants. All constructs showed two unfolding transitions, the
first, at lower temperatures, corresponding to unfolding of the Cu2 domain and the
second, at higher temperatures, to unfolding of the Cu3 domain (Figure 4.12 B). The
thermal stability of the Cu2 domain was lower for all Fc-C329i variants compared to the
wild type, and the relative thermal stabilities were the same as those determined using
chemical denaturation: iDSB <2xSH< 2xCys < 2xSH with NEM<NIST mAb Fc (Figure
4.12 B, Table 4.9). The NEM capping of 2xSH prevents the interconversion of 2xSH into
other states during the stability measurements, therefore, it is important to keep in mind
that in the absence of NEM, the enriched states 2xSH and 2xCys will convert to the iDSB
during the measurements. Therefore, in the stability measurements, although they start as
enriched in one thiol state (either 2xSH or 2xCys), their fraction of iDSB present will rise
as denaturant concentration and temperature increase. The only data sets with the same
thiol state throughout the experiments are the iDSB-enriched variant and the 2xSH NEM
capped state. Thermal unfolding was found to be irreversible, as the unfolding trace of a
sample that had already been heated and cooled did not overlap with the initial one
(Figure 4.13). AH., , corresponding to the area under an unfolding peak, is the
calorimetric determination of the change in enthalpy of unfolding and is a measure of the
favourable interactions that must be overcome to unfold the protein. AH,,; for the first
transition, corresponding to the unfolding of the Cu2 domain, for the iDSB-enriched Fc-
C2309i variant was significantly lower than for all the other Fc thiol states and wild type

(Table 4.9), indicating that favourable interactions have been lost in the native state of
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iDSB Fc-C239i. In addition, this peak was also broader for the iDSB Fc-C239i (Figure
4.12 B), than for other states/wild type suggestive of a lower AC, . This indicates a lower
ASASA'® which is consistent with the lower m-value observed for iDSB Fc¢-C239i in
the GdmCI denaturation experiments. Both results suggest that either the native state of
the Cu2 domain is more solvent accessible in the iDSB variant than in wild type, or that
the denatured state may be more structured. The 7m1 of Fc-C239i increased when the free
thiols were capped with NEM suggesting the apparent reduction in relative thermal
stability of Fc-C2391 2xSH may be due to it converting into iDSB at elevated
temperatures, consistent with previous observations (Figure 4.10). The melting
temperatures of the Cu3 domain for all constructs were very similar, confirming the

insertion has no effect on the stability of this domain.
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Figure 4.12: Biophysical experiments on the unfolding of the enriched variants of Fe-C239i. A.
Unfolding curves of 2xSH Fc-C239i (orange lozenge), 2xCys Fc-C239i (purple triangles), iDSB Fc-C239i
(dark blue circles) and NIST mAb Fc (light blue squares). In all cases, the values shown are the average
from multiple experiments. B. Results from DSC experiments. Thermal stabilities of 2xSH Fc-C239i
(orange, solid line), 2xSH NEM-capped Fc-C239i (red, dotted line), 2xCys Fe-C239i (purple, dashed line),
iDSB Fc-C239i (dark blue, solid line), NIST mAb Fc (light blue, solid line). The experiment was performed
in triplicate but the data shown is only for one experiment. The 7m values shown are the mean value from
multiple measurements. C. Unfolding kinetics 2xSH Fc-C239i (orange lozenge), 2xCys Fc-C239i (purple
triangles), iDSB Fc-C239i (dark blue circles) and NIST mAb Fc (light blue squares), measured in triplicate.
The fastest unfolding phases correspond to the Cu2 domain unfolding, whereas the slower unfolding phases
correspond to the unfolding of the Cu3 domain. The solid line shows the best fit of the data to Equation
2.12. Error bars represent the standard deviation from triplicate measurements. In many cases, they are not
visible because they are smaller than the size of the data point. All biophysical experiments were all carried
out in 20 mM His pH 5.5.
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Figure 4.13: Raw data of the thermogram from the DSC experiments on the 2xSH-enriched Fc-C239i
variant. The sample was heated a first time (red), cooled and reheated (green). The black line is the buffer
baseline, 20 mM His pH 5.5.

Table 4.8: Thermodynamic parameters from the chemical denaturation experiments of the Fc
fragment of enriched variants of C239i and wild type

Proteins m-n [den]sov 1-n AG;_y Mmp—g [den]soy p—1 AGp—;

(kcal mol'' M-") (M) (kcal mol™") (kcalmol'' M) (M) (kcal mol™")
2xSH Fc-C239i1 25402 0.58 £0.02 1.5+0.2 3.1+0.1 2.05+0.04 6.4+0.3
2xCys Fc-C239i 2.099 £ 0.003 0.9060 £ 0.0001 1.902+0.002 5.3+0.6 2.30+0.01 12+1
iDSB Fc-C239i 1.3+0.1 0.75+0.05 1.0+0.1 45+0.2 2.272 +£0.002 10.3+£0.5
NIST mAb Fc 32+0.1 1.69 £0.02 545+0.2 39+0.5 2.25+0.04 9+1

The values shown are the average of duplicate (2xCys Fc-C2391, iDSB Fc-C239i) and triplicate (2xSH Fc-C239i,
NIST mAb Fc) measurements and the error is the standard deviation between measurements.

Table 4.9: Melting temperatures corresponding to the thermal unfolding of Cu2 and Cu3 domains of
the antibody C239i variants

. ) Tx1(°C) T2 (°C) AH14; (kcal molt) AH2 4 (kcal mol!)
Antibody variant . . . .
Cy2 domain  Cy3 domain  Cy2 domain Cy3 domain

NIST mAb Fe 63.6+0.2 79.7+£0.1 (1.7£0.5)x 10? (1.4£0.2)x 10?
2xSH Fc-C239i 55.4+0.1 80.0+0.3 (1.3+£0.3)x 10? (1.36 £0.06) x 10?
lcgng NEMecapped Fe- 576,05 801201  (14203)x 10? (1.27+0.01) x 10
2xCys Fe-C239i 56.6+0.3 80.2+0.1 (1.3+£0.4)x 10? (1.2+0.1)x 10?
iDSB Fc-C239i 54.8+0.3 80.6+0.2 (0.5+£0.2)x 10? (1.4£0.1)x 10?

1The Fc-C2391 2xSH NEM capped format was run just twice. The errors are the standard deviations from repeated
measurements. AH1_.,; was determined via a calorimetric experiment (area under the curve).
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Table 4.10: Kinetic parameters from unfolding experiments

Ki2® (s my, (M)
In(k1) NIST mAb Fc 0.5+0.1 0.40 + 0.04
In(k1) 2xSH 3.6+0.3 0.19+0.01
In(k1) 2xCys 26405 0.23+0.03
In(k1) iDSB 0.9+0.1 0.34 +0.02
In(k2) NIST mAb Fc (9O+4)x10°  1.69+0.07
In(k2) 2xSH (11+4)x 10°  1.67+0.05
In(k2) 2xCys (6+4)x10°  1.8+0.1
In(k2) iDSB (8+4)x 10°  1.71+0.08

The kinetic parameters shown are from the best fit of the data shown in Figure 4.12 C to Equation 2.12.

Unfolding kinetics provide information on the rate (and therefore frequency) at
which a domain unfolds. Natively folded protein was rapidly diluted into a range of
chemical denaturant concentrations and the change in intrinsic fluorescence on unfolding
measured. The kinetic data for all Fc variants (Figure 4.12 C, Table 4.10) were fit with
a double exponential function (Equation 2.10) that best describes both a fast and slower
unfolding phase. The unfolding rate constants of the slower phase were very similar for
all variants (Figure 4.12 C, Table 4.10) suggesting that this phase corresponds to the
unfolding of the Cu3 domain and it, therefore, does not change significantly with insertion
of the cysteine at position 239 in the Cu2 domain. This is in agreement with the results
on thermodynamic stability described earlier, as well as the relative kinetic stabilities
reported by Sumi and Hamaguchi'>? for a different antibody. The unfolding rates of the
Cu2 domain for 2xSH and 2xCys Fc-C239i were very similar, and faster than wild type
(Figure 4.12 C), suggesting that the insertion of a cysteine in the Cy2 domain kinetically
destabilizes it. Interestingly, the rate of unfolding of iDSB was slower than the 2xSH and
2xCys Fc-C239i variants indicating a higher kinetic stability. This is in contrast to the
thermodynamic measurements and is likely due to the unfolding transition state being
more structured than for 2xSH and 2xCys Fc-C239i. A more detailed representation of
the energy levels for the native (N) and transition states (TS) for the Cy2 domain only of
each variants is provided in Figure 4.14. When comparing 2xSH and 2xCys Fc-C239i to
wild type (Figure 4.14 A), the energy of the native state and to a lesser extent the TS, has
increased as favourable interactions have been lost. The energy of the denatured state is
assumed to be the same, therefore, AGi.n (WT) > AGrn (2xSH, 2xCys Fc-C239i), i.e. the
Cu2 domain of WT is thermodynamically more stable than the inserted cysteine mutant

in either the free thiol or cysteinylated forms. From the kinetic data, AGrs.n (WT) > AGrs.-
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N (2xSH, 2xCys Fc-C239i), i.e., the rate constant for unfolding of the Cu2 domain is
smaller for WT than the inserted cysteine mutant in either the free thiol or cysteinylated
forms and therefore the WT is more kinetically stable than the mutant. When comparing
the iDSB Fc-C239i to the wild type (Figure 4.14 B), the energy of the native state (and
to a lesser extent the TS) has increased as favourable interactions have been lost. In this
case, the energy of the denatured state is higher as the additional disulfide bond restricts

movement and decreases entropy.
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Figure 4.14: Free energy diagrams combining the results from thermodynamic and kinetic stability
experiments for the Cu2 domain of Fc-C239i variants and wild type. A. Free energy diagrams of 2xSH
and 2xCys Fc-C239i (red) compared with wild type (black). B. Free energy diagrams of iDSB Fc-C239i
(blue) compared with wild type (black). C. Free energy diagrams of iDSB Fc-C239i (blue) compared with
2xSH and 2xCys Fc-C239i (red).

From the thermodynamic data, it is observed that the WT is thermodynamically more
stable than the inserted cysteine mutant in the iDSB form consistent with the fact that
formation of the iDSB greatly disrupts the structure and interactions in the native state to
a much larger degree that it increases the energy of the denatured state by restricting
entropy. From the kinetic data, it is observed that AGrs.~n (WT) > AGrsn (iDSB Fe-C2391)
i.e., the rate constant for unfolding is smaller for WT than the iDSB variant and therefore

the WT is more kinetically stable than the mutant. However, when comparing the

Carolina Orozco - September 2021 121



From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies
thermodynamic data for iDSB Fc-C239i with 2xSH and 2xCys Fc-C239i (Figure 4.14
C), Fc-C239i 2xSH and 2xCys are more stable than the iDSB. From the kinetic data:
AGts~ (iDSB Fc-C239i1) > AGrsn (2xSH, 2xCys Fc-C239i), i.e., the rate constant for
unfolding is smaller for iDSB Fc-C239i than the 2xSH and 2xCys Fc-C2391) and
therefore the iDSB is more kinetically stable than the free thiol, cysteinylated forms even

though it is less thermodynamically stable.

4.3.3 Effect of the cysteine insertion on structural dynamics

To investigate whether the thermodynamic and kinetic differences associated
with the formation of an intramolecular disulfide bond were related to local changes in
structure or dynamics, and to identify the regions affected, hydrogen-deuterium exchange
mass spectrometry (HDX-MS) experiments were conducted. This implementation of
HDX-MS uses a novel fully-automated system capable of measuring hydrogen-deuterium
exchange in the millisecond to minutes time scale'*®. Post labelling, online pepsin
digestion was conducted and complete sequence coverage was achieved in the resulting
peptide map (Figure 4.15). The samples were labelled in D,O for various incubation
times (1000, 6000, 30000, 60000, 300000, 600000, and 900000 ms at 20 °C) and from
the peptide deuteration levels, the normalised differences per residue were calculated,

between the Fc-C239i enriched samples and the wild type (Figure 4.16).

22s 230 235 239i 244 249 254 259 264 269
221 DXTHT CPPCP APELL GGPSC¥VFLFP PXPKD TLMIS RTPEV TCVVV DVSHE
274 279 284 289 294 299 304 308 314 319

270 DPEVK FNWYV DGVEV HNAKT KPREE QYNST YRVVS VLTVL HQDWL NGKEY

324 329 334 339 344 349 354 359 364 369
320 KCKVS NRKALP APIEX TISKA KGQPR EPQVY TLPPS REEMT RKNQVS LTICLV

374 379 384 389 394 383 404 4038 414
370 KGFYP SDIAV EWESN GQPEN NYXKTT PPVLD SDGSF FLYSK LTVDK SRWQQ

424 423 434 439 444
420 GNVFS CSVMH EALHN HYTQK SLSLS PG

Figure 4.15: Peptide coverage of the sequence of 2xCys Fc-C239i in the HDX-MS experiments (100%
coverage, 93 peptides, redundancy: 4.8). The red asterisk shows the location of the inserted cysteine. The
canonical numbering of residues of an IgG1 was kept despite the insertion, therefore serine is at position
239 and the inserted cysteine is referred to as 239i. Red N (Asn297) denotes N-glycan modification site.
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Figure 4.16: Normalized difference plot obtained after summing the significant D-incorporations of
the enriched Fc-C239i states relative to the wild type. Light blue: wild type (NIST mAb Fc) baseline.
Orange: iDSB enriched Fc-C2391 minus WT. Purple: 2xCys enriched Fc-C2391 minus WT. Dark blue:
iDSB enriched Fc-C239i minus WT. The dashed blue line corresponds to the region showing mixed EX1
and EX2 kinetics.

Interrogation of differences in the rate of deuterium uptake revealed that
insertion of a cysteine at position 239 of the heavy chain (Fc-C2391) changes the structure
and/or conformational dynamics of the Cu2 domain, which is further, and substantially,
disrupted by subsequent formation of an interchain disulfide bond (Figure 4.17 A).
Significant increases (t-test, p-value < 0.05) in deuterium exchange consistent with either
increased solvent exposure and/or reduced intramolecular hydrogen-bonding were
observed in three locations: a small increase in exchange was observed between residues
Ser254 and Trp277 that are involved in two B-strands facing each other (strands B and C
in Figure 4.17 B&C); a larger increase was observed in residues located between Val279
and Leu306 which are in a B-strand at the edge of the f-sandwich and beginning of the
next B-strand (strands D and beginning of E in Figure 4.17 B&C); finally, an increase in
exchange was also observed to take place in the two last B-strands of the Cu2 domain
(strands F and G, Figure 4.17 B&C), where mixed EX1 and EX2 kinetics were observed
for the iDSB (Figure 4.18). EX1 exchange kinetics are seldom observed and indicative
of a local unfolding event. This correlated local unfolding can be precisely localised to
amino acids 319-333 in the Cx2 domain: EX1 kinetics are observed in peptide 319-348
and in the shorter overlapping peptide 319-333 (Figure 4.18), but not in the other
overlapping peptide 334-348 nor other adjacent regions. This is consistent with the
conclusion that these anti-parallel strands undergo local unfolding, i.e., unzipping and

rezipping without breaking the surrounding H-bonds of the B-sheet. In addition, the H-
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bonding network involving -strand D has been greatly destabilized and partly broken,
and the B-sheet composed of the 3 -strands A, B and E has also been destabilized but to
a lesser extent. The mixed EX1/EX2 kinetics suggest that there is a mixed population of

folded and unfolded forms of the Cu2 domain for the iDSB variant (iDSBp = iDSBn).
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Figure 4.17: HDX-MS results on the various enriched thiol states of Fc-C239i. A. Crystal structure
(3AVE) showing the relative change in fractional deuterium exchange represented as a color scale: reduced
exchange (blue), no change (white), increased exchange (red), for the three enriched Fc-C239i variants
compared to wild type and normalized to iDSB Fc-C239i which has the largest differences in exchange rate
for all three varinats. B. Uptake plots for four peptides covering different regions of the Fc domain which
demonstrate different behaviours in terms of changes in HDX uptake: 2xSH Fc-C239i (orange lozenge),
2xCys Fc-C239i (purple triangles), iDSB Fc-C239i (dark blue circles) and NIST mAb Fc (light blue
squares). The error bars represent a Student’s t-distribution 95% confidence interval, n=3. C. Simplified
representation of the f—sandwich structure of the Cu2 domain, indicating the arrangement of the 3—strands
within the 3-sheets and tertiary structure. *The crystal structure 3AVE corresponds to the wild type and
does not have an inserted cysteine at position 239; the annotation shows where the inserted cysteine is
located.

In previous studies!'%®!1%° it had been observed that B-strand G in the Cu2 domain was the
most destabilized by other mutations in the Cu2 domain, demonstrating a lower stability
in that specific B-strand. Modest protection was observed in the region of the Cu2 domain
closest to the Cu3 domain for 2xCys and iDSB, which suggests it comes from the iDSB
form (as the 2xClys states also contains some iDSB) and not the insertion itself, potentially
as a structural compensation of the distortion in the upper Cu2 domain. Overall, our data
suggest that the additional disulfide bridge at the beginning of the Cu2 domain applies
strain to a larger region, i.e., across the Cu2 domain, distorting it and opening it up
compared to the wild type. The 2xSH and 2xCys Fc-C239i show an increased exchange

in the same regions but to a lesser extent. The Cu3 domain does not show any significant
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increase in deuterium exchange for any of the enriched variants when compared to the
wild type (Figure 4.17 A&C). Gallagher et al.'®? showed by X-ray crystallography that
the inserted cysteine after the 239th residue replaces the position of the serine 239 and
affects the preceding residues in the hinge, resulting in a one-residue upward-shift
towards the N-terminus of Ser239, Pro238 and Gly237, with residues after the insertion
maintaining their wild-type positions. These are rather minimal perturbations that are not
consistent with their HDX-MS results. However, the more detailed HDX-MS findings
presented here are in agreement with their HDX data, perhaps reflecting that the crystal
structure may not represent the true structure in solution due to the restraints imposed by

the crystal lattice.
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Figure 4.18: Details of mixed EX1/EX2 kinetics observed for HDX in peptides in the last two 3-sheets
of the Cu2 domain (colored on the crystal structure). A. Uptake plot representing the percentage of
deuterium incorporation for the EX1 exchange (dashed line), and EX2 exchange (solid line) for the peptide
319-348 (YKCKVSNKALPAPIEKTISKAKGQPREPQV: brown and red regions on the crystal structure).
B. Raw spectra representing the unimodal or bimodal distributions for the deuterium uptake at 600 s. In the
case of a bimodal distribution, the EX2 distribution is represented in orange and the EX1 distribution is in
green. The EX1 distribution is three times more abundant for iDSB than for 2xCys at 600 s: the EX1 kinetics
signal shifts by the same ratio as the amount of residual iDSB in the 2xCys enriched sample (33.4%, Table
4.1), which supports the hypothesis that the the EX1 kinetics comes from the iDSB form. C. Uptake plot
representing the percentage of deuterium incorporation for the EX1 exchange (dashed line), and EX2
exchange (solid line) for the peptide 319-333 (YKCKVSNKALPAPIE: red region on the crystal structure).
D. Raw spectra representing the unimodal or bimodal distributions for the deuterium uptake at 600 s.
Analysis by Dr Owen Cornwell and Carolina Orozco.
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A second method, developed by Cornwell et al.!’’, where the deuteration is
analyzed time point by time point rather than by addition like the previous method,
showed very similar results (Figure 4.19). Both methods agree on the regions of greatest
deuterium exchange, which occur in the [3-sheet composed of the strands C, F and G
(green 3 -sheet, Figure 4.17 C, Figure 4.19) as well as with 3-strand D. They also agree
on the low protection in the region of the Cy2 domain closest to the Cy3 domain. Both
analysis methods are in excellent agreement, highlighting the fact that different
approaches in calculating fractional exchange across time points and the statistical

method employed to determine significance led to the same result.
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Figure 4.19: Crystal structure (3AVE) showing the changes in deuterium exchange, with the color
scale blue (less exchange), white (no difference), red (more exchange) per time point obtained with the
second analysis method for the three enriched Fc-C239i variants compared to wild type. iDSB Fc-C2391i is
the variant that exchanges deuterium the most and each variant is normalized to this level. Analysis by Dr
Owen Cornwell.

4.3.4 Impact of the additional disulfide bridge on the drug to antibody
ratio

Additional experiments were carried out by a collaborator, Christopher
Thompson, based in AstraZeneca, Gaithersburg (USA), to assess the impact of the iDSB
thiol state on the efficacy of the conjugation and the final DAR. The conjugation process
involves preparatory redox steps: a partial reduction, to free the engineered cysteines, a
mild reoxidation and the conjugation (Figure 4.20). 1gG-C239i was conjugated to a

payload before and after these preparatory redox steps to compare the conjugation
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efficiencies. =~ When the enriched variants were conjugated directly without
reduction/reoxidation, the conjugation efficiency on 2xCys and iDSB IgG C239i was very
low (Table 4.11). In contrast, when the partial reduction and reoxidation were carried out
on the enriched variants prior to conjugation, the conjugation results showed consistent
conjugation efficiencies leading to DARs of 1.57, 1.54, and 1.51 for 2xSH, 2xCys, and
iDSB Fc-C239i, respectively (Table 4.11). Non-reduced peptide mapping on these
samples showed that there were ca. 20% of iDSB remaining in the final conjugated

sample (Figure 4.21), which would prevent the DAR from reaching the value of 2.

Capped —_— —_— - -
engineered Partial Mild Conjugation

Cys Reduction Re-Oxidation

Figure 4.20: Schematic summarising the operations typically employed to conjugate a payload to
IgG-C239i. Shown as red bars are the native disulfide bonds, in pink circles the inserted cysteine residue,
purple circles represent a capped inserted cysteine, and the payload as a larger red circle.

100

Il iDSB B 2xSH @ 2xCys [1 1xCys

Figure 4.21: Proportion of thiol states in IgG-C239i monitored by non-reduced peptide mapping in
their initial state (IS), after partial reduction and mild reoxidation (Ox) and after conditions used for
conjugation but in the absence of the payload (DMSQ). Approximately 20% of cysteines were in the
iDSB state after exposure to conditions used for conjugation. Experiment carried out and analysed by Dr
Paul Devine and Alistair Hines.

Table 4.11: Drug antibody ratio after conjugation of the different enriched variants, going through
the reduction/oxidation steps

DAR after reduction and

Enriched material DAB aft(}r direct reoxidation prior to
conjugation . .
conjugation
2xSH 1.75 1.57
2xCys 0.12 1.54
iDSB 0.08 1.51
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4.4 DISCUSSION AND CONCLUSION

Overall, these studies demonstrate that the Cy2 domain in all the enriched
variants of Fc-C239i has been destabilized by the cysteine insertion, whereas the Cu3
domain is unaffected. This is in agreement with previous work on antibodies containing
either a cysteine insertion C239i3 or substitution S239C3* which showed that the thermal
stability of the Cy2 domain was not affected by the substitution, but was decreased by the

insertion.

Multiple states of the Fc-C2391 were observed including one in which both
inserted cysteines were present as unmodified thiols (2xSH), and another where the thiols
of the cysteines residue had both reacted with a cysteine amino acid in the culture media
to form a doubly cysteinylated state (2xCys). Surprisingly, another naturally occurring
state of the C2391 mutant was found containing an additional disulfide bridge (iDSB)
formed between the inserted cysteines on each of the two heavy chains of the antibody.
This was unexpected as the iDSB can form only when the two the two heavy chains can
come close enough to form a disulfide bridge (the sulfur atoms need to be 2 A apart!’"),
yet these side chains are far apart in the crystal structure of the Fc domain of the parent
antibody!’>!7® (PDB: 3AVE). Further experiments demonstrated that the three enriched
Fc-C239i variants can interconvert, with 2xSH and 2xCys states forming the iDSB over

time, the 2xSH state converting more rapidly than the 2xCys state.

The conditions under which the iDSB forms were investigated in detail. It was
known that some iDSB initially forms during expression and purification, and further
mechanistic studies were undertaken to establish the effect of stress conditions, under
which there is either an increase in molecular dynamics or an increased proportion of Fc
where the Cu2 domain is in the denatured state, on iDSB formation. Both of which could
lead to increased iDSB formation. Chemical denaturant and heat were used as proxies for
any stress that the antibody may experience in its lifetime, which could also be shear

stress or pressure during the expression and purification steps.

A series of biophysical studies were also undertaken to assess the impact of the
inserted cysteine, and more specifically the iDSB thiol state on the antibody’s structure
and stability. Chemical denaturation curves and thermal unfolding showed, first, that the
Cu2 domain is less stable than the Cy3 domain, and second, that for all Fc-C2391 enriched

variants, the Cy2 domain was destabilized by the insertion of the cysteine at position 239
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while the stability of the Cu3 domain wasn’t affected. When the additional disulfide
bridge was present, it was found to apply an additional destabilizing strain on the Cu2
domain. This was illustrated by the significant increase in hydrogen/deuterium exchange
especially in B-strands C, F, G and in B-strand D due to H-bonding breakage and an
increase in solvent accessible surface area in the native state. This was confirmed by the
lower m;_p, ACp and AH_,; values obtained for the iDSB compared to 2xSH and 2xCys
Fc-C239i in thermal unfolding and chemical denaturation studies all indicators that the

native state had been disrupted and was less stable.

Interestingly, although a decrease in thermodynamic stability would generally
lead to a decrease in kinetic stability, unfolding kinetic experiments showed that the iDSB
Fc-C239i has greater kinetic stability than the other variants. This unexpected result is
likely to be due to the fact that the formation of an additional interchain disulfide bridge
not only changes the structure and stability of the native state but also the unfolding
transition state. All these findings are consistent with a model in which there is
destabilisation brought about by a distortion in the structure of Cu2 domain as a direct

consequence of the formation of an additional disulfide bridge in the native state.

Additional results from collaborators showed that the formation and reformation
(after the reduction step) of the iDSB reduces the efficiency of the final conjugation step,
while still enabling efficient and consistent conjugation with DAR in a similar range of

values as those observed for other constructs.

Taken together, these data demonstrate the utility of combining biophysical
techniques with high-resolution mass spectrometry to provide detailed characterization
of the structure and dynamics of biopharmaceuticals and their variants. Similar
observations are anticipated for other engineered antibodies where cysteines are
introduced close to the hinge, and the insight provided here serves to guide future cysteine

or site-specific engineering strategies.
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5 STABILITY OF DVP- AND
TETRA DVP-CONJUGATED
ANTIBODIES
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5.1 INTRODUCTION

Antibody-drug conjugates (ADCs) have become very promising therapeutics in
oncology by combining the high specificity of atumor-recognizing monoclonal
antibody (mAb) with the potency of a chemotherapeutic small molecule (payload)!>>.
Whilst the first generation of ADCs with lysine conjugation led to variable drug-to-
antibody ratios due a distribution in number and position of drugs attached, the field has
progressed towards more site-specific conjugation strategies using cysteines, either
canonical or substituted/inserted ones. In these cases, the most widely used linker contains
a maleimide which reacts with the cysteine side chain reacts. However, the
thiosuccinimide adduct formed can deconjugate via a retro-Michael reaction®, in which

case the cytotoxic payload is released from the antibody, and in vivo is lost in circulation.

To overcome this problem, the Spring Group has developed two linkers which
irreversibly react with cysteines, thus avoiding the uncontrolled release of cytotoxic
payload. The first, developed by Walsh ez al., 201947, is a divinylpyrimidine (DVP) linker
which can be conjugated to one*’ or two*® payloads and which reacts with two cysteines
(Figure 5.1). In the case of conjugation to canonical cysteines, the interchain disulfide
bridges in the antibody are first reduced and then four DVP linkers react with the resultant
cysteine side chains, linking the cysteines in the Fab of the constant domain of the light
chain (Cp) with the constant domain 1 of the heavy chain (Cu1) and the cysteines located
in the hinge. The product of the DVP reaction leads to a heterogeneous mixture of
interchain (between two heavy chains) or intrachain linkages (on the same heavy chain);
the biophysical experiments described in this Chapter were carried out on the mixture.
The details of the chemical reactions are shown in Figure 5.2. The second linker,

developed by Friederike Dannheim and collaborators #%-3°

, 1s a tetradivinylpyrimidine
(tetraDVP) linker, where four moieties within the tetraD VP linker can be conjugated with
up to four payloads depending on the spacer (Figure 5.1). A single molecule of tetraDVP
linker reacts with all eight canonical cysteines after reduction of the interchain disulfide
bridges. Which of the cysteine-reactive groups in the linker reacts with which cysteine
residue in the antibody is random, therefore there is likely to be a mixture of products
with subtly different connectivity. However, there is no half-antibody formation, i.e. the

covalent connection between the polypeptide chains is fully restored.
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Figure 5.1: Modification of a therapeutic antibody with DVP and tetraDVP linkers. On the left of the
figure shows the reaction of trastuzumab (centre) with four molecules of DVP to produce a modified
antibody with four DVP molecules attached, forming intrachain linkages (top left) or interchain linkages
(bottom left). On the right, the reaction of trastuzumab (centre) with a single molecule of tetraDVP is shown
to produce a tetraDVP-linked antibody (right). Figure adapted with permission from Walsh et al. 4’ and
Dannheim ef al. ¥°. The figure illustrates how the linkers react with the canonical cysteines which in the
wild-type antibody form interchain disulfide bridges in the hinge and between the heavy and light chains.
The red stars represent the payloads that can be attached to the linkers.
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Figure 5.2: Schematic of the reaction of the divinylpyrimidine with the thiols, carried out under
slightly basic conditions (pH 8).

The clear advantages of these linkers in terms of stability of the linker and the
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biological function of the antibodies they are conjugated to has been demonstrated*’-+%->°
and this novel approach therefore represents a very promising alternative to the
maleimide-conjugated linkers currently employed. In this Chapter, the stability of the
DVP- or tetraDVP- conjugated antibody was investigated to understand the impact that
the conjugation to these linkers has on the thermodynamic and kinetic stability and

dynamics of the native state of the modified antibody.

5.2 RESULTS

5.2.1 Background

The therapeutic antibody trastuzumab was modified by Friederike Dannheim
with the DVP and tetraDVP linkers, using published protocols*’, and unpublished
protocols developed in her PhD° research by Friederike Dannheim, respectively (Figure
5.1). The unmodified as well as the conjugated antibodies were a kind gift from the Spring
group. The experiments on the DVP-linked trastuzumab were carried out on the
heterogeneous mixture previously mentioned, composed of more intrachain (on the same
heavy chain) than interchain (between two heavy chains) linkages, whereas the
experiments on the tetraDVP-linked trastuzumab were done on all reformed full-length

IgG (Figure 5.1).

To understand the impact of the conjugation of the DVP and tetraDVP linkers
on the stability of the antibody, four different measures of the stability were carried out

for both the unmodified and conjugated antibodies.

The first was the thermodynamic stability, which provides information on the
difference in Gibbs free energy between the native and denatured state in water, usually
at 25 °C (AGp_p), which is measured by chemical denaturation. It is related to the
difference in enthalpy (AHp_y) and entropy (ASp_y) between the native and denatured
states, although these values are not measured directly in this experiment. The second is
thermal stability which is also influenced by the change in enthalpy and entropy on
unfolding but also the difference in heat capacity (AC,). The third is the kinetic stability,
which measured the activation energy (AGrs_y), 1.€., the difference in energy between
the native and transition states. The fourth approach is less a measure of stability and
more of the dynamics in the native state, and was measured by HDX-MS. Under these

conditions, the exchange rates are limited by the global unfolding rates.
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The experiments were carried out on full-length IgG unmodified trastuzumab,
full-length trastuzumab linked by DVP and tetraDVP, as well as on the Fab (two arms
and hinge) and Fc domains (without hinge), generated by digestion of the full-length
antibody with the IdeS enzyme (FabRICATOR, Genovis), which cuts below the hinge
(CPAPELLG / GPSVF).

5.2.2 Thermodynamic stability

The thermodynamic stability was probed by chemical denaturation curves
monitored by using the fluorescence of tryptophan. The thermodynamic stability of each
domain was determined for the unmodified, tetraDVP- and DVP-linked trastuzumab. The
change in tryptophan fluorescence was measured after five days of incubation in various
concentrations of GdmCl and the data analyzed using the average emission wavelength
(AEW, Equation 2.3) and fitted to a two- or three-state model (Equations 2.5 and 2.7).
Three thermodynamic parameters were obtained: AG,?E?, the difference in Gibbs free
energy between two states X and Y in water; my_y, the m-value between the two states
X and Y, a constant of proportionality describing how much AGy_, changes with

denaturant concentration; and [den]sgq, x—y, the midpoint of denaturation between states

Xand Y.

The stability measurements on the unmodified antibody showed a single
cooperative unfolding transition for the Fab domain, and two unfolding transitions for the
Fc domain corresponding to unfolding of the Cu2 and Cu3 domains!*? (Figure 5.3, Table
5.1). However, the chemical denaturation curve of the full-length IgG showed less than
three transitions, because of overlap between unfolding transitions (Figure 5.3, Table

5.1).

Table 5.1: Thermodynamic parameters fitted from the unfolding curves

MI-N (kcal l’I'lOl'l M_l) [den]so% I-N (M) mp-1 (kcal l’I'lOl'l M_l) [den]so% D-I (M)

T IgG 2.5+0.5 2.5+0.2 8.6+1.6 2.73 £0.03
T+tetraDVP IgG 2.3 +0.6 2.0+0.2 4.6+04 2.49 £ 0.03
T+DVP IgG 29+0.3 2.03+0.05 59+0.8 2.57 £0.03
T Fab 6.9+0.5 2.66 +0.01
T+tetraDVP Fab 1.5+ 0.6 2.1£0.5 58+0.8 2.56+0.02
T Fc 35+0.1 1.93 +£0.01 5+1 2.80 £ 0.03
T+tetraDVP Fc 3.8+0.3 1.84 +0.01 13 +26* 2.69 £ 0.09

The errors reported in this table are fitting errors.*As the two transitions of T tetraDVP Fc are very close,
the software doesn’t distinguish them easily, leading to a fitted value for mp.1which is not accurate.
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Figure 5.3: Chemical denaturation curves of unmodified and modified trastuzumab. Trastuzumab
(grey lozenges), tetraDVP-linked trastuzumab (purple circles), DVP-linked trastuzumab (orange
squares). A. full-length IgG. B. Fab domain with hinge (two arms). C. Fc domain without hinge. The
samples were denatured in guanidinium chloride, 50 mM Tris pH 7.5, at 25 °C until equilibrium was
reached (at least 5 days).

The chemical denaturation curves of the full-length unmodified trastuzumab and
tetraDVP- and DVP-linked trastuzumab clearly show that the additional multivalent
linker has destabilized the protein, the modified variants unfolding at lower GdmCl
concentrations than unmodified trastuzumab, Figure 5.3 A. This is reflected in, and can
be attributed to, the destabilization of the native state of the Fab domain on conjugation,
Figure 5.3 B. In this case, an additional unfolding transition appeared at a lower
concentration of GdmCl whilst the other unfolding transition at higher GdmClI
concentrations remains unchanged as shown by the [den]s¢, and the m-value which are
within error of the values calculated for the single transition observed with the non-
modified Fab (Table 5.1). Given that the tetraDVP is covalently linked to the four
canonical cysteines in the hinge and also to the two cysteines in each Fab arm originally
forming the intrachain disulfide bridge between the heavy and light chains (Figure 5.1),
it is unlikely that the linker has affected the stability of the variable domains which are
distant from the conjugation sites. Thus, these data suggest that the tetraDVP linker has

destabilised the constant domains within the Fab, i.e. the Cr and Cul domains. Therefore,
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the unfolding transition observed at lower GdmCI concentrations for the modified Fab
corresponds to unfolding of the Cr and Cx1 domains, while the unfolding of the variable
domains, Vi and Vg, which are the same in both modified and unmodified trastuzumab
correspond to the transition observed at higher GdmCI concentrations (Figure 5.3 B,

Table 5.1).

The unfolding of the Fc domains of the unmodified and tetraDVP-linked
trastuzumab are very similar, as expected as they are identical molecules as they don’t
contain any of the modified cysteine sites (Figure 5.3 C). Therefore, the unfolding of the
Fc domains should be exactly the same, however, a small difference is observed, which
is almost certainly due to the fact that the protein concentrations in the two experiments
were different (T Fc: 12 uM, T+tetraDVP Fc: 3 uM) and the Fc fragment without the
hinge is a dimer so concentration will affect the [den]sqo,. One would expect a lower
midpoint for the T+tetraDVP Fc as it was measured at a lower concentration!”* and this
was indeed observed. One could easily prove this by measuring the stability of the Fc for

both modified and unmodified at the same protein concentration.

5.2.3 Kinetic stability

Unfolding kinetics provide information on the rate at which a native state of a
domain unfolds. Native, folded protein was rapidly diluted into a range of chemical
denaturant concentrations and the protein unfolding was monitored by the change in
intrinsic fluorescence on a stopped-flow spectrophotometer. The data for all Fab domains
(unmodified and tetraDVP-linked trastuzumab) were best fit to a single-exponential
function (Equation 2.9), and the data for the unmodified trastuzumab Fc domains was fit
with a double-exponential function (Equation 2.10) which corresponds to a faster and a

slower unfolding phase (Figure 5.4).
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Figure 5.4: Unfolding kinetics of unmodified and modified forms of trastuzumab. Trastuzumab Fc
(green circles), trastuzumab Fab (purple squares), trastuzumab IgG (red circles), tetraDVP-linked
trastuzumab Fab (black triangles), tetraDVP-linked trastuzumab IgG (blue circles), DVP-linked
trastuzumab IgG (grey triangles). The dotted lines show the best fit of the data to Equation 2.12. Error bars
represent the standard deviation from triplicate measurements. In many cases, they are not visible because
they are smaller than the size of the data points.

Table 5.2: Unfolding kinetic parameters

mygu (Ml) In kU (HzO)

In(k1) T Fc Cu2 0.5+0.1 -1.9+0.8
T Fe

In(k2) T Fc Cu3 2.3+0.1 -16.8+0.9
T Fab In(k1) T Fab 1.6+0.2 95+1.2

In(k1) T IgG Cu2 & Fab 14+02 -8.6+1.2
T IgG

In(k2) T IgG Cu3 22+0.1 -16.4+£09
T+tetraDVP Fab  In(k1) T+tetraDVP Fab 1.9+0.2 -11.1+1.0

In(k1) T+tetraDVP IgG Cy2 & Fab 1.4+ 0.2 7.8+ 1.1
T+tetraDVP IgG

In(k2) T+tetraDVP IgG Cu3 2.1+0.1 -15.8+0.8

In(k1) T+DVP IgG Cu2 & Fab 1.6+0.3 9.1+19
T+DVP IgG

In(k>) T+DVP IgG Cu3 2.1+0.1 -15.6£0.7

The data points from Figure 5.4 were fitted to Equation 2.12. The errors are the standard deviation of
triplicate measurements.

It has been previously reported that the fastest unfolding phase corresponds to
the unfolding of the Cu2 domain and the slower phase comes from unfolding of the Cu3
domain'>®, Interestingly, the unmodified, tetraDVP- and DVP-linked full-length 1gGs

showed just two unfolding phases at most of the GdmCI concentrations used, most
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probably because two of the unfolding rate constants are similar. The kinetic parameters
obtained from the fit of the data to Equation 2.12 showed that, on the one hand, the
unfolding rate constants of the Fab domain and the fastest of the two phases observed for
the full-length IgGs, and, on the other hand, the Cx3 domain and the slowest of the two
phases of the full-length IgGs, are within error (Table 5.2). This suggests that the fastest
of the two unfolding transitions observed with the full-length IgGs represents the
unfolding of both the Cu2 and Fab domains. Further evidence for this hypothesis is
provided by the percentage amplitudes of the two phases observed (Table 5.3, Table 5.4,
Table 5.5). For all full-length 1gGs, the percentage amplitude of the fast-unfolding phase
(% al) is larger than that of the slow unfolding phase (% a2), whereas the opposite is the
case for the Fc domains. This observation confirms that the fastest unfolding phase of the
full-length IgGs contains the signal corresponding to the unfolding of both the Cu2 and

Fab domains.

Interestingly, at the lowest GdmCI concentration (5.75 M), the unfolding data
for the tetraDVP- and DVP-linked full-length IgGs were best fit to a triple-exponential
function (Equation 2.11). The fact that this additional transition is observed for the
tetraDVP- and DVP-linked full-length IgGs, but not the unmodified form, suggests that
it could either be that the Cy2 domain was destabilized by both modifications in the hinge,
or that the Cul and Cr domains are destabilised as showed in the thermodynamics. This
third, rapid phase is not observed at higher GdmCl concentrations as the difference in
kinetic stability between the Cu2 and the Fab domains becomes too small to be de
convoluted.

Table 5.3: Amplitudes associated with the various unfolding phases of full-length IgG and the Fc
domain of unmodified trastuzumab

{ﬁ‘)’ma] :Ill(gFg:Z) a2(Cud)  %al % a2 {ﬁ‘)’ma] al (Cn2) a2(Cu3)  %al  %a2
5.75 14£03  07:02 67 33 5.75 11+01 16+01 41 59
6 13401 08401 6 38 6 14£0.1 19401 42 58
6.25 13401 08401 61 39 6.25 09+0.1 1504005 38 62
6.5 14£02  07:03 67 33 6.5 A1£0.1 1.64£0.02 40 60
6.75 14401 -09+01 60 40 6.75 11201 16401 41 59
7 14+01  -09+01 63 37 7 184004  -18+0.1 40 60
7.5 43+02  -1.0:01 57 43 7.5 1224004 <1700 41 59

Percentage amplitudes of the fastest phase (al) and the slowest phase (a2) for full-length IgG (left) and Fc
domain (right) of unmodified trastuzumab. The errors reported in this table are the standard deviations of
triplicate measurements.
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Table 5.4: Percentage amplitudes of the unfolding phases of full-length IgG and Fc¢ domain of
tetraDVP-linked trastuzumab.

{ﬁ‘)’ma] :Ill(gFg:Z) a2(Cu3)  %al % a2 {ﬁ‘)’ma] al (Cu2)  a2(Cu3) %al %a2
5.75 1.0+01 0701 59 41 5.75 07402  -1.1+04 40 61

6 13401 -10+01 57 43

6.25 1364004 -12+0.1 54 46

6.5 13401 -1.0+£02 57 43

6.75 A43+01  -13%02 51 49

7 A43+01  -13%02 51 49

7.25 A1+00 -128+0.04 46 54

Fastest phase (al) and the slowest phase (a2) for full-length IgG (left) and Fc domain (right) of tetraDVP-
linked trastuzumab. The errors reported in this table are the standard deviations of triplicate measurements.

Table 5.5: Percentage amplitudes of the unfolding phases of full-length IgG of DVP-linked
trastuzumab.

[GAmCI]] al (Fab

a2 (Cn3) % al % a2

™M) and Cyu2)

5.75 -0.48+0.08 -0.34+0.07 59 41
6 -0.84+£0.02 -0.68+0.06 55 45
6.5 -1.1+0.1 -0.7+0.1 60 40
7 -1.1+£0.1 -0.8+£0.2 59 41

Fastest phase (al) and the slowest phase (a2) for full-length IgG of DVP-linked trastuzumab. The errors
reported in this table are the standard deviations of triplicate measurements.

Overall, the unfolding kinetics data show that the modifications do not cause any
significant change in kinetic stability, despite a clear decrease in the thermodynamic

stability of the Fab as seen in the equilibrium unfolding experiments (for the Fab domain:

AGE_y > AG[[))I_/II\D,/ tetrabVPT " Rigure 5.5). These results suggest the modifications have

destabilized the transition state for unfolding of the Fab domain to the same degree as the

native state, hence AGTs_p = AG?;_PA/,tetmDVP " (Figure 5.5).
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Figure 5.5: Energy landscape of Fab domain of unmodified and DVP- and tetraDVP-linked
trastuzumab.

5.2.4 Thermal stability

The thermal stability was measured by differential scanning calorimetry (DSC).
The experiments were carried out on full-length IgG, as well as on Fab and Fc domains
of the unmodified and DVP- and tetraD VP linked trastuzumab. The results from the full-
length IgGs showed two peaks, the first corresponding to the unfolding of the Cu2
domain, and the second to the unfolding of the Cu3 and Fab domains which
overlap!#*15%175 The melting temperatures of the first unfolding peak show that the Cy2
domain was destabilized by the tetraDVP-linker, and to a greater extent the DVP linker
(Figure 5.6 A, Table 5.6). The melting temperatures of the second peak for the modified
trastuzumab, corresponding to the unfolding of the Fab and Cu3 domains, were very
similar to that of the unmodified, however, a small shoulder has appeared at a lower
temperature. The analysis of the DSC curves of the Fab domains confirms this
observation (Figure 5.6 B). It suggests that the constant domain of the light chain may
have been destabilized by the conjugation of the DVP and tetraD VP linkers. Furthermore,
the decrease in AH,,;, i.e., the area under the unfolding peak which is a measure of the
favorable interactions that must be overcome to unfold, suggests that some favorable
interactions were lost in the native state of the DVP- and tetraDVP-linked trastuzumab.
(Table 5.6, AH2_,;). The peaks corresponding to unfolding of the Cu2 unfolding were
broader for the conjugated trastuzumab compared to the unmodified form, which may be
due to a smaller ACp and therefore smaller difference in solvent accessible surface area
(ASASA)'®. The results from the Fc domain, which were generated by digestion under

the hinge and therefore don’t have the strain of the linkers anymore, show very similar
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curves for three constructs as expected, as they are the same.

Overall, the results from the DSC experiments suggest that conjugation of

trastuzumab to the linkers has destabilized the Cuy2 domain, and also potentially the

constant domains in the Fab fragment.
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Figure 5.6: Differential scanning calorimetry results of unmodified and DVP- and tetraDVP-linked

trastuzumab A. full-length IgG B. Fab domain C. Fc domain.

mM Tris pH 7.5.

The experiments were carried out in 50

Table 5.6: Melting temperatures of the antibody variants from the DSC experiments

Antibody variant T,,1(°C) AH1,4; (kcal mol 1) T2 (°C) AH2 4 (kcal mol!)
T IgG 71.8% (3.2+0.3)x 10? 82.05+0.03 (11.9+£0.2) x 10?

T DVP IgG 67.4% (3.2+0.3)x 10? 81.10 +£0.05 (9.3+£0.2)x 10?
T+tetraDVP IgG 69.0%* (2.7+0.2)x 10? 81.19 +£0.05 (8.6+0.2)x 10?

T Fab - - 82.25+0.03 (7.6 £0.1)x 10?
T+tetraDVP Fab - - 81.14 +0.05 (6.8+0.1)x 10?

T DVP Fab - - 81.68 = 0.04 (6.4+0.1)x 10?

T Fe 71.20 +0.05 (1.8+0.3)x 10? 81.55+0.04 (1.7£0.3)x 10?
T+tetraDVP Fc 70.52 £+ 0.06 (1.82£0.03) x 10? 81.52 +0.04 (1.62 +0.03) x 10?
T+DVP Fc 72.24 +0.05 (2.29 +0.04) x 10? 81.22+0.04 (1.76 £0.03 ) x 102

The errors are the fitting errors. *These melting temperatures don’t have an error as they were fixed based
on the raw data to facilitate the fitting.
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5.2.5 Molecular Dynamics in the native state determined by HDX-MS
experiments

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a technique which
probes the molecular dynamics of the native state of proteins, in particular the exposure
of different parts of a protein to solvent. In this experiment, the hydrogen/deuterium
exchange of the DVP and tetraDVP-linked trastuzumab was compared to the refence
unmodified trastuzumab. To obtain high-resolution information of the deuterium
exchange per residue, a peptide map was acquired using online pepsin digestion on the
unmodified trastuzumab. High coverage (light chain: 98.6%, heavy chain 90.9%) was
obtained (Figure 5.7, Table 5.7), however, a large region of the Cyl domain (from
residues 201 to 237) was missing from the peptide map. All the HDX-MS labelling
experiments were done on full-length IgG constructs and the deuterium uptake of the
control unmodified trastuzumab was subtracted from the data obtained for the different

conjugated antibodies.

£l 10 is 20 25 30 35 40 45 50
1 DIQMT QSPSS LSASV GDRVT ITCRA SQDVN TAVAW YQQKP GKAPK LLIYS

55 60 €5 70 75 80 85 90 95 100
51 ASFLY SGVPS RFSGS RSGTD FTLTI SSLQP EDFAT YYCQQ HYTTP PTFGQ

108 110 115 120 125 130 135 140 145 150
101 GTKVE IKRTV AAPSV FIFPP SDEQL KSGTA SVVCL LNNFY PREAK VQWKV

1ss 160 165 170 178 180 185 150 158 200
151 DNALQ SGNSQ ESVTE QDSKD STYSL SSTLT LSKAD YEKHK VYACE VTHQG

208 210
201 LSSPV TKSFN RGEC
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Figure 5.7: Peptide map of the light chain (A) and heavy chain (B) of trastuzumab

The analyzed data showed mainly significant increases in deuterium exchange
in various regions and a small significant decrease in exchange in the constant domain of
the light chain (Figure 5.8). These differences are represented on the crystal structures
(Figure 5.9 B) and the details of the uptake plots were also reported (Figure 5.9 C).
Although the absolute maximum increase in deuterium exchange was low, a scale
enhancing the differences was used for more clarity of the results. TetraDVP- and DVP-
linked trastuzumab both showed some increase in exchange in a -strand of the Vy and
in the CDR2 of the light chain in the VL. A very low level of deprotection was observed
in the Cr, and, as the Cul was missing 37 residues in the peptide map, it is not possible
to conclude anything on effect of the linkers on the exchange of this region; this region
was colored in yellow on Figure 5.9 B. For the DVP-linked trastuzumab, the largest
difference in exchange took place in the Cu2 domain, in the region of the Cu2 domain

closest to the Cu3 domain, highlighting a zone of destabilization. The tetraDVP-linked
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trastuzumab was destabilized to a lesser extent on a B-strand at the heart of the Cu2
domain, suggesting that the two linkers impose different strains on the Cu2 domain, and
that the DVP linker is more destabilizing than the tetraDVP linker. Very low levels of
deprotection were observed in some regions of the Cy3 domain for the DVP-linked

trastuzumab.
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Figure 5.8: Difference plots showing the regions of trastuzumab that change dynamics after linkage with DVP
and tetraDVP. Normalized difference plots of A. the light chain and B. the heavy chain, obtained by summing the
significant D-incorporations relative to the reference, and subtracting the reference exchange to that of the T+tetraDVP
and T+DVP. The light and heavy chains were normalized with the same maxima.
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Figure 5.9: HDX-MS results. A. Representation of the different domains in the Fab and Fc domains on the crystal
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confidence interval based on triplicates. Reduced exchange is shown in blue, no change in white, and increased
exchange in red.
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Overall, the HDX-MS data showed that the Ch2 domain was destabilized by the
DVP linker more than the tetraDVP linker, compared to the unmodified trastuzumab,
most probably due to a distortion of that domain because of the strain applied by the
conjugation. Given that the C-terminal region of the Cul domain unfortunately wasn’t
covered in the peptide map, it was not possible to probe any difference in deuterium
exchange in that region, although there might be some, as suggested by the

thermodynamic and thermal stability data.

Table 5.7: Summary of HDX mass spectrometry experimental details

Unmodified trastuzumab (10 pM) —trastuzumab expressed at AZ
Dataset DVP-linked trastuzumab (10 uM) —commercial trastuzumab

tetraDVP-linked trastuzumab (10 uM) — commercial trastuzumab

Equilibration in H20: 10 mM potassium phosphate pH 7.5
Labelling in D20: 10 mM potassium phosphate pD 7.5

HDX reaction details Both were done at 20 °C
Quench buffer in H20: 100 mM potassium phosphate, 0.5 M TCEP,
8 M urea pH 2.5

HDX time course 50 s, 500 s, 5000 s
HDX controls 0s
_ LC: 63
Number of peptides
HC: 140
LC: 98.6 %
Sequence coverage
HC: 90.9 %
A 4o length LC: 12.8 AA
verage peptide lengt!
sepep s HC: 13.4 AA
Replicates Technical replicates: 3
Average Student’s t-distribution 95% confidence interval for all
. peptides, all time points and states (#D error):
Repeatability
LC: 0.1389
HC: 0.1432

Significant differences in  The incorporation of deuterium per peptide is significant compared

HDX to the wild-type if p-value < 0.01 (t-test)
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5.3 DISCUSSION AND CONCLUSION

In this study, the impact of the conjugation of the DVP and tetraDVP linkers on
the stability of a monoclonal antibody, trastuzumab, was investigated. The results from
the different biophysical techniques provided different complementary information on
different types of stability of the conjugated antibody. The thermal unfolding and HDX-
MS data on full-length IgG confirmed that the linkers destabilize the Cu2 domain, the
DVP linker to a greater extent than the tetraDVP linker. The thermodynamic and thermal
stability results suggest that the linkers also destabilize the Fab domain, most probably
the constant domains Cr and Cul by applying a strain to them. However, incorporation
of the linkers did not destabilize any domain kinetically suggesting that the linkers have
a similar destabilizing effect on the transition state as well as the native state. These most
probably are due to the strain that the linkers are apply onto the tertiary/quaternary
structure of the antibody, forcing a slight change in conformation compared to the

unmodified format as shown by the HDX-MS experiments

Despite some loss in intrinsic stability compared to the unmodified antibody, the
stability of both DVP- and tetraDVP-linked antibodies are still high, as the melting
temperature of the least stable domain is 67.4 °C, considerably higher than body
temperature. Destabilization of the scaffold of antibody drug conjugates has been
previously observed. For example, the Cu2 domain of trastuzumab conjugated via lysine
residues to the drug DMI, had a lower melting temperature compared to the non-
conjugated form!7®; the DSC traces obtained in this study look very similar to those
reported here with a lower 7w and broader peak. Other kinds of scaffolds with inserted
cysteines like C239i also lose some stability in the Cu2 domain prior to the
conjugation®>!%7. Overall, the DVP- and tetraDVP-modified antibodies are very

promising scaffolds for the development of future secure antibody-drug conjugates.
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6 MECHANISTIC INSIGHTS
INTO THE RATIONAL DESIGN
OF MASKED ANTIBODIES
WITH ANTI-IDIOTYPIC
ANTIBODY FRAGMENTS

The results presented in this Chapter have been submitted as a paper to mAbs:

Orozco C. T., Bersellini M., Irving L. M., Howard W.W., Hargreaves D., Devine P. W.
A., Siouve E., Browne G. J., Bond N. J., Phillips J. J., Ravn P., Jackson S. E. Mechanistic

insights into the rational design of masked antibodies
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6.1 INTRODUCTION

Monoclonal antibodies have become a major class of therapeutics over the past
twenty-five years and have proven to be promising as alternatives to, and in combination
with, conventional therapies for some cancers' . Despite their clear potential, they can
cause side effects, mainly due to on-target, off-tumour activity*. In the past decade,
strategies have emerged to improve the selectivity of therapeutic antibodies at the tissue
level, by masking the paratope of an antibody, thus injecting them in an inactive form and
only unmasking them when they are in the target region’*’®. Two main categories of

masks have been developed so far: first, masks with affinity for the antigen-binding

72,73,77 78-81

domains, including peptides and antibody fragments’®*', and second, non-binding

masks relying on steric hinderance to block the antigen-binding site. This second category

84-86_ and a hinge?

includes coiled-coil domains®?, protein M*3, peptide-DNA assemblies
region. Several different methods have been developed to restore the activity of the
masked antibody once it is at the target site. The most widely developed approach has
been activation by hydrolysis with enzymes that are overexpressed in the tumour or organ

of interest 71:72:89.90.

77.79-8387.88 - Alternatives have also been investigated, such as photo-
cleavable linkers®, pH-dependent peptide-DNA locks®> or pH-sensitive masking
peptides®’. A number of masked antibodies have been successfully developed which
effectively decrease binding to the target, when not at the tumour site/in the correct organ,
and improve therapeutic index (i.e., the ratio of maximal tolerated dose to therapeutic
dose). However, in the case of affinity masks, it is not yet well understood how to
optimally design a masking moiety that has sufficient affinity to prevent the binding

before activation, but that can efficiently dissociate after cleavage to allow binding to the

target antigen and activation.

The objective of the research presented in this Chapter is to understand what
parameters impact the inactivation efficacy of a mask on an antibody, and how the relative
affinities of the antibody for the mask versus the antigen dictate the level of activation
required. In this study, masked antibodies were developed based on the humanized
antibody trastuzumab (Herceptin, by Roche/Genentech!®!7”, approved by the FDA in
1998), prescribed to treat HER2-positive breast cancer, but which can provoke
cardiotoxicity given that some HER2 is expressed, albeit at lower levels, in
cardiomyocytes®®6%178 - Anti-idiotypic antibody fragments, which had been previously

developed as vaccines for breast cancer by mimicking HER2/NEU!3%133 | were fused to
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trastuzumab to prevent binding to HER2. In addition, an antibody fragment that did not
bind to the CDR region of trastuzumab, was also employed to probe the effect of steric
hinderance alone. While other excellent studies have shown successful masking of
therapeutic antibodies, no clear basic set of rules for designing effective masks have been
established. Here, by studying a series of masks with different affinities and
association/dissociation rate constants, the factors that are critical for both efficient
masking and activation are established, generating fundamental principles that should be

widely applicable to other masking strategies and studies.

6.2 RESULTS

6.2.1 Design of a panel of masked antibodies with variable affinities
Three antibody fragments with affinity for trastuzumab were selected as anti-
idiotypic masks. These were based on two single-chain variable fragments (scFv40 and
scFv69) and one nanobody (dAb), previously developed and characterized by the
Navarro-Teulon group'3>!?3, The three masks were successfully expressed and purified
in isolation, as well as fusion proteins with trastuzumab on the light chain (LC) to generate
three masked antibodies (Figure 6.1 A). An additional construct was also designed (T-
scFvGipg013), using a scFv mask derived from the Gipg013 antibody, which targets the
GIP receptor!4, to investigate the steric effects of a non-binding mask and to act as a
control (Figure 6.1 A). The antibody NIP228 was used as a negative control as it does
not bind to HER2!'%°, The antibodies with a single-chain mask were designed with two
digestion sites: one is TEV protease-specific, located in the linker between the antibody
and the mask, and the other is Factor Xa protease-specific, in the linker between the two
single-chain domains (Figure 6.1 B). The antibody fused with dAb just had a TEV
digestion site in the linker (Figure 6.1 C). The sequences of each construct can be found

in Appendix I.

After expression and purification following the methods described in Section 2.1.2.3, all
constructs were quality controlled using SDS-PAGE (Figure 6.2) and liquid
chromatography mass spectrometry (LC-MS), Figure 6.3 to Figure 6.10). A comparison
between the theoretical and experimental masses determined using LC-MS can be found

in Table 6.1.

Carolina Orozco - September 2021 151



From antibody-drug conjugates to masked antibodies: biophysical insight for the rational design of
future therapies

A anti-idiotypic masks steric mask
T T-scFv40 T-scFv69 T-dAb T-scFvGipg013
B FactorXa FactorXa C
e iqesti o
d'g:“s;'o" TEV digestion d'gseife'on TEV ‘i'i?:s“on
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T-scFv T-dAb

Figure 6.1: Schematic of the antibodies developed for this study and the location of the digestion
site(s). A. “naked” trastuzumab (T) serves as a positive control; T-scFv40, T-scFv69 and T-dAb are fusions
of trastuzumab with various anti-idiotypic antibody fragments; T-scFvGipg013 is a fusion of trastuzumab
with a scFv which has no affinity for trastuzumab. B. Detailed representation of the digestion sites on the
T-scFv constructs: TEV protease cleaves the linker between the antibody and the mask, and Factor Xa
protease digests the linker between the two single-chain domains in the T-scFv constructs. C. Detailed
representation of the digestion site on the T-dAb fusion: TEV protease cleaves the linker between the
antibody and the mask. For clarity, panels B and C show the Fab arms of trastuzumab only.

T-scFv40 T-dAb T-scFv69  T-scFvGipg013
/—/% - N /—/%
TEV+ TEV+
L non TEV F Xa F Xa non TEV  non TEV F Xa F. Xa
dig dig dig I dig dig dig dig dig )

dig

_200kDa

27 kDa: scFv

- |
- SR o T k| 14.6 kDa : dAb
= T * ------ 14.5 kDa: scFv40 C-term (Vi)

---------------- ‘*---------------------‘t-“------ 12.6 kDa: scFv40 N-term half (V)

3.5 F. Xa : Factor Xa
L: Ladder: Novex® Sharp Pre-Stained protein standard

Figure 6.2: SDS-PAGE of the purified antibodies and scFvs and verification of the digestion of the
masked antibodies (IgG) with TEV and/or Factor Xa protease. T: trastuzumab; T-dAb: dAb fused to
trastuzumab on LC; T-scFv40: scFv40 fused to trastuzumab on LC; T-scFv69: scFv69 fused to trastuzumab
on LC. L: Ladder: Novex® Sharp pre-stained protein standards (ThermoFisher).
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Figure 6.3: Verification of the correct molecular weight of trastuzumab IgG by LC-MS in its
glycosylated reduced form (chromatogram, lock mass corrected combined spectrum and deconvoluted
mass). Mass spectrometry data acquired on a Synapt G2 (Waters). The deconvoluted mass of the heavy
chain corresponded to the sum of the protein molecular weight and the glycosylation GOF (shown in the

top right-hand corner).
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Figure 6.4: Verification of the correct molecular weight of trastuzumab IgG masked by scFv40 (T-
scFv40) by LC-MS in its glycosylated reduced form (chromatogram, combined spectrum and
deconvoluted mass). Mass spectrometry data acquired on a Q Exactive Orbitrap (ThermoFisher). The
deconvoluted mass of the heavy chain corresponded to the sum of the protein molecular weight and the
glycosylation GOF (shown in the top right-hand corner).
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Figure 6.5: Verification of the correct molecular weight of trastuzumab IgG masked by scFv69 (T-
scFv69) by LC-MS in its glycosylated reduced form (chromatogram, combined spectrum and
deconvoluted mass). Mass spectrometry data acquired on a Q Exactive Orbitrap (ThermoFisher). The
deconvoluted mass of the heavy chain corresponded to the sum of the protein molecular weight and the
glycosylation GOF (shown in the top right-hand corner).
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Figure 6.6: Verification of the correct molecular weight of trastuzumab IgG masked by dAb (T-dAb)
by LC-MS in its glycosylated reduced form (chromatogram, combined spectrum and deconvoluted
mass). Mass spectrometry data acquired on a Synapt G2 (Waters). The deconvoluted mass of the heavy
chain corresponded to the sum of the protein molecular weight and the glycosylation GOF (shown in the
top right-hand corner).
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Figure 6.7: Verification of the correct molecular weight of trastuzumab IgG masked by scFvGipg013
(T-scFvGipg013) by LC-MS in its glycosylated reduced form (chromatogram, combined spectra and
deconvoluted mass). Mass spectrometry data acquired on a QExactive Orbitrap (ThermoFisher). The
deconvoluted mass of the heavy chain corresponded to the sum of the protein molecular weight and the
glycosylation GOF (shown in the top right-hand corner).
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Figure 6.8: Verification of the correct molecular weight of scFv40 by LC-MS (combined spectrum
and deconvoluted mass). Mass spectrometry data acquired on a Synapt G2 (ThermoFisher). The protein

is a single chain resulting in a single peak corresponding to the protein in the chromatogram (data not
shown).
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Figure 6.9: Verification of the correct molecular weight of scFv69 by LC-MS (combined spectrum
and deconvoluted mass). Mass spectrometry data acquired on a Q Exactive Orbitrap (ThermoFisher). The

protein is a single chain resulting in a single peak corresponding to the protein in the chromatogram (data
not shown).
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Figure 6.10: Verification of the correct molecular weight of dAb by LC-MS (combined spectrum and
deconvoluted mass). Mass spectrometry data acquired on a Q Exactive Orbitrap (ThermoFisher). The
protein is a single chain resulting in a single peak corresponding to the protein in the chromatogram (data
not shown).

Table 6.1: Comparison between the theoretical and experimental masses

Theoretical Average Experimental Difference

Mass (Da) Mass (Da) (ppm)
T HC* 50621.16 50626 96
LC 23438.79 23441 94
HC* 50621.16 50619.86 -26
T-scFv40
LC 52012.68 52011.59 -20.99
HC* 50621.16 50619.72 -28.48
T-scFv69
LC 51944.65 51943.40 -23.98
HC* 50621.16 50625 75.93
T-dAb
LC 39692.26 39696 94.28
. HC* 50621.16 50619.71 -28.56
T-scFvGipg013
LC 51931.56 51931.02 -10.44
scFv40 - 2711543 27116 21.02
scFv69 - 27047.40 27046.74 -24.25
dAb - 14572.77 14572.36 -28.05

*The theoretical average mass for the heavy chain corresponds to the mass with the C-terminal K clipped
and the GOF glycosylation. The samples measured on the Synapt G2 were deconvoluted to the nearest
Dalton, whereas those measured on the Q Exactive had nine significant figures, seven are shown in the
Table. The difference is routinely calculated at AstraZeneca to ensure confidence in the identification; if
the ppm is between -100 and 100, the identification is considered correct. It is calculated as the difference
between the theoretical and experimental masses, divided by the theoretical mass, multiplied by 1,000,000
(Equation 2.2).

1.2.1 Affinities of the different binding masks

The affinity of the anti-idiotypic antibody fragments (on their own) scFv40,

scFv69 and dAb for trastuzumab was measured by biolayer interferometry (BLI). Data
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acquired at different mask concentrations were globally fit to obtain high confidence
values for the dissociation (kofr) and association (kon) rate constants, and the ratio of the
two, i.e., the equilibrium dissociation constant (Kp), Figure 6.11 E. The measured
affinities of the masks for trastuzumab were 540 + 10 nM for scFv40, 56.5 + 0.03 nM for
scFv69 and 0.192 £+ 0.003 nM for dAb, which are lower (scFv40 and scFv69) or similar
(dAb) to the affinity of HER2 for trastuzumab (Kp = 0.071 = 0.001 nM). Although the
exact values differ from those previously reported (likely due to the inversion of the Vi
and VL domains), overall, the three antibody fragments showed the same trends as
previously reported'3>13% : scFv40 has a large kon but also a large kosr, dAb has a large kon
and a very low kofr, with values very similar to those of HER2 (Figure 6.11), and scFv69
has the lowest kon While its kofr value is between those of scFv40 and dAb. The selected
masks form a comprehensive panel with different affinities, ranging from 0.2 to 540 nM,

as well as different association and dissociation rate constants.
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Figure 6.11: Binding curves showing the association and dissociation of different masks to
trastuzumab. A. scFv40 (green: 46, 92, 184, 369, 738 nM). B. scFv69 (blue: 25, 100, 200, 300, 600 nM).
C. dAD (purple: 1.7, 3.4, 6.9, 13.7, 27.5 nM). D. HER2 (grey: 0.9, 1.7, 3.4, 6.9 nM). In all cases, the dotted
red line shows the best fit of the data to 1:1 binding model. E. Kinetic and thermodynamic parameters (Kb,
kon, kotr) obtained from the best global fit of the association/dissociation data to a 1:1 binding model. The
errors given are fitting errors from the global fitting.
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6.2.2 Efficacy of masks against HER2 binding while tethered to the
antibody

The masking efficacy of scFv40, scFv69, dAb and scFvGipg013 fused to
trastuzumab against HER2 was assessed using three different methods: i) biolayer
interferometry, where a fixed concentration of the biotinylated antigen HER2 was first
bound to streptavidin biosensors and subsequently, the binding of the antibodies to HER2
was measured; ii) flow cytometry, where the binding of a serial dilution of antibody to
HER2, overexpressed on the surface of SK-BR-3 cells, was measured, and the half
maximal effective concentration (ECso) extracted; iii) high content imaging (HCI)
monitored by confocal microscopy, which shows the amount and the homogeneity of the

antibody binding to the surface of SK-BR-3 cells.

The results from the three assays agreed, and showed the same trends (Figure
6.12 A, Figure 6.13, Figure 6.14). Naked trastuzumab had the strongest binding to
HER2, i.e., lowest ECso of 2.7 £ 0.5 nM, whilst T-scFvGipg013 significantly bound to
HER?2 although to a lower extent than naked trastuzumab. Its ECso value was an order of
magnitude higher (ECso: 12 + 2 nM, Figure 6.12 E), suggesting that the control scFv
causes some steric effect and reduces the binding somewhat, but does not suppress it.
Much lower binding to HER2 was observed for T-scFv40, T-scFv69 and T-dAb at the
concentration used for BLI (12.5 uM, Figure 6.13), as well as for the lowest
concentrations probed by flow cytometry and HCI (< 6.25 uM, Figure 6.12 A, Figure
6.14), which highlights that affinity of the covalently linked antibody fragments for the

antibody is necessary to achieve effective masking.

The flow cytometry and confocal microscopy provided further insight into the
binding of the masked antibodies to HER2 at higher concentrations. Although the anti-
idiotypic masks strongly reduced the binding of trastuzumab to HER2, none of them
totally prevented it, most probably due to the competition with an antigen with a higher
affinity for the antibody. T-dAb showed the least binding to HER2 even at high
concentrations (weak binding, Figure 6.12 E), indicative of very effective masking,
followed by T-scFv40 (ECso: 84 + 16 nM, Figure 6.12 E), and T-scFv69 (ECso: 30 £9
nM, Figure 6.12 A, Figure 6.14, Figure 6.13).
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Figure 6.12: Fluorescence median intensity measured by flow cytometry with channel detecting the
AlexaFluor 647 fluorophore signal from a secondary antibody. All experiments were performed in
triplicate, mean and standard deviation are plotted. The data in Panel A show the masking efficacy of the
masked antibodies and control, whilst the data in panels B-D show the degree to which the masked
antibodies can be activated by cleavage with proteases. A. Fluorescence median intensity of the secondary
antibody showing the binding of the masked intact antibodies against HER2. B. Fluorescence median
intensity of the secondary antibody showing the binding of the T-scFv40 constructs cleaved with TEV
and/or Factor Xa to HER2, illustrating the degree of activation of the T-scFv40 upon cleavage. C.
Fluorescence median intensity of a secondary antibody showing the binding of T-scFv69 to HER2 after
cleavage with TEV and/or Factor Xa proteases. D. Fluorescence median intensity of the secondary
antibody showing the binding of T-dAb to HER?2 after cleavage of the linker with TEV protease. E. ECso
parameters obtained from the flow cytometry measurements, data fitted to Equation 2.15.
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Figure 6.13: Biolayer interferometry: measurement of the wavelength shift due to binding of the
trastuzumab constructs to HER2. The first half of the time course up to 500 s corresponds to the
association phase, whilst the second half corresponds to the dissociation phase. A shows the masking
efficacy, whilst B-D show the activation efficiency. A. Binding of the intact covalently linked masked
antibodies and controls to HER2. B. Binding of T-scFv40 after cleavage of the linker(s) with TEV and/or
Factor Xa to HER2 showing activation efficiency. C. Binding of T-scFv69 after cleavage of the linker(s)
with TEV and/or Factor Xa to HER2, showing activation efficiency. D. Binding of T-dAb after cleavage
of the linker against with TEV to HER2.
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Figure 6.14: Antibody binding to HER2 on SK-BR-3 cells, measured by immunofluorescence before
and after cleavage of the linker between the mask and trastuzumab. T alone is a positive control whilst
NIP228 alone is a negative control; T-scFv40 and T-scFv69, intact, digested by TEV, Factor Xa, and both
enzymes; T-dAb intact and digested by TEV; T-scFvGipg013 intact. All antibodies were detected with

Alexa488 anti-human secondary (green) and nuclear Hoechst stain (blue). The confocal microscopy data
was imaged by Lorraine Irving.
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These differences in masking capabilities can be explained by the strength of the
competition between the different masks and HER2. At all concentrations, there is a
dynamic equilibrium between two different forms of the fusion protein. In one form, the
mask is sitting on top of the antigen-binding site, thus masking it. In the other, it has
transiently dissociated from the antigen-binding site but remains covalently tethered
through the linker (Figure 6.15). dAb has a very slow dissociation rate constant from
trastuzumab (korr = (5.76 + 0.08) x 10 s”!, Figure 6.11 E), and therefore comes off very
rarely (half-life of dissociation is 3.3 hours), which does not provide many opportunities

for HER2 to bind, especially over the time course of the incubation with SK-BR-3 cells.

Additionally, dAb and HER2 have very similar association rate constants, which
means that both proteins compete for trastuzumab when the dAb transiently dissociates.
Interestingly, scFv40 prevents binding of trastuzumab to HER2 more effectively than
scFv69, despite scFv69 having a stronger affinity for trastuzumab and slower dissociation
constant than scFv40 (Figure 6.12 A). This observation suggests that other parameters
must come into play. Importantly, there is a correlation between the kon values and the
ECso values of the different masks, but not with Kp nor kofr, indicating that the critical
parameter may be kon. This can be rationalised by considering the following mechanism:
the kon for scFv40 is larger than for scFv69 (despite the weaker affinity of scFv40 for
trastuzumab), meaning that an unmasked T-scFv40 will re-mask itself more quickly than
an unmasked T-scFv69 would. Because T-scFv40 has a much shorter dwell time in the
unmasked state, an unmasked T-scFv69 has a higher likelihood of binding to a HER2
molecule. Once the unmasked T-scFv69 binds a HER2 molecule, its tighter affinity for
its mask is irrelevant, because HER2 is now occupying the mask site and will likely not
dissociate during the experimental time course as its dissociation rate is extremely slow
(Figure 6.11). A schematic representation of this mechanism is illustrated in Figure 6.15.
An alternative explanation to scFv69 being less effective than scFv40 in its ability to
mask despite its higher affinity to trastuzumab, is that it might not bind to the exact same
location in the complementarity-determining regions (CDRs) of trastuzumab as scFv40,

suggesting that scFv69 covers a smaller region of the binding domains.
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Figure 6.15: Schematic representation of the effect of kon of the mask on the binding of HER2 to the
transiently dissociated trastuzumab-mask complex: an ideal mask should have a k** which is lower
than the antigen’s, so it can bind when the linker is cleaved and the mask is unbound, but it shouldn’t be
too low so that when it is tethered, the mask can compete with the antigen and prevent it from binding.

In addition to providing information on the degree of binding, the confocal
microscopy images showed that the binding was homogeneous across the surface of the
cell membrane. Internalisation was investigated over a short time course, which showed
that trastuzumab did not internalise after 3 hours at 37 °C in the SK-BR-3 cells (Figure
6.16), consistent with data previously published!”.
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Figure 6.16: High content imaging of trastuzumab (2 nM) by AlexaFluo488 secondary human
antibody on breast cancer SK-BR-3 cells overexpressing HER2 after 0, 1 and 3 hours of incubation
at 37 °C. The binding of trastuzumab is shown in green, with or without the nucleus staining (shown in
blue). No internalization was observed over 3 hours, consistent with previously published data!”. The
confocal microscopy data was imaged by Lorraine Irving.
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Overall, all three masked antibody formats (T-dAb, T-scFv40, T-scFv69)
showed significantly increased ECso values compared to trastuzumab and therefore meet

the first requirement to decrease the binding of trastuzumab to HER2.

Some Hook effect was observed at high concentrations (full raw data are
presented in Figure 6.17). This is caused by excessively high concentrations of the
primary antibody simultaneously saturating both HER2 and the secondary antibodies.
The high-dose hook effect occurs mostly (but not exclusively) in one-step immunometric
(sandwich) assays, giving a decrease in signal at very high concentration of primary

180-182 Therefore, the signal obtained is probably caused to insufficient washes

antibody
between the incubation of the primary and secondary antibodies. The higher
concentration points were excluded from the fitting as they are not representative of the
actual binding to HER2 and are artefacts of the protocol followed. The parameters used

for the flow cytometer can be found in Figure 6.18
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Figure 6.17: Flow cytometry (all data) showing some Hook effect at higher protein concentrations.
The fitting shown is that reported in Figure 6.12 E and Table 6.2.

Table 6.2: ECso values for trastuzumab and digested controls

ECso (nM)
T 2.7+0.6
T+TEV 4+1
T + Factor Xa 36+0.8
T +TEV+ Factor Xa 4+1
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Figure 6.18: Flow cytometry raw data obtained for cells incubated with 400 nM protein, details of
the gating strategy used to analyse and evaluate the binding to HER2 on SK-BR-3 cells. In the first
gate (P1), singlets were selected (FSC-H: forward scatter height; FSC-A: forward scatter area). In the
second gate (P2), the viable cells are selected (SSC-A: side scatter area). In the third gate (P3), the
fluorescence on cells above a certain threshold was measured with the APC channel to detect Alexa Fluor
647. The median fluorescence intensity in the APC channel for the P2 population was reported.

6.2.3 Unmasking efficacy: HER2 binding measurements after digestion
of the linker(s)

Following these observations, the activation of the antibody upon cleavage of
the linker between the mask and trastuzumab or the linker between the two domains of
the scFv masks was assessed. In particular, for the antibodies masked with scFvs, the
aim was to understand if having two different cleavage sites, one between the antibody
and the scFv, the other between the two domains of the scFv (Figure 6.1 B and C), has
a synergistic effect on activation. To evaluate this possibility, BLI, flow cytometry and
high-content imaging were used following the same protocol as described above, this time
after digesting T-scFv40, T-scFv69 and T-dAb with TEV, Factor Xa, or both enzymes
prior to the measurements. The completion of the digestion was verified by SDS-PAGE
(Figure 6.2).
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The results of the three assays showed that, for T-scFv40, cleaving the linker
between the two scFv domains (Factor Xa digestion) only slightly increases its binding
to HER2, but the digestion of the linker between antibody and the mask alone (TEV
digestion) fully activated the antibody. As expected, cleaving both digestion sites also
fully activated the antibody (Figure 6.12 B, Figure 6.14, Figure 6.13 B). In contrast, for
T-scFv69, the cleavage of the linker between the two scFv domains by Factor Xa did not
activate the antibody, whilst the digestion of the linker connecting the scFv to the antibody
(TEV digestion) only partially activated the antibody. The digestion of both linkers,
however, fully restored the binding of trastuzumab to HER2 (Figure 6.12 C, Figure 6.14,
Figure 6.13 C). For T-dAb, the cleavage of the linker between the antibody and the mask
by TEV protease did not result in the activation of the antibody (Figure 6.12 D, Figure
6.14, Figure 6.13 D).

These different levels of activation highlight the importance of the affinity of the
mask for trastuzumab and the location of the digestion sites. scFv40 is the mask with the
weakest affinity, in the micromolar range (Figure 6.11); when it is covalently linked to
trastuzumab it increases the ECso by two orders of magnitude compared to naked
trastuzumab for binding to HER2 on SK-BR-3 cells (Figure 6.12 E). In this case, simply
cleaving the linker between the antibody and the mask is sufficient to activate the
antibody in the presence of HER2. This suggests two mechanisms: first, that the covalent
linkage of scFv40 to the antibody increases the local concentration of the mask and
therefore applies a stronger competition with HER2 for the variable domains of
trastuzumab; second, that in the absence of any covalent linkage between the antibody
and the mask, trastuzumab preferentially binds to the very high affinity antigen HER2,
over the lower affinity svFv40. The scFv69 mask acts somewhat differently. The affinity
of scFv69 for trastuzumab is stronger than that of scFv40, and in particular, the
dissociation constant of scFv69 is lower than that of scFv40. In this case, the fact that the
digestion of the linker between the antibody and the mask is not sufficient to fully activate
it shows that if the mask has a high affinity, it requires the hydrolysis of both digestion
sites to fully activate the antibody. Finally, the dAb has a very similar affinity, and
dissociation constant compared to the antigen HER2, and therefore the cleavage of the
linker has no effect as the mask effectively remains bound on the antibody and doesn’t

dissociate over the time course of the experiment.
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6.2.4 Interaction of the masks with trastuzumab after digestion of the
linker

All the results presented previously were measured under conditions where there
is competition between the mask and the antigen HER2 for trastuzumab binding. To
understand to what extent the masks interact with the CDRs of trastuzumab after
digestion, in the absence of competition with HER2, intact and digested samples were run
on size-exclusion chromatography coupled with multi-angle light scattering (SEC-

MALS) by Wesley Howard, a collaborator from AstraZeneca (Gaithersburg, USA).

SEC-MALS is a technique in which there is first a separation step by SEC which
provides a retention volume depending on the hydrodynamic radius of the species,
followed by MALS which can extract the species’ molecular weight (MW) when coupled
to a concentration detector (refractive index or UV). The Fabs of all the masked antibodies
(T, T-dAb, T-scFv40, T-scFv69, T-scFvGipg013) were generated to ensure the best
resolution possible given the optimal molecular weight range of the column and the
protein standards used. Samples of intact Fabs were run alongside those digested by TEV
and/or Factor Xa. Cleavage was verified by SDS-PAGE before the SEC-MALS
experiment (Figure 6.19).

A
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scFv40 C-term (V)

scFv40 N-term (V)

Figure 6.19: Verification of the digestion of the masked antibodies (Fab) with TEV and Factor Xa
protease by SDS-PAGE, in preparation for the SEC-MALS experiments.

Table 6.3: Molecular weights of intact and digested mask-Fab fusions measured by SEC-MALS

Fab constructs E(lg'raa)ctive Index MW
T 46+2
T-dAb 61+3
T-dAb + TEV 63+3
T-scFv40 74+ 4
T-scFv40 + TEV* A2
47 £ 2%
T-scFv40 + Factor Xa 71+4
T-scFv40 + TEV + Factor Xa 39+2
T-scFv69 73+4
T-scFv69 + TEV 68+3
T-scFv69 + Factor Xa 71+4
T-scFv69 + TEV + Factor Xa 67+3
T-scFvGipg013 71+4
T-scFvGipg013 + TEV 43+2
T-scFvGipg013 + Factor Xa 53+3
T-scFvGipg013 + TEV + Factor Xa 43+2

The error values shown above are based on the average of fitting errors of duplicate measurements of BSA
which gave an error of 5%.

*Two peaks were observed for T-scFv40 cleaved with TEV.
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Consistent with the fact that the mask on T-scFvGipg013 has no affinity for
trastuzumab, the results of the TEV cleavage of the linker for this construct are within
error of the naked trastuzumab Fab, showing that there is no non-specific binding after
cleavage (Table 6.3). When the linker between the two domains of scFvGipg013 was
cleaved by Factor Xa, two peaks were observed, one corresponding to trastuzumab linked
to the C-terminal domain of scFvGipg013, and the other to the intact construct (Figure
6.20 E). This result suggests that there might be some non-covalent interactions at the
interface between the two scFv domains'®}. For T-scFv40 Fab digested by TEV, two
peaks, both with MWs close to that of the naked trastuzumab Fab, were observed. While
both species appear to be naked Fab, the second is probably naked Fab that was not bound
to the mask, while the species eluting earlier might be Fab that had been bound to mask
at the start of the experiment, but then dissociated during the chromatography step. The
fact that scFv40 has high association and dissociation rates supports this hypothesis. The
MW and retention time obtained for T-scFv40 Fab digested with Factor Xa show that the
N-term of scFv40 (V1) which has been cleaved is either still interacting with trastuzumab,
or with the C-term of scFv40 (Vgu), similar to scFvGip013. When T-scFv40 Fab is
digested by both enzymes, only one peak is observed, and the MW measured is closest to
naked trastuzumab. For T-scFv69 Fab, none of the digestions triggered the total
unmasking of trastuzumab as all MWs are within error of the intact T-scFv69 Fab (Table
6.3) apart from a small peak observed with digestion by TEV alone and TEV combined
with Factor Xa, which elutes close to naked trastuzumab (Figure 6.20 C). Finally, for T-
dAb Fab, despite the digestion of the linker between the antibody and the mask, dAb still
interacts with trastuzumab (Table 6.3, Figure 6.20 D). For all these experiments, the
scFvs that were released were not observed as they are smaller than the Fab and the

concentration was too low to be quantitatively assessed.

Overall, these results show that the fate of the masks upon cleavage of the
various linkers depends on the affinity of the mask for trastuzumab and, where relevant,
the interactions between one domain of an scFv and the other: the different masks
remaining bound to different degrees to trastuzumab. Thus, activation of the masked
antibodies by proteolytic cleavage relies on two factors: the kot of the mask, and the

competition between the anti-idiotypic antibody fragments and the targeted antigen.
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Figure 6.20: SEC-MALS traces for the different masked Fabs digested by TEV and/or Factor Xa
proteases. The chromatograms are plotted on the left y-axis, and the MW (the horizontal line above or
below the peaks of the chromatograms) on the right y-axis. A. All intact masked antibodies. B. T-scFv40.
C. T-scFv69. D. T-dAb. E. T-scFvGipg013. The SEC-MALS data was acquired by Wesley Howard.
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6.2.5 Investigation of the binding sites of the masks on trastuzumab

To measure the interaction surface experimentally in solution, hydrogen-
deuterium exchange mass spectrometry (HDX-MS) was employed. This technique is
highly sensitive to the solvent accessibility and hydrogen-bonding of backbone amide
groups in proteins and has been used successfully to investigate interactions of antibody

domaings!04-105,

To obtain high-resolution information of the deuterium exchange per residue, a
peptide map was acquired using online pepsin digestion. Peptide maps which have a very
high coverage of the regions of interest are required to obtain the most accurate results.
The MS peptide mapping experiment was performed on full-length naked trastuzumab
but only data corresponding to the VL and Vi domains were analysed as these are the
regions of interest. Very high coverage (light chain: 94.8%, heavy chain 95.9%) was
obtained (Figure 6.21, Table 6.4), and importantly all the complementarity-determining
regions (CDRs) were fully covered, ensuring reliable information on the CDRs. All the
HDX-MS labelling experiments were done on full-length IgG constructs including naked
trastuzumab, T-scFv40, T-scFv69, T-dAb intact and cleaved by TEV and/or Factor Xa
and T-scFvGipg013 intact, and the deuterium uptake of the control naked trastuzumab
was subtracted from the data obtained for the different antibody formats (Figure 6.22).
The uptake plots are represented in Figure 6.23 and Figure 6.24.

T light chain

B 10 15 20 25 30 3 40 a5 50 ss &0 &s 70 s 80 85 3 as
1 DIQMT QSPSS LSASV GDRVT ITCRA SQDVN TAVAW YQQKP GKAPK LLIYS ASFLY SGVPS RFSGS RSGTD FTLTI SSLQP EDFAT YYCQQ HYTTP

100 105 110 115
9% PTFGQ GTKVE IKRTV AAPSV F

T heavy chain

B 10 15 20 2 ) ' s0 55 & &5 70 80 8s 90 95
1 EVQLV ESGGG LVQPG GSLRL SCAAS GENIK DIY¥IH WVRQA PGKGL EWVAR I¥PTN GYTRY ADSVK GRFTI SADTS KNTAY LQMNS LRAED TAVYY

105 110 115 120
9¢ C/SRWGE EDEFY AMDYW GQGTL VIVSS AST

Figure 6.21: Peptide coverages of trastuzumab. A. Trastuzumab VL (94.8 % coverage, 27 peptides). B.
Trastuzumab Vu (95.9% coverage, 51 peptides), obtained from full-length IgG trastuzumab sample. All the
complementarity-determining regions (CDRs) were fully covered (highlighted in red), ensuring reliable
information was obtained on the CDRs.
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Table 6.4: Summary of HDX mass spectrometry experimental details

Dataset T (10 uM)
T-scFv40 (10 uM)
T-scFv40 + TEV (10 pM)
T-scFv40 + Factor Xa (10 uM)
T-scFv40 + TEV + Factor Xa (10 uM)
T-scFv69 (10 uM)
T-scFv69 + TEV (10 pM)
T-scFv69 + Factor Xa (10 uM)
T-scFv69 + TEV + Factor Xa (10 uM)
T-dAb (10 pM)
T-dAb + TEV (10 pM)
T-scFvGipg013 (10 pM)

HDX reaction details Equilibration in H2O: 10 mM potassium phosphate pH 7.5
Labelling in D>O: 10 mM potassium phopshate pD 7.5
Both were done at 20 °C
Quench buffer in H>O: 100 mM potassium phosphate, 0.5 M TCEP, 8 M urea pH 2.5

HDX time course 50s,500s, 5000 s
HDX controls 0s
Number of peptides T Vi 27
T Vu: 51
Sequence coverage T Vi: 94.8%
T Vu: 95.9%
Average peptide length TVw:11.9 AA
TV 12.1 AA
Replicates Technical replicates: 3
Significant differences in HDX The incorporation of deuterium per peptide is significant compared to the wild-type if p-value <
0.01 (t-test)
Repeatability Average Student’s t-distribution 95% confidence interval for all peptides, all time points and states
(#D error):
T Vi: 0.339
T Vu: 0.124
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Figure 6.22: Normalized difference plot obtained by summing the significant D-incorporations
relative to the reference, and subtracting the reference exchange to that of the different states. T Vi,
T Vu were normalized with the same maxima. A. Normalized differential deuterium uptake between
trastuzumab variable heavy domain (Vu) and T-scFv40, T-scFv40 + TEV, T-scFv40 + Factor Xa. B.
Normalized differential deuterium uptake between trastuzumab variable heavy domain (Vu) and T-scFv69,
T-scFv69 + TEV, T-scFv69 + Factor Xa, T-scFv69 + TEV + Factor Xa. C. Normalized differential
deuterium uptake between trastuzumab variable heavy domain (Vu) and T-dAb, T-dAb + TEV. D.
Normalized differential deuterium uptake between trastuzumab variable heavy domain (Vu) and T-
scFvGipg013. E. Normalized differential deuterium uptake between trastuzumab variable light domain
(V1) and T-scFv40, T-scFv40 + TEV, T-scFv40 + Factor Xa. F. Normalized differential deuterium uptake
between trastuzumab variable light domain (V1) and T-scFv69, T-scFv69 + TEV, T-scFv69 + Factor Xa,
T-scFv69 + TEV + Factor Xa. G. Normalized differential deuterium uptake between trastuzumab variable
light domain (VL) and T-dAb, T-dAb + TEV. H. Normalized differential deuterium uptake between
trastuzumab variable light domain (Vi) and T-scFvGipg013.
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Figure 6.23: HDX-MS uptake plots per peptide mapped on the light chain for the intact and digested
masked antibodies (T, T-dAb, T-dAb + TEV, T-scFv40, T-scFv40 + TEV, T-scFv40 + Factor Xa, T-
scFv40 + TEV + Factor Xa, T-scFv69, T-scFv69 + TEV, T-scFv69 + Factor Xa, T-scFv69 + TEV + Factor
Xa, T-scFvGipg013).
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Figure 6.24: HDX-MS uptake plots per peptide mapped on the heavy chain for the intact and digested
masked antibodies (T, T-dAb, T-dAb + TEV, T-scFv40, T-scFv40 + TEV, T-scFv40 + Factor Xa, T-
scFv40 + TEV + Factor Xa, T-scFv69, T-scFv69 + TEV, T-scFv69 + Factor Xa, T-scFv69 + TEV + Factor
Xa, T-scFvGipg013).
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The first objective was to identify the binding sites of the masks to trastuzumab
when they are covalently linked by probing the differences in the protection of amide
protons in the CDRs of trastuzumab. The crystal structure of HER2 in complex with
trastuzumab Fab solved by Cho et al.'®* showed that HER2 mainly interacts with CDR3
in both the LC and HC (CDRs L3 and H3). The HDX-MS data acquired showed that the
highest levels of protection, when the masks are covalently linked to trastuzumab, were
observed on CDR L2 and the CDR H3, while the other CDRs did not show a large degree
of protection (Figure 6.25). More specifically, scFv40 and dAb provided substantial
coverage of both CDR L2 and CDR H3 of trastuzumab, while scFv69 primarily covers
CDR H3 and only minimally occluded the CDR L2 (Figure 6.25). As expected,
scFvGipg013, which does not have affinity for trastuzumab, did not provide any
protection to any of trastuzumab’s CDRs (Figure 6.25, Figure 6.22). The flow cytometry
data showed that scFv69 was less effective than scFv40 in reducing the binding of
trastuzumab to HER2, despite having a higher affinity (Figure 6.12). The HDX-MS data
support the hypothesis that scFv69 covers less well the HER2 paratope of trastuzumab
than scFv40 (Figure 6.25), and therefore inactivates the antibody less efficiently,
although this finding does not exclude the possible role, proposed earlier, of the
importance of the kinetic parameters. The HDX-MS results suggest that the binding to
both CDR L2 and CDR H3 is more effective in preventing the binding of HER2 to
trastuzumab than the coverage of CDR L2 alone, hence explaining why scFv69 is not an
ideal mask against HER2, despite its high affinity. This observation highlights the

importance of the binding location to generate an effective anti-idiotypic mask.

To elucidate which specific regions of the dAb and trastuzumab contribute to the
measured affinities and HDX-MS protection, a crystal structure was determined at 2.35
A resolution. The model shows a single T-dAb Fab fusion in the asymmetric unit.
Examination of the interface reveals the main T-dAb:Fab interactions are located in CDR
L2 and CDR H3 on trastuzumab and CDR1 and CDR3 in the dAb. CDR H1, CDR H2,
CDR L1 and CDR L3 of trastuzumab are not involved in the interaction (Figure 6.26 B).
The co-ordinates were used to calculate the buried surface area of the trastuzumab-dAb
interface using PISA'®5 which is 405.8 A% and the complex (without the linker) was
predicted to be stable in solution. Therefore, the X-ray structure confirms the observations
from the HDX-MS experiments that show that dAb mainly protects the CDR L2 and CDR
H3 of trastuzumab from exchange (Figure 6.25 C, T-dAb intact).
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CDR L2 CDRH3

CDR L1 CDR H1

CDR L3 CDR H2

+ Factor Xa + TEV + TEV + Factor Xa

T masked
by scFv40
(T-scFv40)

T masked
by scFv69
(T-scFv69)

T masked
by dAb
(T-dAb)

T masked by A Relative Fractional Uptake

scFvGipg013

(T-scFvGipg013) Protection Deprotection

Figure 6.25: Schematic of the results of the HDX-MS experiments superimposed on the structure of
trastuzumab. Crystal structure (1N8Z) of the variable domains of trastuzumab observed from the top.
Shown in colour and labelled are the CDRs of both the LC and HC showing the possible binding sites. A.
CDRs of the VL and Vu of trastuzumab. B. Paratope of trastuzumab when interacting with HER2, generated
by highlighting the residues which have atoms that are within 4 A of HER2; the CDRs L3 and H3 are the
main contributors to the binding of HER2 according to Cho et al., 2003!34, C. Relative change in fractional
deuterium exchange represented as a colour scale: reduced exchange (blue), no change (white), increased
exchange (red), for trastuzumab interacting with the different masks scFv40, scFv69, dAb and
scFvGipg013, with the linkers intact or digested by TEV and/or Factor Xa.
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Figure 6.26: Crystal structure of T-dAb showing the interactions between trastuzumab variable Fab
fusion and the dAb domain (PDB deposition 7PKL). A. Shows the overall fold of the protein.
Trastuzumab heavy chain is shown in green, the light chain in magenta and the fusion dAb in wheat. Key
side residue:side chains interactions are shown as sticks. The 32-residue linker between the trastuzumab
light chain and the dAb was not visible in the electron density (marked with dotted lines). B. Close up view
of key residues in the CDR. CDR H1, H2, L1 and L3 are not involved in the interaction (not labelled). The
bulk of the interaction is derived from CDR L2 and CDR H3 side chain interactions with the dAb CDR1
and CDR3. The X-ray crystallography was generated by Dr David Hargreaves.

6.2.6 Investigation of the deprotection of the CDRs upon cleavage of
the linkers

The second objective of the HDX-MS experiments was to determine how the
protection levels in trastuzumab and the masked domains changed after digestion, in the
absence of HER2. For trastuzumab masked by scFv40, cleaving the linker between the
two scFv domains by Factor Xa showed the same level of protection in CDR L2 and CDR
H3. The cleavage of the linker between the antibody and the mask by TEV protease, or
the cleavage of both linkers by TEV and Factor Xa, resulted in less protection than in the
intact construct (Figure 6.25 C, Figure 6.22), consistent with the mask at least partially
dissociating from trastuzumab. It is worth noting that even after cleavage by TEV and
Factor Xa, some protection relative to naked trastuzumab was still observed showing that
the mask still interacts transiently with trastuzumab’s CDRs, corroborated by the SEC-
MALS. These results demonstrate that the covalent linkage of scFv40 to trastuzumab
effectively increases the local concentration of the mask which therefore increased the

percentage bound, hence its protection.
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When trastuzumab is masked by scFv69, the CDR H3 is afforded extensive
protection even when the linkers are cleaved by either TEV or Factor Xa. Only the
combination of TEV and Factor Xa gave rise to a lower level of protection in CDR H3
(Figure 6.25 C). Finally, when trastuzumab is masked by dAb, the digestion did not
affect the protection, consistent with other results which strongly suggest that the dAb
remains bound to trastuzumab under the conditions used due to its high affinity and very

slow dissociation rate.

6.2.7 DISCUSSION

In this study, the properties that impact the efficacy of an anti-idiotypic antibody
fragment mask were investigated in order to i) reduce the antibody binding to its antigen
when it is not at its target site, and ii) enable effective activation of the antibody upon
cleavage of the linker(s). Three masked antibodies were successfully developed based on

132,133 " and these

trastuzumab with covalently linked anti-idiotypic antibody fragments
were shown to be successful at preventing HER2 binding to different degrees. Together,
the data acquired from the biological activity assays and the biophysical techniques
provide complementary information which greatly aids in our understanding of the
parameters that are key in determining the properties of an ideal mask and which are

summarized in Figure 6.27.

1. PARATOPE COVERAGE 4. EXTENT OF THE DISRUPTION
The more extensively the masks The closer the mask’s affinity/k. to the
occlude the CDRs involved in antigen’s, the larger the disruption
antigen binding, the more required to fully unmask the antibody
effective the mask will be (additional linker within the mask)
) 3
2 E]
> m
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The higher the mask’s k,,, The mask’s kand Ky must be higher than
the less opportunity the those of the antigen in order to facilitate
antigen has to bind to the mask dissociation and competition in
antibody while masked binding when the linker is cleaved

Figure 6.27: Summarized representation of the four key factors contributing interdependently to the
optimal design of an anti-idiotypic mask: two define the effective masking of an antibody to avoid
on-target off-tumour effects (1 and 2) and two others influence the effective activation of the masked
antibody upon proteolytic cleavage (3 and 4).
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The results on the intact constructs provides information on how well the masks
cover the antigen-binding region of trastuzumab and the location of its binding interface,
thus establishing their effectiveness in inactivating the antibody. The flow cytometry and
microscopy results showed that dAb is the most effective mask, followed by scFv40 and
finally scFv69. As this order does not simply follow that of the relative affinities of the
different masks for trastuzumab, other factors must also be at play. One possible factor is
purely structural: the HDX-MS results showed that scFv40 and dAb both clearly cover
the CDR H3 and the CDR L2, whereas scFv69 primarily protects the CDR H3, explaining
the higher binding of T-scFv69 observed in the flow cytometry experiments. From
structural studies by Cho et al. 1%, it is known that HER?2 interacts mainly with the CDR3s
of the HC and LC. This highlights the fact that, for trastuzumab, steric hinderance of the
CDR L3 may be induced by binding of the mask to CDR L2, additionally to the CDR H3.
This effectively prevents HER2 from binding to trastuzumab. The other possible factor is
kinetic, and not thermodynamic, given that the experiments were not performed at
equilibrium: the BLI measurements reveal that transiently dissociated scFv40 tends to
reassociate and remask trastuzumab more rapidly than scFv69, indicated by the difference
in their kon values. Therefore, a transiently dissociated scFv69 gives HER2 a wider time
window in which to capture the unmasked trastuzumab. In contrast, after dissociation, the
fickler scFv40 gives HER2 much less time to capture trastuzumab in its unmasked state.
The ECso results for the various masks correlate with their kon values, and not with their
affinities or korr values, supporting this hypothesis. Therefore, how effectively a
covalently-linked mask inactivates an antibody and increases the ECso depends on its

binding site and its association kinetics, compared to those of the antigen.

The ECso values show that scFv69 increases the ECso by 11-fold, scFv40 by 31-
fold and dAb by an even higher factor (Figure 6.12 E), similar to what has been observed

in other studies. Desnoyers et al.”?

developed a probody, consisting of an EGFR-targeting
antibody tethered to a short peptide mask, which increased the ECso by 47-fold. Lu and
Chuang ef al. 3" have developed a pro-Infliximab rheumatoid arthritis therapy for higher
selectivity and safety, where the mask reduced the antigen-binding affinity by 395-fold.
Chen et al.¥, designed a EGFR antibody masked by a latency-associated peptide whose

ECso was boosted by 7.5-fold.

In order to be useful as a therapeutic agent, effective masking of the antigen-

binding site must be combined with efficient activation of the antibody when it reaches
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its target. Thus, the cleavage and subsequent dissociation of the mask is as equally
important as efficient initial masking. Our results show that both affinity and dissociation
rate are critical in the activation process. Results from the BLI, flow cytometry and
microscopy experiments show that for T-scFv40, cleaving the linker between the
antibody and the mask is sufficient to activate the antibody, whereas for T-scFv69, the
cleavage of both linkers is necessary. This observation agrees with the results from the
SEC-MALS and HDX-MS experiments which show that scFv69 interacts more strongly
with trastuzumab than scFv40. The fact that scFv40 and scFv69 still transiently bind to
trastuzumab after cleavage in the absence of HER2, does not prevent the binding of
trastuzumab to HER2 in their presence. This reflects that the activation of the antibody is
driven by the association and dissociation kinetics of the mask. Additional evidence of
this is seen with dAb, for which cleavage did not lead to activation over any relevant
timescale because its kot value is orders of magnitude less than those of the other two
masks. In this case, there is no opportunity for competition between the mask and the
antigen. The relative affinities of antigen and mask may also influence activation: HER2
has a much stronger affinity than either scFv40 and scFv69, which were both successfully
activated. In contrast, masks with affinities close to that of the antigen such as the dAb
may not be so useful, because the mask does not dissociate and therefore the antibody is

not activated.

Therefore, to facilitate activation of the antibody, i) as the mask needs to come
off, its kosr can't be too small and needs to be higher than the antigen’s, ii) the antigen
needs to be able to bind to antibody faster than it rebinds the mask when it has been
cleaved and dissociated, so the mask’s kon needs to be smaller than that of the antigen.
This leads to the fact that the mask has to have a higher Kp and therefore lower affinity

compared to the antigen.

6.2.8 CONCLUSION

In this study, the impact of three different anti-idiotypic antibody fragment
masks on the HER2-binding activity of trastuzumab were investigated. The results
provide valuable information that will guide future design of therapeutic antibodies that
can be effectively inactivated by a covalently tethered anti-idiotypic mask, and
subsequently efficiently activated by protease cleavage. The work establishes that activity

assays, such as flow cytometry, in addition to biophysical characterisation with HDX-

180 Carolina Orozco - September 2021



Chapter 6: Mechanistic insights into the rational design of masked antibodies with anti-idiotypic
antibody fragments
MS, forms a very powerful strategy for assessing the suitability of any potential mask.
Moreover, the agreement observed in this study between results from HDX-MS and X-
ray crystallography illustrates how, in the absence of a high-resolution structure, HDX-
MS can be used as a convenient substitute allowing an initial analysis of whether a mask
may be effective, and to characterise the molecular interactions important to stabilise the

mask-antibody complex.

Taken together, this work reveals that to successfully engineer an effective anti-
idiotypic mask, four major parameters need to be optimized (Figure 6.27). First, the mask
must bind to either the same paratope as the antigen or a nearby site that effectively blocks
binding of the antigen. Second, the higher the kon of the mask for the antibody, the less
opportunity the antigen has to bind to the antibody when it is masked; however, it needs
to be smaller than the antigen’s kon value to enable it to bind to the antibody when the
mask is released. Third, the mask’s kofr and Kp must not be lower than, nor the same order
of magnitude as, those of the antigen to favour the antigen binding by competition with
the mask after cleavage. Fourth, higher affinity masks can be employed if the interaction
between the mask and the antibody can be disrupted more, through the cleavage of linkers
located between the mask and the antibody but also within the mask. It is anticipated that

these conclusions can be applied broadly to many different masking strategies.
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7 UNFOLDING OF MAB UNDER
HDX-MS QUENCH
CONDITIONS
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7.1 INTRODUCTION

Hydrogen deuterium exchange mass spectrometry is a state-of-the-art technique
which probes the molecular dynamics of a native state of a protein at high-resolution.
This technique is highly sensitive to the solvent accessibility and hydrogen-bonding of
backbone amide groups and has been used successfully to investigate interactions
between domains in multi-domain proteins as well as domain stability!%4-1%7, One of the
strengths of this technique relies on the high-resolution data, which informs exactly on
the level of deuterium incorporation for each residue of the protein of interest. To obtain
this high resolution when using the HDX-MS in a bottom-up workflow (i.e., generating
peptides before entering the mass spectrometer, as opposed to top-down, where the
peptides are generated by electron transfer dissociation (ETD) fragmentation inside the
mass spectrometer), it is necessary to digest the protein, and to reconstitute a peptide map,
i.e., locate the digested peptides in the original sequence. Obtaining a good peptide map,
the closest to total sequence coverage, and with high redundancy, i.e. having many
overlapping peptides in a stacked manner, is ideal as the deuterium exchange can then be
measured accurately and located to specific residue. In the HDX-MS workflow, prior to
digestion, the deuterated protein is “quenched” by a buffer, which has two functions. On
the one hand, it reduces the back exchange of deuterium to hydrogen as much as possible,
with low pH'® and low temperature (4 °C). In addition, it unfolds the protein as much as
possible to facilitate the access of the pepsin to the polypeptide chain for the digestion
step, either only by the action of the acidic pH, or with addition of a chemical denaturant
if the protein is highly stable. If the proteins have disulfide bridges, TCEP is added to the
buffer to reduce them. Extensive unfolding of the protein prior to digestion is crucial as
the protein cannot be digested properly if it is not denatured. The HDX-MS workflow
therefore relies on a compromise between low temperature, which ensures minimal back
exchange, but which slows down the rate of unfolding and reduction, and therefore may

limit unfolding prior to digestion.

Antibodies are very stable proteins, which do not unfold in acidic conditions at
pH 2.5 which therefore necessitates the addition of a chemical denaturant to unfold the
protein in the quench buffer. The most commonly used quench buffer for antibodies,
before mixing 1:1 with the native protein, includes 0.1 M phosphate, 4 M GdmCl, 0.5 M
TCEP at pH ~2.3. However, for some proteins, this buffer does not lead to high peptide
coverage and redundancy. A peptide map of NIST mAb IgG obtained by mixing the
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protein 1:1 with 100 mM His, 8 M urea (equivalent to approx. 4 M GdmCl in terms of
denaturing strength!®®), 0.5 M TCEP, pH 2.3, resulted in rather low peptide coverage
(73% for the LC and 66 % for the HC) and redundancy (35 peptides for LC, 27 peptides
for HC) were obtained in the Fab domain, compared to the Fc domain (79 peptides, 95%

coverage), Figure 7.1.
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Figure 7.1: Peptide map of NIST mADb IgG. A. Light chain. B. Heavy chain. The quench buffer was made
of 100 mM His, 8 M urea and 0.5 M TCEP , pH 2.3 (before mixing), and no quench hold was used (waiting
time after the equilibrated/labelled protein and the quench are mixed at 4 °C to leave more time to the
unfolding and the reduction, before the mix is injected onto the pepsin column). The experiments were run
on a Synapt G2-Si (Waters), and analyzed with PLGS.

The biophysical studies on NIST mAb IgG described in Chapter 3 revealed
a remarkably high stability of the Fab domain, thermodynamically (AGH29= 11 kcal mol-
1, thermally (7 = 92.7 °C), and kinetically (half-life of unfolding in water = 79.6 years).
These data showed the Fab fragment has a much higher stability than that of the Cu3 or
Cu2 domains. These observations raise the question of whether the poor peptide coverage
obtained for the Fab is related to the very high stability of the Fab, i.e. that the Fab does
not have the time to unfold enough in the quench buffer to be efficiently digested by the
pepsin. While studies have been conducted to optimize the digestion conditions!8¢!87 by
packing pepsin on a column, using high pressure (~ 10,000-15,000 psi) in the trapping
phase with the Enzymate BEH pepsin column!8%18% which will help unfold the proteins

by shear stress!®?, optimization of the unfolding of the protein in the quench buffer hasn’t
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been investigated to the best of our knowledge. The objective of this Chapter is to
understand the impact of quench buffer composition, more specifically the
denaturant concentration, on the unfolding of the proteins in the HDX-MS workflow. The

insights obtained for Fab of NIST mAb can be applied to other very highly stable proteins.

7.2 RESULTS

7.2.1 Unfolding Kinetics of NIST mAb IgG in 2 M GdmCl, pH 2.5

To understand if the rather low coverage obtained for the Fab domain of NIST
mADb is due to insufficient unfolding, the unfolding kinetics of NIST mAb full-length IgG,
Fab and Fc were measured with a stopped-flow spectrophotometer. The Fab and Fc
domains were generated by digestion by FabRICATOR which cuts below the hinge
(CPAPELLG/GPSVF) and purified by affinity chromatography with a CHI-XL column
which binds to the Fab fragment only. The samples obtained were therefore two-armed
Fab with a hinge and the Fc domains without a hinge. For one experiment, NIST mAb Fc
with hinge, generated by colleagues in AstraZeneca, was used. The effect of the chemical

denaturant, TCEP and D,O were probed separately.

First, the impact of the concentration of chemical denaturant was investigated.
To replicate the mixing conditions taking place when the equilibrated or labelled samples
are quenched, native protein in 10 mM potassium phosphate buffer pH 7.0 was rapidly
mixed 1:1 with 100 mM potassium phosphate 4 M GdmCl, pH ~2.3, so that the resulting
solution had a pH of 2.5 (at 4 °C) and contains 2 M GdmCI. From now on, only the final
concentration after 1:1 mixing will be reported. The unfolding kinetics were measured
from 25 °C down to 5 °C, to reliably extrapolate the unfolding rates constants between 0
and 4 °C, the temperature range usually used for the quenching step. The unfolding kinetic
data on NIST mAb IgG discussed in Chapter 3 showed that three unfolding rates were
observed, corresponding to unfolding of the Cu2, the Cu3 and Fab domains (fastest to

slowest).

The results from the unfolding kinetics of NIST mAb Fc at 2 M GdmCl, pH 2.5
was best fit to a double exponential (Equation 2.10), revealing two unfolding transitions,
the fastest most likely corresponding to the unfolding of the Cu2 domain, given it is the
least stable domain, and the second to unfolding of the Cy3 domain (Figure 7.2). From

the fitted parameters, the half-lives of unfolding of the Cx2 and Cu3 domains under these
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quench unfolding conditions (extrapolated to 0 °C) were 8 and 30 seconds, respectively
(t12 0 °c, Table 7.1) whilst under the same conditions at 25 °C, they were 0.3 and 1.4
seconds for unfolding of the Cu2 and Cu3 domains, respectively (#1225 °.c, Table 7.1). It
is interesting to note, that as expected the antibody is less stable and unfolds faster at pH
2.5 compared to pH 5.5 at 25 °C, under which conditions the half-lives are 0.7 and 1906
seconds for unfolding of the Cu2 and Cu3 domains, respectively (extrapolated from the
NIST mAD Fc, Table 3.4, using Equation 2.14). These results also show that the Cu3 is

destabilized considerably more than the Cu2 domain on lowering the pH to 2.5.

Surprisingly, the unfolding kinetics of NIST mAb full-length IgG also showed
the same two unfolding transitions, and no slower unfolding phase was observed over the

15-minute longest time frame used.

Table 7.1: Kinetic parameters for the unfolding of the different domains of mAb IgG in 2M GdmCl,

atpH?2.5

mr (°C) 1(‘}1 d’;fl (2:11\/{) ¢ 12at0°C(s)  hpat25°C(s)
In(ki cr2) NIST mAb IgG in H,0 0.129+0.005 -2.46+0.08  8.09 % 0.05 0.32 % 0.05
In(k> ci3) NIST mAb IgG in H,0 0.124+0.004 -3.78+0.06 3040+0.04  1.37+0.04
In (ks ras) NIST mAb Fab in H,O 0.16+0.03  -11.1£0.5 45789.0+0.4  796.5+0.4
In(ko) NIST mAb IgG in D,O 0.12+0.04 23403 0.1+02 0.004+0.2
In(ki cr2) NIST mAb IgG in D,O 0.121+£0.005 -2.36+0.07  7.32+0.05 0.36 + 0.05
In(k> cii3) NIST mAb IgG in D,O 0.126+0.004 -3.67+0.07 27.12+0.05  1.16+0.05
In(k; cr2) NIST mAb Fe (with hinge) 0.131+0.003 -2.51+0.04  8.49+0.03 0.33 0.03
In(k> ci3) NIST mAb Fe (with hinge) 0.113+0.002 -3.83+0.03 32.04+0.02  1.92+0.02
In(k1 ciz) NIST mAb Fe (without hinge) 0.102+0.005 -1.84+0.07 4.36+0.05 0.34 % 0.05
In(k> cis) NIST mAb Fe (without hinge) 0.088+0.005 -3.35+0.07 19.84+0.05  2.22+0.05
In(k1 ciz) NIST mAb Fe (without hinge) + TCEP 0.15 % 0.01 24+£02 74+0.1 02+0.1
In(k> cis) NIST mAb Fe (without hinge) + TCEP ~ 0.145+0.008  -3.6+0.1  26.66+0.08  0.72+0.08

The errors of mxu and Inku are fitting errors. The errors of the half-lives were calculated as compound errors.

The natural logarithm of the unfolding rate constants was fitted to: Ink; = Inkj

my X temperature.
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Figure 7.2: Unfolding kinetics of NIST mAb IgG and NIST mAb Fc with and without hinge, in 2 M
GdmCl, 55 mM phosphate, pH 2.5 final, over a range of temperatures. Measurements were performed
using a stopped-flow spectrometer at a final protein concentration of 0.25 uM.

Consistent with the observations on NIST mAb IgG, the unfolding kinetics of
NIST mAb Fab in 2 M GdmCl pH 2.5 did not generate any change in fluorescence signal
over the time scales measured by the stopped-flow (max. 15 minutes). This suggests that
these conditions maybe insufficient to unfold the Fab domain quickly enough. In order to
better understand the stability of the antibody at low pH, a chemical denaturation curve
of NIST mAb Fab was recorded at 25 °C, pH 2.5 in the final conditions of the quench
unfolding mix. The fluorescence signal obtained from the excitation of tryptophans at 280
nm, processed by average emission wavelength (Equation 2.3) revealed a flat line
(Figure 7.3). This suggests that, either the Fab domain is quite sensitive to acidic
conditions and has already unfolded at pH 2.5 in the absence of chemical denaturant, or
that incubation at pH 2.5 and up to 2 M GdmCl at 25 °C are insufficient to unfold it. To
investigate this further, a far UV-CD spectrum of NIST mAb Fab at pH 2.5 was recorded
and compared to NIST mAb Fab at pH 7.0. The results showed that NIST mAb Fab still
has native-like secondary structure at pH 2.5 compared to pH 7.0 (Figure 7.4). These data
indicate that the midpoint of denaturation of NIST mAb Fab is considerably higher than
2 M GdmCl at pH 2.5, consistent with the very high stability observed in Chapter 3 at pH
5.5 ([den]s0% D-N NIST mab Fab = 3.2 M GdmCl in 20 mM His pH 5.5, Table 3.2), and that at
2 M GdmCl, the protein did not unfold in the stopped-flow experiments.
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Figure 7.3: Chemical denaturation curve of NIST mAb Fab at pH 2.5. Protein concentration was 0.5
uM at 25 °C.
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Figure 7.4: Far UV-CD spectra of NIST mAb Fab at pH 2.5 and pH 7.0. The baseline recorded with
the buffers only was substracted. The proteins were measured at 5 uM at 25 °C.

The unfolding kinetics of NIST mAb Fab in 2 M GdmCl was measured on a
fluorimeter using manual mixing and much longer timescales (3- 12 hours). The intensity
of the fluorescence emission was measured at 335, 345 and 360 nm and the experiment
was repeated at different temperatures. A very slow unfolding phase was observed (data
were fit to a single exponential, Equation 2.9 to obtain unfolding rate constants). Using
an extrapolation, these data show that the unfolding of the Fab domains has a half-life of
approx. 13 hours at 0 °C (#120°c, Table 7.1, Figure 7.6 A), consistent with the fact that
no signal is observed for the unfolding of the Fab domains in the stopped-flow

experiment.

7.2.2 Influence of D20 and TCEP on the unfolding Kinetics

The influence of D>O and TCEP on the unfolding kinetics were also measured,
to assess if they made any difference to the rates observed. The unfolding of NIST mAb
Fc was carried out starting with the protein in D0, as it would be when it is labelled in
the HDX experiment, and this was mixed 1:1 with the aqueous (H20) quench buffer. The
results showed unfolding rate constants and fittings within error of those measured in
H>O0, thus results from experiments measured in H>O can be used as a reliable measure

of those that would be observed in D>O (Figure 7.5 A, Table 7.1).
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Similarly, the unfolding kinetics of NIST mAb Fc in the presence of 0.25 M
TCEP showed two unfolding phases similar to those observed without TCEP (Figure 7.5,
Table 7.1). This confirms that the results obtained from measuring the unfolding rates
without reducing agent can be used as good guides for the unfolding rates in the presence
of TCEP. Ideally, the experiments would have been repeated for the Fab domain, in case
the reduction of the disulfide bridges between the heavy and light chain affected the
cooperative unfolding of this fragment, however, there was insufficient time to complete

these experiments.

NIST mAb IgG in H,0 ~* NIST mAb IgG in D,0 -e- NIST mAb Fc without TCEP -~ NIST mAb Fc with TCEP

Figure 7.5: Unfolding kinetics in 2 M GdmC], over a range of temperatures. A. NIST mAb IgG in
H>0 and D-O. B. NIST mAb Fc (without hinge), in the presence and absence of 0.25 M TCEP. All proteins
were measured at a final concentration of 0.25 uM.

Therefore, collectively these data confirm that the NIST mAb Fab unfolds too
slowly in the conditions investigated to be measured by stopped-flow. This indicates that
the NIST mAb Fab reaches the pepsin in a folded state after it is quenched with a buffer
composed of 100 mM phosphate, 4 M GdmCl, 0.5 M TCEP, and explains why the
coverage of the Fab is much poorer than that of the Fc fragment, which unfolds rapidly
in the quench buffer.

7.2.3 Measurement of the unfolding rate constants at higher
denaturant concentrations

In order to estimate how much faster the unfolding of NIST mAb Fab becomes
at higher concentrations of chemical denaturants, thereby establishing the conditions
required to fully unfold the Fab fragment before the pepsin column in the HDX
experiments, the unfolding kinetics of NIST mAb Fab and Fc were measured in 2.5, 3,
3.5, and 4 M GdmCl, pH 2.5.
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Figure 7.6: Temperature dependence of the unfolding kinetics of NIST mAb Fc and NIST mAb Fab
at different final concentrations of GdAmCI at pH 2.5. The slowest phase corresponds to unfolding of the
Fab fragment, the second slowest to the unfolding of the Cu3 domain, and the fastest to the unfolding of
the Cu2 domain. These data were obtained mixing 1:1 native protein in 10 mM phosphate pH 7, with A. 4
M GdmCl pH 2.3 (2 M final, pH 2.5). B. 5 M GdmCl pH 2.3 (2.5 M final, pH 2.5). C. 6 M GdmCl pH 2.3
(3 M GdmCl final, pH 2.5). D. 7M GdmCl pH 2.3 (3.5 M GdmCl final, pH 2.5). E. 8§ M GdmCI pH 2.3 (4

M GdmCl final, pH 2.5).
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Figure 7.7: Unfolding of NIST mAb Fc¢ and NIST mAb Fab at pH 2.5 over different concentrations
of guanidinium chloride at A. 25 °C B. 4 °C. The values were calculated from the fitting of the Inku versus
temperature reported in Table 7.2, the results obtained are shown in Table 7.3.
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Table 7.2: Kinetic parameters for the unfolding of Fc and Fab domains of NIST mAb at higher

concentrations of GdmCl at pH 2.5

[deCl] .

qunch  [Game ML mGwoce [PHOC maadiCpeal0cC

buffer M)

o)
In (k1 cu2) 0.102+0.005 -1.84+0.07 4.36+0.05 2.90 £0.05 1.57 £0.06

4 2 In (k2 cu3) 0.088+0.005 -3.35+0.07 19.84+0.05 13.97+0.05 8.26+0.06
In (k3 Fab) 0.16 £0.03 -11.1+0.5 45789.0+0.4 239455+04 9055.6+0.4
In (k1 cu2) 0.098 +£0.003 -0.77+0.04 1.50+0.03 1.02 £0.03 0.57+0.03

5 2.5 In (k2 cu3) 0.130+0.004 -2.73+0.06 10.59 £0.04 6.29 +£0.05 2.88 £0.05
In (k3 Fab) 0.08 £0.01 -7.9+£0.2 17759+0.2 1287.2+0.2 7943+0.2
In (ki cu2) 0.100 £ 0.005 -0.41+0.08 1.04+0.06 0.70 £ 0.06 0.38 £0.06

6 3 In (k2 cu3) 0.150+0.006 -2.6+0.1 9.05 +£0.07 4.97 £0.07 2.03+£0.08
In (k3 Fab) 0.055+0.007 -6.1+0.1 317.09+£0.08 254.33+0.09 182.7+0.1
In (k1 cu2) 0.059+0.002  0.66 £ 0.03 0.36 £0.02 0.28 £0.02 0.20 £0.02

7 3.5 In (k2 cu3) 0.151+0.005 -2.52+0.07 8.62+0.05 4.71 £0.05 1.91 £0.06
In (k3 Fab) 0.040 £0.007 -4.45+0.1 61.76 = 0.08 52.70+0.08  41.53+0.09
In (k1 cu2) 0.056+0.005 1.10£0.09 0.2+0.1 0.19+£0.07 0.13+£0.07

8 4 In (k2 cu3) 0.154+0.004 -237+0.07 7.44+0.05 4.03 £0.05 1.60 £ 0.05
In (k3 Fab) 0.035+0.007 -33+0.1 19.2+£0.1 16.64 +0.09 13.5+0.1

The errors of mxu and Inku are fitting errors. The errors of the half-lives were calculated as compound errors.
The natural logarithm of the unfolding rate constants was fitted to: Inky =Ink5'S 4 camer +
my X temperature.

Employing higher concentrations of denaturant enables the unfolding of GdmCl
to occur within tens of seconds (#12 Fabsmo°c = 19 's; t12 Fab 7m0 °c = 62 s), which becomes
compatible with the timelines used in the HDX-MS workflow (Figure 7.6, Figure 7.7).
Figure 7.6 shows that unfolding of the Cu3 domain is the most sensitive to temperature,
whereas the unfolding of the Cu2 and Fab domains slow down to a lesser extent as the
temperature decreases. Figure 7.7 reveals that the sensitivity of the unfolding rates of the
different domains and fragments to denaturant concentration varies and is also
temperature dependent. The Fab domain is the most sensitive to chemical denaturant

concentration, which agrees with the results shown in Chapter 3.

192 Carolina Orozco - September 2021



Chapter 7: Unfolding of mAb under HDX-MS quench conditions

Table 7.3: Unfolding kinetic parameters from the fitting shown in Table 7.2

[GdmCl] in Final
quench buffer [GdmCl] Inkyat4°C  Inkyat25°C
(M) (M)
In (ki cr2) -1.4+04 0.7+£04
4 2 In (k2 cu3) -3.0£04 12+04
In (k3 Fab) -10+1 7+1
In (ki cm2) -04+0.3 1.7£0.3
5 2.5 In (k2 cn3) 22+04 0.5+0.4
In (k3 Fab) -7.5+0.7 -5.8+0.7
In (k1 cm2) 0.0+0.4 21+04
6 3 In (k2 cu3) -2.0£0.5 1.2+£0.5
In (k3 Fab) -59+0.5 47+0.5
In (k1 cu2) 0.9+0.2 2.1+0.2
7 3.5 In (k2 cu3) -1.9+04 1.3+04
In (k3 Fab) -43+0.5 -3.5+£05
In (k1 cu2) 1.3+£04 2.5+0.5
8 4 In (k2 cu3) -1.8+0.4 1.5+04
In (k3 Fab) -3.5+0.5 -24+0.5

These measurements at different denaturant concentrations and temperatures are
very informative with respect to the optimal conditions required to unfold the Fab
fragment of NIST mAb on a timescale compatible with the HDX workflow. However,
the results establish that higher concentrations of denaturant than are currently used are
required, and therefore it is now essential to verify the resistance of the pepsin to this

chemical denaturant stress.

7.2.4 Measurement of the stability of pepsin

To assess the stability of the pepsin, the Enzymate BEH pepsin column from
Waters was taken as a reference and the stability of its pepsin'®® (porcine gastric mucosa,
part #P7012) was investigated. Unfolding and refolding curves were measured in
guanidinium chloride (GdmCI) and guanidinium thiocyanate (GAmSCN), a chemical
denaturant approximately twice as strong as GAmC1°®-1%, The experiments were carried
out in 55 mM phosphate, pH 2.5 at 20 °C, which is the temperature at which the digestion
by the pepsin occurs. Results showed that unfolding are not reversible, and surprisingly
showed two trends. All curves were measured after 24 hours, and also after a few more
days (6 days for GdmCI, 2 days for GdmSCN), but the denaturation midpoints did not

change over time (Table 7.4). In guanidinium chloride, the denaturation midpoint of the
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unfolding curve was higher than that of the refolding curve, whereas in guanidinium
thiocyanate, the denaturation midpoint of the unfolding curve was lower than that of the

refolding curve.

In GdmSCN, the unfolding seems to occur via an intermediate (follows a three-
state model), although it is not very populated so the curve was fit to a two-state model,
whereas the refolding curve showed a single transition. In GdmClI, the unfolding curve
also seems to show two transitions, although the denatured baseline was not reached, and

the refolding seems to be a single transition, although it is not very clear (Figure 7.8).

A B
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0 2 4 6 8 0 1 2 3 4
[GdmCI] (M) [GdmSCN] (M)
e unfolding -e-- refolding —e— unfolding —o— refolding

Figure 7.8: Unfolding and refolding denaturation curves of pepsin A. In GdmCl. B. In GAmSCN. The
experiments were carried out in 55 mM phosphate pH 2.5, incubated at 20 °C for 48 hours. The
concentrations of pepsin were 2.25 and 1.7 uM for unfolding and refolding curves, respectively.

Table 7.4: Thermodynamic parameters from the fitting of the unfolding and refolding curves of
pepsin in GAmCI and GAmSCN

mpNn (M) [den]so% N (M)

refolding -48h  11.9+0.5 1.938 +0.003

GdmCl1
refolding - 72h  11.9+0.5 1.940 + 0.003
unfolding - 48h  2.9+0.2 1.49 £0.02
unfolding - 72h  2.3+£0.2 1.51 +£0.02
GdmSCN

refolding -48h  11.9+0.5 1.938 +0.003

refolding - 72h  11.9+0.5 1.940 + 0.003

The errors are fitting errors.

Taking into account only the unfolding data, it seems that the pepsin is very

194 Carolina Orozco - September 2021



Chapter 7: Unfolding of mAb under HDX-MS quench conditions

stable, with the first denaturation midpoint around 5.25 M GdmClI. This would suggest
that using a quench buffer with a final concentration of 4 M GdmCl, should not unfold
the pepsin. Guanidinium thiocyanate is approximately twice as strong as guanidinium

chloride, but the midpoint of denaturation seems even lower than expected.

7.3 DISCUSSION AND CONCLUSION

The HDX MS workflow relies on a compromise between low back exchange
after the labelling step (ensured by low pH and low temperatures), and maximum peptide
map coverage (ensured by the unfolding and therefore effective digestion of the labelled
protein, which is favored by high chemical denaturant concentrations, high temperature
and low pH). For many proteins studied by HDX-MS, like the Fc fragment of NIST mAb,
the conditions most widely employed which use 2 M GdmCl, are suitable to unfold the
protein sufficiently rapidly to obtain a very good peptide map, higher than 85%. However,
for some very stable proteins, such as the Fab fragment of NIST mAb investigated here,
the unfolding is slow under these conditions and therefore insufficient to obtain good

peptide coverage.

The preliminary results presented in this Chapter provide information on the two
avenues that could be explored further which would favor faster unfolding or more
complete unfolding. First, both a higher temperature and a higher chemical denaturant
concentration would increase the rate of unfolding. For example, the investigation of the
unfolding of NIST mAb Fab, which is a very stable domain (see Chapter 3), revealed that
the unfolding becomes much more rapid by an increase in chemical denaturant
concentration of 1 M, e.g., between 2 and 3 M GdmCI1 the unfolding half-life of the Fab
decreases from 12.7 hours to less than an hour approx. 250 s at 4 °C, Table 7.2. Second,
it is also possible to hold the quenching step for a longer time (usually it is up to 5
minutes), which would provide more time for more of the protein molecules to unfold,
but which needs to be weighed against more deuterium/hydrogen back exchange. Some
investigation on this point was carried out by Waters and presented in an application

note!®?

. The unfolding of NIST mAb Fab seems to be less sensitive to temperature than
to chemical denaturant concentration (half-lives in Table 7.2), and therefore it might not
be ideal to compromise on the back exchange for slightly quicker unfolding. The impact

of the chemical denaturant concentration is much stronger than the impact of the
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temperature on the unfolding for NIST mAb Fab.

Employing higher concentrations of chemicals denaturant, however, needs to
take into account the stability of the pepsin, more specifically its denaturation midpoint
in the conditions used in HDX-MS, because if the final chemical denaturant concentration
also unfolds the pepsin, the peptide coverage would still be poor despite very rapid
unfolding of the protein of interest. The investigation of the thermodynamic stability of
pepsin in guanidinium chloride and thiocyanate, however, gave somewhat surprising
results which should be repeated to establish reproducibility. However, the preliminary
results suggest that it might be possible for the pepsin to withstand 3 M GdmCl rather
than the 2 M typically used currently.

An extensive study on the Fab domain of NIST mAb was conducted by Hudgens
et al., 2019'! where they compared the HDX-MS results obtained from fifteen different
laboratories. Although a kit with all the buffers was sent, slightly different quench buffers
were used, as reported in Table 7.5. The quench buffers contained from 4 to 8 M GdmCl,
which were diluted, in most cases, 1:1 with the labelled protein and therefore the
concentration was halved when the mixed solution reached the pepsin column. It is not
possible to draw any straightforward correlations between the denaturant concentration
and the peptide coverage and redundancy in Table 7.5 as many parameters were changed
from lab-to-lab, e.g. the digestion temperature and duration of the quench step, the mass
spectrometers and the methods used (for example on Synapt instruments, activating the
ion-mobility separation will enable better resolution between the different peptides
eluting at the same time from the liquid chromatography and generate a richer peptide
map). However, the lowest peptide coverages and number of peptides (for labs 4, 7, 8, 9,
13, 14 and 15, Table 7.5), were similar to the results observed in our experiments (Figure
7.1). In contrast, the use of higher denaturant concentration led to very high coverage and

redundancy, which confirms our findings.
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Table 7.5: Quench buffers, methods used and peptide coverage obtained for the HDX-MS of NIST
mADb Fab, from Hudgens et al., Anal. Chem., 2019'!

Quench buffer Label‘led Digestion Digestion Peptide Number Mass

Lab e protein: tempe- . Protease of Spectro-

composition . time coverage .
quench ratio rature peptides meter
7.04 M GdmCl Poroszyme™

1 352 mM phosphate 13 10 °C not Immobilized Pepsin | HC: 99% | HC: 76 Synapt G2
0.5 M TCEP ’ reported Cartridge (Thermo LC:98% | LC:52 (Waters)
pH25 Scientific)

8 M GdmCl Synapt G2
400 mM phosphate . o Enzymate BEH HC: 81% | HC: 87 High

2 0.5 M TCEP 11 20°C 24052 | pepsin (Waters) LC:83% | LC:53 Definition
pH2.5 (Waters)
4 M GdmCl

3 200 mM phosphate 11 1°C 120 Enzymate BEH HC: 98% | HC: 50 Synapt G2-
0.5 M TCEP : €€ | Ppepsin (Waters) LC:93% | LC:39 Si (Waters)
pH 2.5
4 M GdmCl

4 200 mM phosphate 11 20 °C 120 Enzymate BEH HC: 67% | HC: 24 Synapt G2-
0.5 M TCEP : €€ | Ppepsin (Waters) LC:75% | LC:22 Si (Waters)
pH 2.5

IDEX guard column
4 M GdmCl (2mm x 2cm)

5 200 mM phosphate 11 18 °C 120 sec packed with HC:91% | HC: 97 Synapt G2-
0.5 M TCEP ’ immobilized pepsin | LC: 60% | LC: 95 S (Waters)
pH2.5 beads (#20343,

Thermo)
6.4 M GdmCl pepsin column Orbitrap
0 mM phosphate . o . . HC:97% | HC: 89 Elite

6 1 M TCEP 6:9 1.5°c 48 sec glrgepﬁ“(’j‘i llri‘nll‘::r;“‘h LC:95% | LC:42 | (Thermo
pH2.5 4 Scientific)
4 M GdmCl 6530

7 200 mM phosphate 11 0°C 180 sec pepsin column HC: 81% | HC:48 Quadrupole
0.5 M TCEP ’ prepared in lab LC:71% | LC:43 / ToF
pH2.5 (Agilent)

4 M GdmCl Poroszyme™

3 200 mM phosphate 11 20 °C 18 sec Immobilized Pepsin | HC: 77% | HC: 76 Synapt G2
0.5 M TCEP ’ Cartridge (Thermo LC:87% | LC:50 (Waters)
pH25 Scientific)

4 M GdmCl room Orbitrap

9 200 mM phosphate 11 tempe- 180 sec Enzymate BEH HC: 74% | HC: 37 Elite
0.5 M TCEP ’ ratulr)e Pepsin (Waters) LC:64% | LC:30 (Thermo
pH25 Scientific)
6.6 M GdmCl1 Orbitrap Q-
330 mM phosphate . o pepsin column HC: 92% | HC: 92 Exactive

101 M TcEP 6:25 3°c 30sec prepared in lab LC:93% | LC:77 | (Thermo
pH25 Scientific)
7.1 M GdmCl1 Poroszyme™

1 350 mM phosphate 11 15°C 180 sec Immobilized Pepsin | HC: 75% | HC: 54 Synapt G2-
0.45 M TCEP ’ Cartridge (Thermo LC:93% | LC:41 S (Waters)
pH25 Scientific)

8 M urea Pepsin + Type XIII

12 100 mM phopshate 11 11°C 5 cec protease from HC: 81% | HC: 83 Synapt G2-
1 M TCEP ’ Aspergillus LC:91% | LC:92 Si (Waters)
pH2.5 (NovaBioassay)

4 M GdmCl Poroszyme™ Orbitrap

13 200 mM phosphate 11 0°C 130 sec Immobilized Pepsin | HC: 72% | HC: 48 Elite
0.5 M TCEP ’ Cartridge (Thermo LC:69% | LC:53 (Thermo
pH2.5 Scientific) Scientific)
4 M GdmCl Orbitrap Q-

14 200 mM phosphate 11 15°C 150 sec Enzymate BEH HC: 67% | HC: 41 Exactive
0.5 M TCEP ’ Pepsin (Waters) LC:67% | LC:29 (Thermo
pH25 Scientific)
4 M GdmCl Orbitrap

15 200 mM phosphate 11 3 °C 180 sec Enzymate BEH HC: 56% | HC: 19 Elite
0.5 M TCEP ’ Pepsin (Waters) LC:77% | LC:59 (Thermo
pH25 Scientific)
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Other approaches to increase the peptide coverage has included top-down
approaches, where the protein is not digested by pepsin and the peptides are generated by
ETD fragmentation inside the mass spectrometer. Pan ef al.'®?> managed to obtain 100%
coverage of the LC by a top-down approach (74 % by bottom-up), but 50% for the HC
(87% by bottom-up).

7.4 FUTURE OUTLOOK

The results discussed in this Chapter provide interesting insight into the
unfolding of antibodies, including the very stable Fab fragment, under HDX-MS quench
conditions, which, to the best of our knowledge, had not previously been investigated.
However, the full exploration of an alternative protocol was not achieved because of lack

of time at the end of the Ph.D.

To obtain further information on the stability of the pepsin, in particular its
kinetic stability, it would be useful to measure the unfolding kinetics of pepsin with
increasing concentrations of guanidinium chloride at pH 2.5 and 4 °C to probe how long
pepsin takes to unfold under these conditions. The trapping step, during which digestion
on the pepsin column happens, usually last 4 minutes. It would be interesting to know if
this time window is sufficiently small to avoid significant unfolding of the pepsin at the
higher denaturant concentrations that would favor rapid antibody unfolding. It might also
be relevant to test denaturant concentrations close to, but below, the denaturation
midpoint, measured in the unfolding curves, thus maximizing the denaturing power while

avoiding too much unfolding of the pepsin.

Guanidinium thiocyanate is the strongest chemical denaturant commonly used
in protein research, and is approximately twice as strong as guanidinium chloride. Its use
in quench buffers, rather than GdmCI, would reduce the amount of ions going into the
source, which are non-negligeable despite the removal of most of the chemical denaturant
in the trapping step. This would enable better detection of peptide ions. Jonathan Phillips
and Laura Mitchell (MedImmune/University of Exeter) have shown that using 8 M urea
rather than 4 M GdmCl leads to a better peptide map as urea is not a salt and therefore

does not compete with the ionized peptides (personal communication).

Once some potentially optimal parameters have been chosen based on the results
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shown in this Chapter, then an actual peptide coverage map would need to be generated
to establish whether the improvement in parameters do result in improved coverage. In
addition, if sufficient data is gathered on several mutants of antibodies (different variable
domains, mutants in the Cx2 and Cx3 domains...), given they have the same structure as
immunoglobulin domains, it may be possible to correlate the unfolding half-lives under
a specific set of conditions with the melting temperatures, obtained respectively by
stopped-flow and DSC. This would be useful as pharmaceutical companies routinely use
DSC to probe antibody stability but rarely, if ever, measure unfolding kinetics. Thus, in
the future it would be possible to establish optimal conditions for HDX MS for a new
antibody based on DSC alone.
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8 CONCLUSION AND FUTURE
OUTLOOK
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8.1 CONLUSION

In this Ph.D. thesis, the stability of different formats of therapeutic antibodies was
investigated: from ‘naked’ monoclonal antibodies to antibody drug conjugates to masked
antibodies. Biophysical tools, informing on the thermodynamic, kinetic, and thermal
stability, as well as molecular dynamics and affinity, were used and the results from the
different studies provided significant insight into many different aspects of the
development of therapeutic antibodies. The research will play an important role and have

impact in the future rational design of novel formats of antibody therapeutics.

In Chapter 3, the stability of a panel of antibody mutants, engineered to introduce
new biological features or conjugation to a drug, was investigated. The thermal stability
of these two mutants had been previously measured; more thorough biophysical
characterization was carried out in this Chapter under equilibrium and non-equilibrium
conditions using chemical denaturant. Both results agreed on the fact that the triple
substitution in the Cu2 domain destabilized this domain only, and the substitution in the
Cu3 domain had little impact on stability. More generally, the relative stabilities of the
different domain measured in this Chapter, established through the identification of the
different unfolding transitions observed, were in agreement with results previously
reported in the literature (i.e. Cu2 less stable than Cy3 domain, and the stability of the Fab
domain depends on the variable domains). Furthermore, the characterisation of the NIST
mAb IgG revealed a remarkably high stability for the Fab domain. This observation laid
the foundation for the optimisation of the HDX-MS quench unfolding conditions for very

stable proteins discussed in Chapter 7.

Antibody-drug conjugates have become a major class of therapeutics for cancer
treatments thanks to the combination of the high specificity of antibodies, and the highly
potent nature of the cytotoxic payloads conjugated. Several strategies have been
developed to conjugate the payload to the antibody, and the most reliable so far to ensure
a reproducible drug-to-antibody ratio is conjugation to cysteines. In Chapter 4, an
antibody-drug conjugate scaffold, where a cysteine was inserted after position 239 in the
upper Cx2 domain to enable conjugation to a drug, was investigated. The inserted cysteine
was found to be in one of three different states: a free-thiol (2xSH), doubly-cysteinylated
(2xCys), or linked together by a third interchain disulfide bridge (iDSB), additional to the
two canonical ones in the hinge region. This third state was unexpected given that in the

crystal structure of an Fc domain, the residues at position 239 are too far apart to form a
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covalent link. Biophysical characterisation revealed that the formation of the iDSB is
favoured under conditions with increased molecular dynamics or unfolding of the Cu2
domain. Moreover, the formation of this third disulfide bridge led to a decrease in stability
and even a local unfolding, most probably due to distortion of the Cu2 domain because
of the newly applied strain. Even given the aforementioned destabilisation, the antibody
is suitable for therapeutic purposes since it remains folded at body temperature.
Furthermore, the conjugation to this scaffold generated a reproducible drug-to-antibody
ratio DAR which makes it reliable in terms of manufacturing. The results from this

Chapter were published in Bioconjugate Chemistry.

Many antibody-drug conjugates which have reproducible drug-to-antibody
ratios due to the conjugation of cysteines (either canonical or inserted/substituted) have
been successfully developed. The most widely used technology relies on maleimide
linkers which react to the cysteine thiol groups. However, the linker can be deconjugated
via a retro Michael reaction and the cytotoxic payload can be released in circulation and
affect tissues that were not targeted. The focus of Chapter 5 was on a new technology of
linkers which conjugate cytotoxic payloads to antibodies but which have stable linkages.
The DVP and tetraDVP linkers, developed by the Spring Group (Department of
Chemistry, University of Cambridge), react with the canonical cysteines and have the
advantage of being extremely stable chemically, therefore ensuring the good carriage of
the drug in the body until the antibody reaches its targeted organ. DVP- and tetraDVP-
linked, as well as unmodified trastuzumab, were characterized to assess the impact of the
linkers on the stability of the antibody. The results from the biophysical investigation
showed that, although these linkers did destabilise the antibody, the effects were not large,
which is encouraging for their future use as therapeutics. More specifically, the results
for the tetraD VP linker suggest it destabilizes the constant domains of the Fab, whilst the
DVP linker likely destabilizes the Cu2 domain and to a greater extent than the tetraDVP

linker.

Although antibodies have become promising alternatives in combination with
cancer therapies, they can cause some side effects, due to the recognition of their target
in healthy organs where it is expressed at low levels. In the past eight years, several
modalities have been successfully developed to initially inactivate the antibodies by
masking the variable domains, releasing the mask only at the site of interest, usually by

proteolytic cleavage of the linker with an enzyme overexpressed in the tumour/tissue.
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However, it is not yet well understood how to design an ideal mask that has affinity for
the therapeutic antibody, ensuring effective masking when it is tethered to the antibody,
and also effective activation when the linker between the mask and antibody is cleaved.
In Chapter 6, a panel of three masked antibodies, where the masks were anti-idiotypic
antibody fragments (scFv and nanobody) with different affinities for trastuzumab, was
generated and characterized to understand how different parameters determine the
effectiveness of the mask. Digestion sites, which enable antibody activation upon
proteolytic cleavage, were included i) in each linker between mask and antibody, and ii)
between domains in the mask that are scFvs. The combination of activity assays (flow
cytometry, biolayer interferometry, confocal microscopy) with biophysical techniques
(SEC-MALS, HDX-MS and X-ray crystallography) revealed four main parameters that
are key and which need to be considered in the future design of affinity masks: two of
these optimise the inactivation of the antibody, whilst the other two guarantee the
recovery of function once the mask is cleaved. The efficacy of the inactivation relies,
first, on the extent of binding site overlap between the mask and the antigen, and second,
on a relatively high kon for the mask to the antibody to prevent the antigen from binding
when the mask in tethered and not yet activated. As far as the efficacy of activation is
concerned, the antibody needs a lower affinity and higher kosr for the mask than for the
antigen, and finally, the closer the affinity of the mask and the antigen for the antibody,
the more disruptive the activation step needs to be, e.g., multiple cleavage sites. The
findings presented in Chapter 6 provide a toolbox which should prove very useful for
future engineering of therapeutic antibodies with affinity masks. The content of this

Chapter was recently submitted to Nature Communications.

The stability of the masked antibodies was also measured, Appendix III. The
results showed that the dAb mask confers more stability on the Fab fragment than the
svFv40 when they are covalently linked to trastuzumab. These preliminary data are very
informative for future engineering experiments on these masks in order to ultimately
develop alternative and more controlled ways to activate the antibody, for example by

thermal unfolding of the mask at the tumour site/location of interest.

Finally, Chapter 7 tackled a technical issue observed while carrying out some
HDX-MS experiments which showed rather poor coverage of the peptide map for very
stable proteins or domains of proteins. As mentioned previously, the Fab domain of NIST

mADb is remarkably stable, much more than other Fabs (AGH29= 11 kcal mol™'; T, = 92.7
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°C; half-life of unfolding in water = 79.6 years). The unfolding kinetics of the Cu2, Cu3
and Fab domains of NIST mAb IgG, carried out under the same conditions as the quench
step in the HDX experiments (i.e., same mixing ratio, concentration of chemical
denaturant, use of TCEP and D»0O) were measured. The results showed that the
concentration of chemical denaturant in the most commonly used buffer for antibodies, 4
M GdmCl, leading to a final GdAmCI concentration of 2 M, is not enough to unfold the
Fab domain of NIST mAb within the timeframe of seconds to minutes used in the quench
step (at 0 °C in 2 M GdmCl final, the half-life is 12.7 hours). The unfolding kinetics of
NIST mAb Fab were investigated using higher concentrations of GdmCI, up to 4 M final.
The findings revealed that at that concentration, the Fab can unfold much more rapidly
within 19.2 seconds at 0 °C. To understand if it is possible to use a much higher
concentration of chemical denaturant in the quench buffer, while ensuring optimal
activity of the pepsin column, the thermodynamic stability of porcine pepsin, used in the
Enzymate BEH pepsin column from Waters, was measured. The results suggest that the
denaturation midpoint was higher than 4 M GdmClI and therefore the use of this much
higher concentration, which would enable unfolding of the Fab domain within seconds,
may be possible. The effect of sheer stress on the pepsin during the trapping phase, which
was not measured, should be ideally taken into account when measuring the resistance to
denaturation. If more time had been available, the unfolding kinetics of the pepsin under
the conditions of the mix of the buffer and labelled protein would have been measured, at
different concentrations of GdmCl, to understand how long the pepsin would take to
unfold. A preliminary investigation was also carried out using guanidinium thiocyanate,
a chemical denaturant approximately twice as strong as GdmCl. Using it in HDX-MS
workflow would reduce by half the amount of salt present in the sample and therefore
ease the trapping step and interfere less with the electrospray ionisation, likely leading to
a larger number of peptides identified and thus a better peptide coverage. Ultimately, the
experiments need to be extended and the results need to be validated by measuring the
peptide map on the mass spectrometer, with higher concentrations of the denaturant in

the quench buffer.

Therapeutic antibodies are mainly developed and investigated by pharmaceutical
companies and, although a lot of effort is put into engineering the complementarity
determining regions so they are specific to the target, the intrinsic stability is generally
not investigated apart from thermal stability using differential scanning calorimetry. The

thorough characterization of the different antibodies presented in this Ph.D. Thesis brings
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a more thorough and fundamental understanding of the factors that impact antibody
stability with particular focus on novel formats. The results should greatly facilitate the

design of future therapeutics.

8.2 FUTURE OUTLOOK

The studies carried out in this Thesis open up many avenues for future research.
The Spring Group has developed several different formats of linkers with which to
conjugate cytotoxic payloads to antibodies. These are stable and, in contrast to the
maleimide linkers, the payload does not fall off during circulation of the ADC in the
bloodstream, as discussed in Chapter 5. Given that the design of their linkers is quite
flexible, it would be interesting to test the stability of antibodies conjugated with different
linkers in order to find the least destabilizing one, or even one that does not affect the
stability at all, or even stabilises the antibody. The conjugation of these novel linkers to
NIST mAb IgG, rather than trastuzumab, could facilitate the interpretation of the
biophysical results. Given that the midpoints of denaturation of the Cy2, Cy3 and the Fab
domains of trastuzumab are very close, and the melting temperature of the Cy43 and the
Fab domains are the same (7}, = 82 °C in 50 mM Tris pH 7.5), the interpretation of the
data and the identification of potential changes in the stability of the different domains
can be complicated. On the other hand, the very high stability of the Fab domain of NIST
mAb IgG (T, = 92 °C in 20 mM His pH 5.5) compared to the Cy2 and Cy3 domains
means that distinct unfolding transitions can be observed, making the interpretation of

changes in stability of the different domains much easier (see Chapter 3).

Regarding the studies on the masked antibodies (Chapter 6), there are a number
of ways in which this project should be taken forward. First, it would be interesting to
confirm the effectiveness of the masks in preventing side effects whilst maintaining
efficacy in vivo and, in order to do this, the enzyme cleavage site(s) need to be changed
to an enzyme(s) that are overexpressed in breast cancer. This could be MMP-2, MMP-9
or matriptase. The same set of biophysical experiments should be undertaken before a

suitable in vivo model is used.

Thanks to the information obtained from the crystal structure of the trastuzumab

masked by dAb (T-dAb, Chapter 6), it is now possible to engineer the dAb, which is
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currently not a good masking moiety, in order to have an additional mask that has the
optimal properties for inactivation/activation. For example, a mask which increases the
ECs of trastuzumab to a larger extent than the scFv40, but which can also be efficiently
activated by cleavage of a linker. As an initial step, one could undertake an alanine scan
on all residues in the CDRs which interact with trastuzumab. Such a project would serve
two purposes, first of all it would generate an additional mask which could ultimately be
tested in vivo. Second, it would serve to confirm and extend the results presented in
Chapter 6, and to test the hypothesis that in addition to binding site and affinity, that
association and dissociation kinetics also play a key role in the inactivation/activation

steps.

It would also be possible to lower the stability of the dAb, which has a very high
T, of 67 °C (Appendix III), by introducing substitutions in the hydrophobic core; this
would potentially enable the activation step to be carried out by means other than
proteolytic cleavage only. As many enzymes that are overexpressed in tumours are also
present in healthy organs as well albeit at a lower level, there may also be the problem of
activation of the masked antibodies at unwanted sites. There is, therefore, a need to
investigate other and even tighter activation mechanisms, for instance, by thermal
unfolding of the mask, which may be achieved under conditions generating heat, e.g.
plasmonic nanoparticles. This would enable the very specific control of the activation of
the masked antibody in situ. The engineering of this kind of format would necessitate a
thorough biophysical understanding of the whole antibody (thermodynamic, kinetic, and
thermal stability) for optimal design of the mask. This could be useful for the next
generation of therapeutic antibodies as a way of preventing side effects but, more
interestingly, antibodies that have failed in the clinical trials because they triggered severe
reactions like cytokine storms and therefore the development of the antibody had to be
stopped, could be revisited if an effective inactivation/activation mechanism could be

engineered into these systems.

Regarding the investigation of the unfolding of antibodies under HDX quench
conditions (Chapter 7), it would be interesting to finish the study by testing the unfolding
kinetics of the pepsin with different concentrations of guanidinium chloride under the
conditions of the quench, to fully characterise the resistance of pepsin to chemical
denaturant. If the pepsin was found to be more thermodynamically and kinetically stable

than currently thought (as outlined by the guides on using pepsin columns supplied by the
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manufacturers), then more highly denaturing conditions could be used during the pepsin
digest step and then, hopefully, improved coverage of the peptide map of NIST mAb Fab
would be attained, thus establishing a better methodology to use with highly stable
proteins. This would make a technical paper which could be very useful for the HDX-MS
community, especially for the analysis of various stable proteins including some

antibodies.

8.3 CONTRIBUTIONS TO THE THESIS

All the experiments presented in this Thesis were carried out by myself unless otherwise
stated. In Chapter 3, the antibodies were a kind gift from AstraZeneca and I did all the
experiments presented in the Chapter. Chapter 4 involved the most collaborative project,
where [ generated 60% of the results, and the other 40% were carried out by my
collaborators at AstraZeneca (enrichment of the variants, quantification of the states by
mass spectrometry and generation of ADCs by Dr Matthew Edgeworth, Dr Paul Devine,
Alistair Hines, Christopher Thompson, Dr Owen Cornwell). In Chapter 5, the DVP and
tetra DVP linkers were prepared by the Spring group (Department of Chemistry) and I
generated all the results presented. In Chapter 6, I generated 80% of the results, and the
AstraZeneca collaborators generated 20% (SEC-MALS, confocal microscopy and X-ray
crystallography by Wesley Howard, Dr Lorraine Irving and Dr David Hargreaves,
respectively). In Chapter 7, NIST mAb was a kind gift from AstraZeneca and I performed

all the experiments.
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APPENDIX I: SEQUENCE OF THE ANTIBODIES INVESTIGATED

NIST mAb IgG

Light chain:
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPS
RFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKRTVAAPSVFIFPPS
DEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTL
TLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

Heavy chain:
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDK
KHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYFDVWGQGTT
VTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFP
AVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCP
APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK
TKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREP
QVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFF
LYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

NIST mAb Fe

THTCPPCPAPEFEGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY VDG
VEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPASIEKTISKA
KGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVL
DSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

T™ Fe

THTCPPCPAPEFEGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY VDG
VEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPASIEKTISKA
KGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVL
DSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

TM S442C Fc

THTCPPCPAPEFEGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY VDG
VEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPASIEKTISKA
KGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVL
DSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLCLSPGK

Fc-C239i

THTCPPCPAPELLGGPSCVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVD
GVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISK
AKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPP
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VLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Trastuzumab

Light chain:
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVP
S RFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPP
SDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSST
LTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

Heavy chain:

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYT
RYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGT
LVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTF

PAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCP
APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK

TKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREP

QVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFF
LYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

T-scFv40: trastuzumab linked to scFv40, with two TEV and one Factor Xa digestion
sites in the linkers (same heavy chain as trastuzumab)

Light chain:

SELTQDPAVSVALGQTVRITCQGDSLRSYYASWYQQKPGQAPVLVIYGKNNRPSGIPD
RFSGSSSGNTASLTITGAQAEDEADYYCNSSDPDQLLVVFGGGTKLTVLGGGGGAGAS
GIEGRGGGGAGAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLE
WVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKNYQIHP
FDYWGQGTLVTVSSGSSGAGSGSAENLYFQGSGSAENLYFQGSGGADIQMTQSPSSLS
ASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDF
TLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASV
VCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHK
VYACEVTHQGLSSPVTKSFNRGEC

T-scFv69: trastuzumab linked to scFv69, with two TEV and one Factor Xa digestion
sites in the linkers (same heavy chain as trastuzumab)

Light chain:
SELTQDPAVSVALGQTVRITCQGDSLRSYYASWYQQKPGQAPVLVIYGKNNRPSGIPD
RFSGSSSGNTASLTITGAQAEDEADYYCNSSEPTPPRVVFGGGTKLTVLGGGGGAGASG
IEGRGGGGAGAEVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLE
WVSAISGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKNVHIQP
FDYWGQGTLVTVSSGSSGAGSGSAENLYFQGSGSAENLYFQGSGGADIQMTQSPSSLS
ASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDF
TLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASV
VCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHK
VYACEVTHQGLSSPVTKSFNRGEC
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T-dAb: trastuzumab linked to dAb, with two TEV digestion site in the linkers (same
heavy chain as trastuzumab)

Light chain:

EVQLVESGGGLVQAGDSLTLSCAASGRTFSSVAMGWFRQAPGKERKFVANISWNGDS
TYYTDSVKGRFTISRDNAKNTVYLQMSSLKPEDTAVYYCAADVRWTGDGHRADYWG
QGTQVTVSSGSSGAGSGSAENLYFQGSGSAENLYFQGSGGADIQMTQSPSSLSASVGDR
VTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSL
QPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNN
FYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACE
VTHQGLSSPVTKSFNRGEC

T-scFvGipg013: trastuzumab linked to scFvGipg013, with two TEV and Factor Xa
digestion sites in the linkers

Light chain:

SYVLTQPPSASGTPGQRVAISCSGSNSNIGSNTVHWYQQLPGAAPKLLIYSNNQRPSGVP
DRFSGSNSGTSASLAISRLQSEDEADYYCAAWDDSLNGVVFGGGTKVTVLGGGGGAG
ASGIEGRGGGGAGAQVQLQQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQ
GLEWMGGIIPTFGTANYAQKFQGRVTITADESTSTAYMELSSLRSEDTAVYYCAQGPIV
GAPTDYWGKGTLVTVSSGSSGAGSGSAENLYFQGSGSAENLYFQGSGGADIQMTQSPS
SLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSG
TDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGT
ASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYE
KHKVYACEVTHQGLSSPVTKSFNRGEC
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APPENDIX II: CALCULATION OF COMPOUND ERRORS

For all the following error calculations, the two variables are such that A +a and B £ b.

1. Error of A+B or A-B

— [ n2 2
erTa+B or A-B — a +b

2. Error of AXB or A/B (with fractional compound error)

a b
erryxg = A.B. (Z)2 + (E)Z

_A a., N b 5
erms =5 |2+ @)
(err = /(%)2 + (E)2 is called the fractional compound error)

3. ErroroflnA

err s ="
4. Error of exp (InA4) givenlnA +y

€TT exp (ln4) = exp(ln A) Xy

5. Error of AXc or A/c where c is a constant

ErTyxe = A X C

a
ertae ==
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6. Error of ¢/A, where c is a constant

C 0 5 a,
erte/a = - (E) + (Z)

c a
errC/A :ZZ
c.a
errC/A :7
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APPENDIX III: STABILITY OF MASKED ANTIBODIES (INVESTIGATED IN
CHAPTER 6)

The thermal stability of the masked antibodies was investigated. First, the
thermal stabilities of the domains of naked trastuzumab were measured. The Fab domain
shows a single unfolding transition at 83 °C (Figure III.1 B), and the Fc domain shows
two unfolding transitions at 74 and 83 °C. As the Fab and Cu3 domains have the same
thermal stability, the thermal unfolding of full-length IgG has only two unfolding
transitions, the first (at approx. 74 °C) corresponding to unfolding of the Cu2 domain, and
the second (at approx. 83 °C) corresponds to the unfolding of both the Cu3 and Fab

domains.
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Figure I11.1: Thermograms of the unfolding of different domains of naked trastuzumab. A. Full-
length IgG. B. Fab fragment. C. Fc fragment. The fragments were generated by digestion of full-length IgG
by FabRICATOR which cleaves below the hinge, generating a two-armed Fab species and an Fc fragment
without the hinge region. The experiments were carried out in 50 mM Tris pH 7.5.

The thermal stability was also measured for the masked antibodies. The melting
temperature of dAb showed a stability of 67 °C (Figure IIL.2 A), however, when the dAb
was covalently tethered to the trastuzumab Fab, the melting temperature of the mask
increased by 15 °C, to 82 °C, while that of the Fab increased to 88 °C. This observation
suggests that the very high affinity of dAb for trastuzumab, which is in the nanomolar
range, stabilises both proteins significantly, leading to higher melting temperatures. It is
worth noting that the stabilities of the Cu2 and Cu3 domains were not affected by the

presence of dAb as expected.
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Figure II1.2: Thermograms of the unfolding of different constructs of dAb and T-dAb. A. dAb in
isolation. B. Fab domain covalently linked to dAb. C. Full-length IgG T-dAb. D. Fc domain. The proteins
were generated by digestion of full-length T-dAb by FabRICATOR which cleaves below the hinge,
generating a two-armed Fab-dAb species and an Fc fragment without hinge. The experiments were carried
out in 50 mM Tris pH 7.5.

Regarding the scFv40, the thermal stability of the mask on its own was 57 °C
(Figure II1.3 A), however, when the scFv40 was covalently tethered to the trastuzumab
Fab, the melting temperature of the mask increased to 65 °C, and that of the Fab was 78
°C. This observation confirms that the micromolar affinity of scFv40 for trastuzumab
stabilised the protein, leading to a higher melting temperature. Surprisingly, the melting
temperature of the Fab decreases slightly, this is probably due to the fact that at the higher
temperature required to unfold the Fab fragment, the covalently linked scFv has already

unfolded and therefore no longer confirms any additional stability on the Fab.
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Figure I11.3: Thermograms of the unfolding of different domains of T-scFv40. A. scFv40 in isolation.
B. Full-length IgG T-scFv40. C. Fab domain covalently linked to scFv40. The proteins were generated by
digestion by FabRICATOR which cleaves below the hinge, generating a two-armed Fab-scFv40 species
and an Fc fragment without hinge. The experiments were carried out in 50 mM Tris pH 7.5.

The thermodynamic stabilities of the scFv40 and dAb were also measured using
chemical denaturants. Both proteins unfolded with a single reversible unfolding transition
and data were fit to a two-state model. scFv40 had a lower midpoint of denaturation
([den]s0% = 1.9 M) than dAb ([den]so% = 2.5 M), however, scFv40 had a higher m-value
than dAb (Table II1.1); consequently, both proteins have similar overall thermodynamic
stabilities (AGp-), scFv40 is even a little higher than the dAb. In addition, measurements
of the curves at 37 °C (Figure 111.4, Table I1I.1) suggest that the stability of dAb at 37
°C is very similar to that at 25 °C.

It is interesting to note that the scFv40 is more thermodynamically stable at 25
°C than dAb, but dAb unfolds at a higher temperature. This may be due to the fact that
25 °C might not be the maximal stability temperature for dAb, and that scFv40 and dAb
may well differ in the temperature at which they have maximal stability. Furthermore,
given scFv40 and dAb have different structures (one is an assembly of two Ig-like
domains (scFv40), whilst the other is a single domain), they therefore may have
differences in solvent accessible surface area between native and denatured state which
would lead to a difference in their m-values, as well as differences in the heat capacity
change on unfolding (ACp). The latter affects the rate at which the thermodynamic

stability changes with temperature which may also explain the observed results.
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Figure III.4: Chemical denaturant unfolding and refolding curves of dAb and scFv40 masks in
isolation. A. Unfolding and refolding curves of scFv40 at 25 °C after 48 h of incubation. B. Unfolding and
refolding curves of dAb at 25 °C after 48 h of incubation. C. Unfolding and refolding curves of dAb at 37
°C after 24 h of incubation. The experiments were carried out in 50 mM Tris pH 7.5.

Table I11.1: Thermodynamic parameters from the fitting of the chemical denaturant unfolding and
refolding curves of scFv40 and dAb

mMp-N (kcal

mol"! M) [den]so% p-x (M) AGp.x (kcal mol ™)
ScFvd0 unfolding 41402 1.91 +0.01 7.9+0.3
25°0) refolding 42+0.1 1.96 +0.01 8.3+ 0.3
dAb unfolding 2.74+0.09 2.55+0.01 7.0+02
25°0) refolding 2.70 % 0.09 2.5340.01 6.9+0.2
dAb unfolding 23+0.1 2.50+0.02 57403
(B7°C) refolding 27402 2.48+ 0.03 6.8+ 0.6
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APPENDIX IV: CALCULATION OF THE FRACTION DENATURED

The denatured fraction is calculated as:

[D]

f(D]) = D] + [N]

EHE

Andas Kp_y = L)

faph =

1+1

KD—N

GiVen that AGD—N S _RTanD_N

AGp-N

Therefore: exp (— o7 )= Kp_n

1
1+ exp (A%DT_N)

From the fittings in Chapter 3, for NIST mAb, AG5H% = 6.6 = 0.2 kcal mol™!, AGSH3,

faph =

D—N

12.2 + 0.9 kcal mol'! and AG5?%, = 12 + 2 kcal mol!, therefore:

1
fUADDcuz = AN 1.4 x 1073
1+ exp (2g7)
1
f([D])CH3 = 127~ = 1.1 x 107°
1+exp (7557)
1
fUDDrap = 7= 16X 10~°

1+exp (m)

Thus, 1.4 X 1072 % of Cy2 domain, 1.1 X 10~7 % of the Cu3 domain and

1.6 X 1077 % of the Fab fragment are denatured under native conditions.
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